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Abstract
As the most common sustained arrhythmia in adults, atrial ﬁbrillation (AF) is an established and growing
epidemic. To provide optimal patient care, it is important for clinicians to be aware of AF’s epidemiological
trends, methods of risk reduction, and the various available treatment modalities. Our understanding of
AF’s pathophysiology has advanced, and with this new understanding has come advancements in prevention strategies as well as pharmacological and nonpharmacological treatment options. Following
PubMed and MEDLINE searches for AF risk factors, epidemiology, and therapies, we reviewed relevant
articles (and bibliographies of those articles) published from 2000 to 2016. This “state-of-the-art” review
provides a comprehensive update on the understanding of AF in the world today, contemporary therapeutic options, and directions of ongoing and future study.
ª 2016 Mayo Foundation for Medical Education and Research

From the Department of
Cardiology, Ochsner Medical
Center, New Orleans, LA
(D.P.M., M.L.B., P.A.R., S.T.);
Ochsner Clinical School, The
University of Queensland
School of Medicine, New
Orleans, LA (D.P.M.); Electrophysiology, Arrhythmia
and Pacemaker Program,
Division of Cardiology,
Department of Medicine,
Rush University Medical
Center, Chicago, IL (C.M.);
and Cardiac Arrhythmia
Center, Tufts Medical Center,
Boston, MA (N.A.M.E.).

1778

trial ﬁbrillation (AF) is the most common sustained arrhythmia in adults,
and its prevalence is expected to increase 3-fold in the next 3 decades. Experts
now characterize these epidemiological
trends as an AF epidemic. On the basis of
these considerations and multiple advances
in prevention and treatment, all clinicians
should be aware of the current management
of AF. The therapeutic strategies for rate
control or rhythm control have evolved
considerably. The risks and beneﬁts of anticoagulant therapy have a more robust evidence base to guide decision making about
anticoagulation. At the same time, options
for stroke prevention have evolved into
novel pharmacological and nonpharmacological options. There is an important and
growing body of evidence that the burden
of AF can be reduced with lifestyle interventions that result in weight loss. Following
PubMed and MEDLINE searches for AF
risk factors (RFs), epidemiology, and therapies, we reviewed relevant articles (and bibliographies of those articles) published from
2000 to 2016. This “state-of-the-art” review
represents a comprehensive update for all
clinicians, which will ultimately serve to
improve outcomes in patients with AF.
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EPIDEMIOLOGY AND POPULATION TRENDS
Using Einthoven’s string galvanometer in
1909, Lewis1 and Rothberger2 separately
established electrocardiographically that
“auricular ﬁbrillation” caused “pulsus irregularis perpetuus,” a condition that was noted
years before by the Scottish cardiologist Sir
James Mackenzie3 to have lost the jugular
A wave on his ink-writing polygraph.
Initially thought of as an insigniﬁcant condition, AF is now recognized to have a substantial effect on morbidity and mortality,
along with an increasing burden on health
care utilization and cost.4,5 AF is the most
common clinically important arrhythmia,
with a recent worldwide estimate of up to
33.5 million patients (not even including
those with clinically silent disease), and is
increasing in prevalence, making this a
global epidemic.6
The epidemiology of AF is more clearly
established in Western developed countries
than it is in developing nations.7,8 However,
it appears that the incidence of AF in developed countries is twice as much as that in
developing countries.6 The estimated prevalence in the United States is around 5.2
million, with an expected increase to 12.1
million by the year 2030.9
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Age
Age is a major RF for AF, with the risk of developing AF doubling with each decade of life.10
For example, in the Framingham population,
the annual incidence of AF per 1000 persons
for those younger than 65 years is 1.9 in
women and 3.1 in men as compared with
31.4 in women and 38 in men among those
older than 85 years.11 In both men and women
older than 40 years, the lifetime risk of AF in
the Framingham population was estimated to
be around 25%.12 Similar ﬁndings were noted
in a European cohort, with an incidence of
AF of 1.1 per 1000 person-years in patients
aged 55 to 59 years, increasing to 20.7 per
1000 person-years in those older than 80 years,
with a lifetime AF risk comparable to that seen
in the Framingham cohort.13 According to a
Medicare database review, the incidence of AF
has remained approximately stable in the US
population older than 65 years over the past
decade, ranging from 27.8 to 28.3 per 1000
person-years.14

Race
In the United States, whites appear to have a
higher risk of incident AF than do African
Americans, Hispanics, and Asians.15 An
apparent paradox is evident in the lower incidence of AF in African Americans than in
whites, despite African Americans’ higher
prevalence of RFs for AF.8,16 The Cardiovascular Health Study was the ﬁrst to suggest this
paradox, with a 79% lower risk of AF in the
African American population of the study.17
The Analysis of the Atherosclerosis Risk in
Communities (ARIC) study16 also suggested
that African Americans were at a lower risk
of developing AF, with a 41% lower adjusted
risk of developing AF compared with whites.
A meta-analysis18 of 10 studies examining
more than 1 million patients reported that African American race appeared to be protective
from AF, exhibiting a 49% lower risk. To
further investigate whether genetic or environmental factors contributed to this AF paradox
in African Americans, Marcus et al19 used genetic analysis to determine the degree of European ancestry in African Americans in the
Cardiovascular Health Study and ARIC study
and correlated this information with the risk
of developing AF. Interestingly, they found
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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ARTICLE HIGHLIGHTS
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Atrial ﬁbrillation (AF) is an established and growing global
epidemic.
Several risk factors for AF have been identiﬁed, and risk
reduction is possible through modiﬁcation of these factors.
The chief strategies for AF treatmentdrate control and rhythm
controldare both viable and have different advantages and
disadvantages.
Prevention of stroke and systemic embolism, a major aspect of
AF treatment, is evolving in the form of new anticoagulant
agents and left atrial exclusion techniques.

d

Sinus rhythm maintenance may be accomplished through the
use of antiarrhythmic drugs and/or ablative techniques.

d

Rhythm control via ablation for AF, most often in the form of
pulmonary vein isolation, is constantly improving and now includes procedures that are catheter-based, operative, or hybrid.

that for every 10% increase in European
ancestry there was a 10% increased risk of
incident AF.
Sex
Sex also affects the incidence and effects of AF.
For example, women have been found to be
more symptomatic from AF and have longer
paroxysmal AF episodes as well as faster ventricular response rates.20 In the ARIC study,16
women had a 46% lower risk of AF than did
age-matched men. This difference was also
seen in a Medicare database review from
1993 to 2007, in which men had an incidence
of newly diagnosed AF of approximately 35
per 1000 person-years as compared with
approximately 25 per 1000 person-years in
women.14 However, over that 15-year time
period, the incidence of AF more than
doubled for both sexes, which was related to
the advancing age of the population. Despite
their lower incidence of AF, it is well established that in the presence of AF, women
have a higher risk of stroke than do
men.21,22 Furthermore, in the Copenhagen
City Heart Study,22 a population-based prospective cohort study, women appeared to
have an independent 2.5-fold increased risk
of cardiovascular (CV) mortality related to
AF as compared with men.
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COMORBID CONDITIONS AND MODIFICATIONS DESIGNED TO REDUCE AF RISK
The genesis and evolution of AF in any 1
patient involves many complex and as yet
incompletely understood mechanisms. We
do know that there are several important
comorbid conditions that promote the
development and maintenance of AF.
Understanding potential contributors to AF
is an important area of research that may
translate into better treatment and prevention. Some of the most well-described modiﬁable factors that increase risk of AF are
congestive heart failure (HF), hypertension
(HTN), diabetes mellitus (DM), obesity,
alcohol consumption, and obstructive
sleep apnea (OSA).23 Risk factor modiﬁcation can affect the development and severity
of AF, as illustrated in Figure 1 and
discussed below.
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Congestive HF
In his 1997 Shattuck lecture, Braunwald24
predicted that AF and congestive HF would
become epidemics in the 21st century. Atrial
ﬁbrillation and congestive HF often occur in
the same individuals and share many comorbidities.25 Atrial ﬁbrillation itself is associated
with up to a 3-fold increase in the risk of incident HF.26 In the international Real-life global
survey evaluating patients with Atrial Fibrillation,27 the prevalence of congestive HF was
associated with increasing persistence of AF
(33% of those with paroxysmal AF had
congestive HF, compared with 44% in those
with persistent AF and 56% in those with
permanent AF). Regardless of whether systolic
function is preserved or reduced, the prevalence of AF is directly associated with New
York Heart Association (NYHA) functional
class: less than 10% in NYHA functional class
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FIGURE 1. Atrial ﬁbrillation risk factor modiﬁcation and its putative effects. ACEi ¼ angiotensin-converting
enzyme inhibitor; AF ¼ atrial ﬁbrillation; ARB ¼ angiotensin receptor blocker; CHF ¼ congestive heart
failure; CPAP ¼ continuous positive airway pressure; DM ¼ diabetes mellitus; EtOH ¼ ethyl alcohol
consumption; Hgb A1c ¼ hemoglobin A1c; HTN ¼ hypertension; LA ¼ left atrial; OMT ¼ optimal
medical therapy; OSA ¼ obstructive sleep apnea; SBP ¼ systolic blood pressure; TZD ¼ thiazolidinedione; RAAS ¼ renin-angiotensin-aldosterone system.

1780

Mayo Clin Proc.

n

December 2016;nn(n):1778-1810

n

http://dx.doi.org/10.1016/j.mayocp.2016.08.022
www.mayoclinicproceedings.org

THE STATE OF THE ART: ATRIAL FIBRILLATION

I have AF compared with up to 55% in NYHA
functional class IV.28
Importantly, patients with combined AF
and congestive HF have a worse prognosis
than those with either component alone. In
an analysis29 of the Framingham population,
development of congestive HF in patients
with AF was associated with increased
mortality in both men (hazard ratio [HR],
2.7; 95% CI, 1.9-3.7) and women (HR, 3.1;
95% CI, 2.2-4.2). Conversely, in those with
congestive HF, the subsequent occurrence of
AF was associated with increased mortality in
both men (HR, 1.6; 95% CI, 1.2-2.1) and
women (HR, 2.7; 95% CI, 2.0-3.6).29 A
meta-analysis30 reviewing prognosis among
patients with congestive HF found an adjusted
AF-related increase in mortality in 30,248
subjects from randomized controlled trials
(odds ratio [OR], 1.4; P<.0001) and in
23,721 subjects from observational studies
(OR, 1.14; P<.05).
Atrial ﬁbrillation and congestive HF are
mutual co-conspirators that induce complex
structural, electrophysiological, and neurohormonal changes leading to their reciprocal
evolution and perpetuation. Experimental
models have shown that heterogeneity of
repolarization throughout the atria, slowed
atrial conduction, and a shortened atrial
refractory period can cause and sustain
AF.31,32 Congestive HF induces atrial tissue
stretch by way of increased atrial pressure
and volume, leading to increased triggered
activity and changes in refractoriness, predisposing to AF.33 Furthermore, increased atrial
automaticity and heterogeneity of depolarization and repolarization result from atrial
hypertrophy and chamber enlargement.34
Neurohormonal changes occurring in congestive HF via renin-angiotensin-aldosterone
system (RAAS) activation promote extracellular matrix ﬁbrosis, leading to heterogeneity
of atrial repolarization and predisposing to
the development of AF.32,35 Angiotensin II
may also increase the activity of pulmonary
vein (PV) cardiomyocytes, which may lead
to AF initiation.36 Atrial ﬁbrillation itself
may lead to RAAS activation and may induce
tachycardia-mediated cardiomyopathy, again
exemplifying the complex interplay between
AF and congestive HF.37
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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Hypertension
Numerous studies have implicated HTN as an
independent RF for incident AF. For example,
an analysis10 of the Framingham cohort indicated that HTN independently increased the
risk of AF by factors of 1.5 in men and 1.4
in women. Even pre-HTN range blood pressure has been associated with an increased
risk of AF: the Women’s Health Study suggested that the risk of incident AF during their
12.4 years of follow-up was greater in those
with a baseline systolic blood pressure of
130 mm Hg or higher or a diastolic blood
pressure of 90 mm Hg or higher.38 Similar
ﬁndings were noted in a cohort of middleaged men followed for 35 years, in which
baseline systolic blood pressure of 128 mm
Hg or higher and diastolic blood pressure of
80 mm Hg or higher was associated with a
1.5-fold and 1.79-fold higher risk of incident
AF, respectively.39 Hypertension is believed
to increase sympathetic output, increase left
atrial pressure and volume, and activate the
RAAS, thereby leading to atrial ﬁbrosis, structural and electrical atrial remodeling, and promotion of AF.40
Conceivably, aggressive treatment of
chronic HTN could help to reduce the risk
of AF, and there is some evidence to this effect. A post hoc analysis41 of the standard vs
aggressive blood pressure lowering arms of
the randomized Action to Control Cardiovascular Risk in Diabetes trial indicated that targeting a systolic blood pressure of less than
120 mm Hg compared with the “standard”
target of less than 140 mm Hg trended toward
a lower incidence of AF, though this ﬁnding
was not statistically signiﬁcant.
The choice of antihypertensive agent may
affect the incidence of AF. The effect of
angiotensin converting enzyme inhibitors
(ACEis) and angiotensin receptor blockers
(ARBs) on the prevention of AF is one controversial example. A post hoc analysis of 2 large
investigations of HTN treatmentdthe Losartan Intervention For End Point Reduction in
Hypertension42 and Valsartan Antihypertensive Long-Term Use (VALUE)43 trialsd
suggested that ACEi or ARB therapy might
reduce incident AF. In the Losartan Intervention For End Point Reduction in Hypertension
trial,42 which enrolled hypertensive patients
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with left ventricular (LV) hypertrophy but
without AF, therapy with losartan had similar
efﬁcacy in lowering blood pressure as atenolol,
but was associated with a 33% reduced risk of
new-onset AF (relative risk, 0.67; P<.001). In
the VALUE trial,43 valsartan was associated
with a lower incidence of AF compared with
amlodipine (unadjusted HR, 0.843; P¼.046).
However, a meta-analysis44 evaluating the
efﬁcacy of ACEi or ARB therapy in preventing
AF revealed a lack of efﬁcacy in the HTN
subgroup, which included 3 trials and
26,403 patients. It should be noted that this
meta-analysis44 did not include the VALUE
trial, that only 2 of the 3 included studies evaluated new-onset AF, and that there was significant heterogeneity between the 3 studies. A
Danish retrospective nationwide nested 1:1
matched study45 of individuals with only
HTN found that the use of ACEi or ARB as
monotherapy was associated with a dramatically lower risk of incident AF as compared
with the use of b-blockers (ACEi: HR, 0.12;
95% CI, 0.10-0.15; ARB: HR, 0.10; 95% CI,
0.07-0.14) or diuretics (ACEi: HR, 0.51;
95% CI, 0.44-0.59; ARB: HR, 0.43; 95% CI,
0.32-0.58), but not compared with the use
of calcium channel antagonists. A recent
meta-analysis46 of 4 randomized controlled
trials found the ARB telmisartan to be more
effective than other antihypertensive drugs in
reducing AF recurrence (HR, 0.54; 95% CI,
0.34-0.86). Overall, these data indicate a potential role for RAAS blockade in preventing
AF and reducing its recurrence, though more
studies are needed.

type 2 DM during follow-up had a nearly
50% increased risk of new-onset AF (HR,
1.49; 95% CI, 1.14-1.94). Likewise, a metaanalysis50 including nearly 1.7 million patients
from several case-control and cohort studies
indicated a 40% increased risk of AF in
patients with type 2 DM.
Currently, there are no convincing published data to support speciﬁc upstream therapy for AF prevention in patients with DM.
However, a few reports implicate thiazolidinediones (TZDs) as agents that may be associated
with AF risk reduction. Thiazolidinediones
activate peroxisome proliferatoreactivated
receptor gamma, which decreases peripheral
insulin resistance in patients with type 2
DM. However, the use of these agents is
limited by adverse effects such as weight
gain, congestive HF, and potentially bladder
cancer.51 A nationwide population-based
cohort study52 in Taiwan evaluated 12,065 patients with type 2 DM and observed that the
use of TZDs was associated with a 31% lower
adjusted risk of new-onset AF. In addition, in
their prospective cohort study of 150 consecutive patients with type 2 DM undergoing
pulmonary vein isolation (PVI) for drugrefractory paroxysmal AF, Gu et al53 found
that the use of the TZD pioglitazone was associated with a higher rate of maintenance of
sinus rhythm (SR) without antiarrhythmic
therapy over nearly 23 months of follow-up
(86% vs 71%; P¼.034). Animal models suggest that TZDs may prevent electrical and
structural atrial remodeling via their antiinﬂammatory and antioxidant properties.54

Diabetes Mellitus
Diabetes mellitus is found in up to 20% of patients with AF.47 The hyperglycemia of DM is
believed to contribute to oxidative stress,
inﬂammation, and formation of advanced
glycosylation end products (which inﬁltrate
the myocardium, causing hypertrophy and
interstitial ﬁbrosis), all of which lead to electrical and anatomical remodeling of the left
atrium (LA) and promotion of AF.48
Evaluation of the Framingham population
implicated DM as an independent contributor
to new-onset AF in both men (OR, 1.4; 95%
CI, 1.0-2.0) and women (OR, 1.6; 95% CI,
1.1-2.2).10 Moreover, the VALUE trial49 indicated that those who were diagnosed with

Obesity
Like AF, obesity is a growing worldwide
epidemic.55 An association between increasing
body mass index (BMI; calculated as the
weight in kilograms divided by the height in
meters squared) and AF is becoming clear.
Obesity is associated with left atrial dilation,56
which may be mediated via cardiac lipoapoptosis57 and impaired autonomic balance.58
Indeed, long-term follow-up in the Framingham Heart Study indicated a 4% increase in
incident AF for each unit increase in BMI.59
However, this association was no longer significant after adjustment for echocardiographic
left atrial diameter, indicating that the link between AF and obesity may be mediated by left

Mayo Clin Proc.

n

December 2016;nn(n):1778-1810

n

http://dx.doi.org/10.1016/j.mayocp.2016.08.022
www.mayoclinicproceedings.org

THE STATE OF THE ART: ATRIAL FIBRILLATION

atrial structural changes. Similar ﬁndings linking obesity with an increased risk of AF were
observed in the Women’s Health Study,60
the ARIC study,61 and various other community cohort studies.62,63 The Long-Term Effect
of Goal-directed weight management on an
Atrial Fibrillation Cohort study64 of overweight patients with paroxysmal and persistent AF evaluated the effect and magnitude
of weight loss on the burden of AF. Remarkably, the Long-Term Effect of Goal-directed
weight management on an Atrial Fibrillation
Cohort study found a 6-fold greater probability of arrhythmia-free survival in patients with
a durable weight loss of 10% or more than in
those who lost less weight. Furthermore, the
CARDIOrespiratory FITness on Arrhythmia
Recurrence in Obese Individuals With Atrial
Fibrillation trial65 evaluated how respiratory
ﬁtness in obese individuals, deﬁned as BMI
of 27 kg/m2 or more, affected the rate of AF
recurrence. Three hundred eight obese patients with symptomatic AF underwent baseline exercise stress testing to determine peak
metabolic equivalents, and baseline respiratory
ﬁtness levels were categorized as low (85%),
adequate (86%-100%), or high (>100%) according to the percentage of predicted metabolic equivalents achieved. Subjects were
offered a tailored exercise program. At ﬁnal
follow-up (w4 years), those with high cardiorespiratory ﬁtness levels at baseline and those
who achieved a ﬁtness gain of 2 metabolic
equivalents or more had signiﬁcantly better
arrhythmia-free survival with or without a
rhythm control strategy than did those with
lower baseline ﬁtness levels who did not
achieve ﬁtness gains.
Recent interest has arisen about the role of
epicardial fat (ie, adipose tissue between the
myocardium and the visceral pericardium)
and AF.66,67 Epicardial fat can be evaluated
via noninvasive imaging techniques, such as
cardiac magnetic resonance and computed tomography (CT). Studies have observed an association between abundant epicardial fat and
atrial myocardial adipocyte inﬁltration.68 A CT
analysis of subjects in the Framingham Heart
Study68 indicated that total epicardial fat, but
not paracardial or intra-abdominal fat, was
independently associated with AF (OR per
SD increase in pericardial fat volume, 1.28;
P<.05). Likewise, a separate study69 of 300
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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subjects who underwent CT analysis indicated
that total epicardial fat volume was associated
with AF. Furthermore, the volume of epicardial fat was signiﬁcantly higher in patients
with persistent AF than in those with paroxysmal AF. Potential mechanisms linking
epicardial fat and AF include fatty inﬁltration
potentially leading to anisotropic conduction
in the atria, proﬁbrotic adipokines leading to
remodeling, inﬂammation, and autonomic
nervous system dysregulation.70
Alcohol Consumption
The association between alcohol consumption
and AF is well established.71-73 Alcohol intake
is associated with depressed cardiac function,
cardiac conduction abnormalities, and interatrial electromechanical conduction delay.73 In
1 study,74 alcohol consumption and increased
vagal activity were found to be independent
triggers for paroxysmal AF. These 2 mechanisms were found to coexist in some patients,
raising the possibility of a vagally mediated
mechanism through which consumption of
alcohol increases AF risk. A 34% increased
risk of AF was noted in Framingham participants who consumed more than 3 drinks/
d.75 Furthermore, a prospective cohort
study76 found that consuming more than 14
drinks/wk was associated with a 39% higher
independent risk of AF, and a recent metaanalysis77 evaluating the “dose-response” relationship between alcohol intake and AF found
a 10% increase in the relative risk of AF for
each drink per day beyond the low threshold
of only 1 drink/d. On the basis of these data,
limiting alcohol consumption could be a pertinent strategy for preventing AF.
Obstructive Sleep Apnea
Obstructive sleep apnea is estimated to exist in
4% of otherwise healthy adult women and in
9% of healthy men.78 Repetitive hypopnea
and apnea, in association with episodes of
hypoxia and subsequent recovery, are associated with increased sympathetic drive and
parasympathetic withdrawal, increased blood
pressure, and activation of inﬂammatory mediators and reactive oxygen species, all of
which may be associated with atrial
arrhythmia induction.79,80 Not unexpectedly,
OSA is frequently associated with AF. Gami
et al81 prospectively evaluated 151 consecutive
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patients presenting for electrical cardioversion
for AF. Compared with 312 consecutive general cardiology patients without a history of
AF, those with AF had a signiﬁcantly higher
prevalence of OSA, with an OR of 2.19
(P¼.0006). Another study82 revealed a prevalence of OSA of 81.6% in patients with
persistent AF who were referred for
polysomnography as compared with a prevalence of only 60% in matched subjects
without AF.
A synergistic effect between treatment of
OSA and efﬁcacy of AF therapies has been
noted. Obstructive sleep apnea is associated
with a higher AF recurrence rate after electrical
cardioversion,83 a lower rate of response to
antiarrhythmic therapy,84 and an increased
risk of short-term recurrence of AF in patients
undergoing PVI.85 Several single-center
studies have found that OSA therapy with
continuous positive airway pressure (CPAP)
reduces AF recurrence after electrical cardioversion83 and improves the success rate of
PVI.86-88 In a large cohort study,88 there was
a dramatically lower rate of postablation AF
recurrence in CPAP-treated patients than in
patients with OSA who did not use CPAP
(HR, 0.16; P<.001). Another observation of
consecutive patients undergoing PVI, in which
approximately 20% had OSA, noted that more
than 42 months postablation, patients with
OSA who were treated with CPAP had significantly less AF recurrence than did those with
untreated OSA (35% vs 68%; P<.0001).89
Risk Factor Modiﬁcation
Theoretically, intensive targeting of the myriad
RFs for AF should reduce AF burden. This
premise was tested in a randomized controlled
trial90 of 150 overweight or obese patients
who underwent aggressive RF management
with or without intensive weight management.
The intervention group reported signiﬁcant
weight loss (14.3 kg vs 3.6 kg; P<.001), as
well as markedly decreased AF frequency
and symptomatic severity. Subsequently, the
Aggressive Risk Factor Reduction Study for
Atrial Fibrillation,91 a single-center observational cohort study of consecutive patients
with a BMI of 27 kg/m2 or more and at least
one other RF including HTN, impaired
glucose tolerance or DM, hyperlipidemia,
OSA, smoking, or excessive alcohol
1784
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consumption, evaluated the effect of weight
management and control of other RFs for AF
on long-term outcomes after AF ablation.
Risk factor management goals in affected individuals included an initial weight loss goal of
10% body weight with a subsequent goal of
achieving a BMI of 25 kg/m2 or less, increased
exercise activity, achievement of goal lipid
levels, lifestyle modiﬁcations, medical therapy
as indicated to maintain a glycosylated hemoglobin level of 6.5% or less, a target blood
pressure of less than 130/80 mm Hg, use of
CPAP if indicated for OSA, and counseling
to achieve smoking cessation and reduction
in alcohol intake to 30 g/wk or less. Sixtyone patients participated in the RF management program, whereas 88 patients did not.
After catheter ablation (CA), all patients were
evaluated every 3 to 6 months using a Holter
monitoring and clinic visits. Participants in
the RF management program achieved greater
weight and blood pressure reduction as well as
improved glycemic and lipid control. As
shown in Figure 2, compared with control
subjects, those in the RF management program had far superior arrhythmia-free survival
over an average of 3.5 years after a single ablation procedure (32.9% vs 9.7%; P<.001) and
also after multiple ablation procedures (87%
vs 17.8%; P<.001). Interestingly, aggressive
RF modiﬁcation was also associated with cardiac structural improvements including a
reduction in left atrial volume index, LV septal
thickness, and LV end-diastolic diameter.
Although these ﬁndings are promising, larger
randomized controlled trials are needed to
establish deﬁnitively the apparent beneﬁt of
aggressive RF modiﬁcation programs for patients undergoing AF ablation.
ECONOMIC AND PUBLIC HEALTH EFFECT
OF AF
Atrial ﬁbrillation imposes a signiﬁcant ﬁnancial effect on public health. It is estimated to
account for 1% of the United Kingdom’s National Health Service budget and $16 to $26
billion annually in medical expenditures in
the United States.92-96 Compared with
matched patients, AF is associated with an
estimated incremental medical cost of $8705
per patient per year, including inpatient,
outpatient, and pharmacy costs.93 The bulk
of the increased cost of AF includes
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FIGURE 2. Atrial ﬁbrillationefree survival in the Aggressive Risk Factor Reduction Study for Atrial
Fibrillation of adding aggressive risk factor modiﬁcation to AF ablation. AF ¼ atrial ﬁbrillation; RFM ¼ risk
factor management. Reproduced from J Am Coll Cardiol,91 with permission.

hospitalization, stroke, HF, and loss of economic productivity.95,97 Furthermore, evaluation of the disability-adjusted life-year metric,
a means of assessing the effect of chronic
disorders combining information on premature death (ie, years of life lost) and disability
caused by the chronic disorder (ie, years lived
with disability),95 indicated that over the 20
years spanning 1990 to 2010, the worldwide
burden of disability-adjusted life-year loss
attributable to AF increased from 54 to 65
per 100,000 person-years for men and from
39 to 46 per 100,000 person-years for
women.6 These increases reﬂect a growing
global epidemic of AF that not only is an economic burden but also contributes to a
growing disability burden.
PATHOPHYSIOLOGY OF AF
Electrocardiographically, AF is characterized
by ﬁndings including the presence of irregular
R-R intervals and the absence of distinct P
waves.98 Mechanically, the chaotic electrical
activity of AF leads to ineffective atrial contraction as well as further structural (and electrical) changes in the atria, which themselves
potentiate AF.32,99 Our understanding of the
exact mechanisms and pathophysiology of
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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AF is evolving. Although a consensus in the
ﬁeld has not been reached, it seems unlikely
that a single mechanism can be implicated in
AF initiation and maintenance. Almost
certainly, AF is the ultimate manifestation of
multiple disease pathways.99,100
A signiﬁcant development in the history of
AF was the identiﬁcation of focal AF “triggers,”
which usually consist of spontaneous depolarization of atrial cells. The most common
anatomical sources of ectopic atrial beats that
trigger AF are the atrial myocardial “sleeves”
extending onto the PVs. These transient
ectopic tachycardias initially decrease atrial
electrical refractoriness, which promotes
AF.101 Later, with repeated ﬁring and atrial
remodeling, AF is able to sustain itself via
reentry within heterogeneously conducting
atrial tissue.102,103
Once AF is initiated, the mechanisms
allowing its maintenance remain disputed.
Among competing theories, the “multiple
wavelet hypothesis” proposes that there are
multiple independent reentrant wavelets that
exist within the ﬁbrillating atria.104,105 Other
theories include focal activity within cardiac
ganglionic plexi and untethered macroreentrant activity in the form of small spiral
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reentrant drivers, often termed rotors.106 Some
consider rotors to be analogous to the vortex
of a tornado, giving rise to the surrounding
storm of AF.
The mechanisms described above are
likely involved in various stages of AF. For
example, initially when AF is transient (or
“paroxysmal”), triggered activity likely is the
originating mechanism. It is widely observed
in the electrophysiology community that if
AF is left untreated, it becomes more difﬁcult
to suppress (ie, that “AF begets AF”).32 In later
stages of AF, with ongoing structural and electrical changes in the atrium, more complex
mechanisms contribute to AF persistence (ie,
AF that continues until it is either chemically
or electrically cardioverted) or permanence
(ie, AF that is refractory to all treatments).
Because of this shift in pathophysiology, treatment of symptomatic patients with paroxysmal AF often focuses on the suppression
of triggers, whereas treatment of persistent
AF incorporates substrate-based therapeutic
strategies.98,106
As detailed above, established RFs such as
HTN, ischemic CV disease, valvular heart disease, HF, obesity, and DM can predispose patients to AF. The mechanisms linking these
RFs to AF include structural and electrical
changes to the LA, which then promote AF.
It is hypothesized that atrial histological
remodeling can result from increased left atrial
pressure and size.107,108 Vulnerability to the
development of AF correlates with atrial dilatation, which leads to connective tissue
disruption and eventual interstitial ﬁbrosis.
These atrial histological alterations can result
in slowed atrial conduction velocity, local heterogeneous conduction, and local block,
creating an ideal substrate for AF.35,109,110
Neurohormonal and electrical atrial remodeling may also occur, which may further
encourage the development of AF. For
example, the RAAS can play a contributory
role in adverse remodeling via its proinﬂammatory and proﬁbrotic properties.111-113
As AF progresses, altered calcium
handling, including calcium leak from the
sarcoplasmic reticulum, can lead to increased
automaticity and may also adversely affect
conduction velocity and tissue refractoriness.114 Partly because of the increased inward
calcium current that results from frequent
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myocyte depolarization, the atrial cell’s
compensatory response is to down-regulate
L-type Ca2þ channels to lessen calcium overload. However, the reduction in the concentration of these channels has the untoward
adverse effect of shortening action potentials,
reducing refractoriness, and further promoting
AF.115
Increasingly, evidence links AF to inﬂammation.116-119 This relationship has been reported in the immediate period after cardiac
surgery.120 In addition, inﬂammatory markers,
such as C-reactive protein levels, tend to be
more elevated in patients with persistent AF
than in those with paroxysmal AF.121 Furthermore, higher C-reactive protein levels predict
AF relapse after cardioversion and have been
associated with an increased thromboembolic
risk.122
Other factors involved in AF initiation and
maintenance include heightened autonomic
nervous system activity and the structural
ﬁbrosis associated with aging.123 Both parasympathetic and sympathetic nervous systems
have been implicated. Speciﬁcally, when Holter monitor recordings were analyzed in patients with paroxysmal AF, the initiation of
AF often occurred after an increase in adrenergic (sympathetic) tone, followed by an
abrupt parasympathetic predominance immediately before the initiation of AF.124
The autonomic nervous system can promote atrial electrical heterogeneity and is a potential trigger of atrial arrhythmias, including
AF.125 In patients with chronic AF, atrial autonomic remodeling, including increased atrial
sympathetic nerve density, is often present.126
Concomitantly, the parasympathetic system
can contribute by producing spatially heterogeneous atrial refractoriness, promoting
intra-atrial reentry and supporting AF maintenance.127 In light of the evidence for autonomic involvement in AF, therapeutic
applications of neuromodulation are being
sought to decrease AF’s occurrence and maintenance. Currently, ganglionated plexus ablation, renal sympathetic denervation, cervical
vagal nerve stimulation, and biological therapies (including targets for G-protein autonomic
effectors)
are
under
active
investigation.125
Thus, the development of AF can be a
multifactorial process, including susceptibility
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related to comorbidities that promote early
atrial enlargement, conduction heterogeneity
due to atrial ﬁbrosis, inﬂammation, ion channel abnormalities, and autonomic remodeling.
RHYTHM CONTROL VS RATE CONTROL
Patients and their physicians must cooperatively make a decision to pursue either a
“rate control” or a “rhythm control” strategy
in the management of their AF.
The rate control strategy primarily uses
atrioventricular nodal blockade (often with
b-blockers, calcium channel blockers, and/or
digitalis) to limit the rate of atrioventricular
conduction. Every patient with newly detected
AF should initially receive adequate ventricular rate control (as needed) regardless of the
chosen chronic management strategy. A sustained rapid ventricular response to AF over
even a relatively short time may lead to the
development of tachycardia-mediated cardiomyopathy. Furthermore, signiﬁcant congestive
HF symptoms can occur in patients who sustain rapid ventricular rates, even in the
absence of overt LV systolic dysfunction.98,128
The heart rate target for the rate control
strategy has evolved over time. In 614 patients
with permanent AF over at least 2 years of
follow-up, the randomized prospective trial
Rate Control Versus Electrical Cardioversion
II129 established that a lenient rate control strategy (goal resting heart rate, <110 beats/min) is
as effective as a strict rate control strategy (goal
resting heart rate, <80 beats/min). Although
the composite end point of death from CV
causes, hospitalization for HF, and stroke as
well as systolic embolism, bleeding, and lifethreatening arrhythmic events were similar in
both groups, the lenient rate control group
had far fewer total clinical visits than did the
strict rate control group (75 vs 684; P<.001).
Once ventricular rate control is achieved in
the short term, the decision must be made to
continue the rate control strategy alone or to
pursue SR restoration and maintenance, also
termed the rhythm control strategy. Rhythm
control can be achieved through medical antiarrhythmic therapy, electrical cardioversion,
and/or invasive procedures that are either catheter- or surgery-based.98,130,131 When deciding
among strategies, patient-speciﬁc factors such
as stage of AF (ie, paroxysmal, persistent, or
permanent), symptoms, age, comorbidities,
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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and patient preference should be considered.
Experts seem to agree that a trial of rhythm
control should be offered at the ﬁrst presentation of AF.98,132 This approach offers patients
with a potentially reversible cause of AF (eg,
hyperthyroidism, pericarditis, or infection) or
those with an isolated episode of AF the chance
for early control of the arrhythmia. If AF does
relapse, the choice is either to continue with a
simple rate control strategy or to embark on a
rhythm control strategy if there was symptomatic beneﬁt after restoration of SR. Particularly
appropriate patients for the rhythm control
strategy include those who are young (age,
<50 years), those with “lone” AF, and those
with signiﬁcant symptoms despite rate
control.132,133
Antiarrhythmic therapy for AF, whether
alone or in conjunction with electrical cardioversion and/or ablation, is currently recommended only for symptom amelioration and
improvement in quality of life.98 This restriction exists in part because no mortality beneﬁt
to rhythm control has been established in randomized controlled trials. For example, the
Atrial Fibrillation Follow-up Investigation of
Rhythm Management (AFFIRM) study134 was
the largest randomized controlled trial to
compare the rate control and rhythm control
strategies, and found similar all-cause mortality
at 5 years in the 2 groups (24% vs 21%;
P¼.08). Critics of the AFFIRM study have
argued that the adverse effects and imperfect efﬁcacy of available antiarrhythmic therapy
potentially limited the beneﬁt of rhythm control. Supporting this suspicion, a supplementary analysis of the AFFIRM study134 reported
a gross mortality beneﬁt to rhythm restoration,
but this effect was neutralized by an increase in
mortality associated with antiarrhythmic drug
(AAD) use. Even among patients with HF, there
was no identiﬁed difference between the strategies in terms of overall survival, CV death,
worsened HF, or stroke.135 Similarly, in a
study136 of patients who developed newonset AF after cardiac surgery, there was no difference between the randomized treatment
strategies of rate control or rhythm control in
terms of death or other serious adverse events.
After discharge, the rate of freedom from AF
was similarly high between the groups. Thus
far, the rhythm control strategy including
catheter-based therapy has not undergone
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FIGURE 3. A candidate ﬂow diagram for therapy for atrial ﬁbrillation. For
patients without structural heart disease, antiarrhythmic drug therapy with
any agent except amiodarone is ﬁrst-line therapy. Dronedarone, dofetilide,
and sotalol are ﬁrst-line agents for patients with CAD. Amiodarone and
dofetilide are ﬁrst-line therapy for patients with CHF. Amiodarone is a
second-line agent for all patients without CHF. For patients with left ventricular wall thickness greater than 1.5 cm, only dronedarone and amiodarone are advised. Catheter ablation before antiarrhythmic drug therapy is
a class IIa and IIb indication in patients with paroxysmal and persistent atrial
ﬁbrillation, respectively. CAD ¼ coronary artery disease; CHF ¼ congestive
heart failure.

randomized controlled trials to assess its effect
on mortality in any population.
Improvements in symptoms and quality of
life may occur with rhythm restoration, but
these beneﬁts are not seen in all patients.
However, after SR restoration there can be signiﬁcant average symptomatic improvement.133,135,137 For example, A Randomized
Trial to Assess Catheter Ablation Versus Rate
Control in the Management of Persistent Atrial
Fibrillation in Chronic Heart Failure138 found
in 52 patients with symptomatic AF with LV
ejection fraction less than 35% an objective
improvement in exercise performance after
PVI, including peak oxygen consumption
(3.07 mL/kg per min; P¼.02), improved Minnesota symptom scores, lower natriuretic peptide levels, and a trend toward improved
6-minute walk test (P¼.10) after return to
SR. Thus, a management strategy of rhythm
restoration with either AADs or catheterbased ablation is appropriate in symptomatic
patients with AF, despite a failure to show a
clear mortality beneﬁt. Finally, it should be
mentioned that diminished frequency of AF
can be seen as an acceptable outcome of the
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ANTIARRHYTHMIC DRUG THERAPY
For patients with symptomatic AF, AADs can
be useful for improving symptoms via maintenance of SR. Also, for patients who develop
cardiomyopathy related to rapidly conducted
AF, AADs can be used to restore SR and
thereby preserve LV function. In the acute
setting, AADs can be used to facilitate successful electrical cardioversion. Antiarrhythmic
drugs are not frequently used for patients
with asymptomatic AF or for those with permanent AF. The success of AADs is often
limited by contraindications to their use and
by adverse drug effects.139-141
As summarized in Figure 3, the choice of
AAD depends on the presence or absence of
structural heart disease and/or HF, renal insufﬁciency, and LV hypertrophy (ie, LV wall thickness, 1.5 cm).139 Class Ic agents, such as
ﬂecainide and propafenone, are restricted to
those patients with structurally normal hearts
and are contraindicated in patients with previous myocardial infarction.142,143 Some class III
agents, such as sotalol and dofetilide, are contraindicated in patients with creatinine clearance level less than 20 mL/min or baseline
corrected QT interval greater than 440
ms.142,144-146 Initiation of dofetilide requires
3 days of inpatient monitoring of the corrected
QT interval, and similar inpatient monitoring
for sotalol is recommended, but not mandatory.145,146 Dronedarone is contraindicated in
patients with advanced HF or a recent HF exacerbation.147-151 Amiodarone and dofetilide are
the only agents recommended for patients with
LV dysfunction.139,146
Amiodarone is a second-line agent for
most patients, but it remains widely used
because of its high efﬁcacy, its ability to be
administered intravenously, and its applicability in patients with renal impairment and/
or cardiomyopathy. Amiodarone has wellknown toxicities including adverse effects on
the lung, thyroid, liver, skin, and eye,
requiring monitoring during long-term use.
In addition, amiodarone has a higher risk of
other adverse effects than do other AADs.140
The overall success rates of AADs for
maintaining SR range between 30% and
50%, with amiodarone having the highest
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efﬁcacy.139 For patients with drug-refractory
symptomatic AF, procedural options are recommended (see below).
STROKE PREVENTION AND BLEEDING RISK
Risk Stratiﬁcation for Stroke and Bleeding
Stroke and systemic embolism are signiﬁcant
causes of morbidity and mortality in patients
with AF.152,153 AF increases stroke risk 5fold, and strokes that are related to AF lead to
more severe disability and mortality.153 For
patients with valvular AF, especially AF related
to mitral stenosis, the stroke risk can reach
20-fold that of a similar patient without AF.
Stroke prophylaxis in AF must balance a patient’s thromboembolic risk with their bleeding
risk. The most widely accepted risk stratiﬁcation tools for stroke risk and bleeding risk are
the CHA2DS2-VASc (Congestive heart failure,
hypertension, age 75, diabetes mellitus,
stroke, vascular disease, age 65-74, sex category
[female]) and HAS-BLED (Hypertension,
abnormal liver/renal function, stroke, bleeding
risk, labile INRs, elderly (age 65), drugs/
alcohol) scores, respectively (Table 1).154,155
In addition to the original CHADS2 score, the
TABLE 1. CHA2DS2-VASc and HAS-BLED Components, Scoring Methods, and Risk Calculators
CHA2DS2-VASc

Points

Score

CHF
HTN
Age 75 y
DM
Stroke/TIA
Vascular disease
Age 65-75 y
Female sex

1
1
2
1
2
1
1
1

0
1
2
3
4
5
6
7
8
9

0%
1.3%
2.2%
3.2%
4.0%
6.7%
9.8%
9.6%
6.7%
15.2%

HAS-BLED (1 point each)

Score

Bleeding risk

Hypertension
Abnormal Liver/Renal function
Stroke
Bleeding risk
Labile INRs
Elderly (age, 65 y)
Drugs/alcohol

0
1
2
3
4
5
6-7

0.9%
3.4%
4.1%
5.8%
8.9%
9.1%
Too rare

Stroke risk

CHF ¼ congestive heart failure; DM ¼ diabetes mellitus;
HTN ¼ hypertension; INR ¼ international normalized ratio;
TIA ¼ transient ischemic attack.
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CHA2DS2-VASc score incorporates into the
model age 65 years, female sex, and peripheral vascular disease. In addition to the
CHA2DS2-VASc RFs, other known factors
increasing stroke risk in patients with AF
include spontaneous echo contrast, chronic
kidney disease, and smoking.156-158 The most
recent AF guidelines advise oral anticoagulation
(OAC) in patients at high risk (ie, CHA2DS2VASc score, 2). For patients with moderate
risk (CHA2DS2-VASc score, 1), the full gambit
of possible prophylactic approaches (OAC,
aspirin, or even no therapy) may all be considered, though expert opinion leans toward full
anticoagulation (see below). For low-risk patients (CHA2DS2-VASc score, 0), the guidelines
advise no antithrombotic therapy.98 A HASBLED score of 3 or more predicts high risk of
bleeding, but there are no available guidelines
on therapy on the basis of this or any other
bleeding risk algorithm.
In contrast to these epidemiological prediction scores, there also exist both temporal
and structural determinants of stroke risk in
AF. For example, the Asymptomatic Stroke
and Atrial Fibrillation Evaluation in Pacemaker
Patients (ASSERT) trial reported a roughly 2fold increase in stroke rate for patients with
atrial high rate episodes lasting for more than
6 minutes as detected by their pacemaker or
deﬁbrillator.159 Interestingly, there was not a
strong temporal association between AF events
and strokes: only 6 of 59 patients with a stroke
had an atrial high rate event detected within
30 days of their event.159 In addition, the anatomy of the left atrial appendage (LAA) can
predict the risk of stroke in AF, with more
complex morphologies indicating higher
thrombotic risk.160
Choice of Stroke Prophylaxis
For patients at high risk as well as in select patients with moderate risk, OAC therapy is
advised for the reduction of stroke and systemic embolism.
Aspirin, Antiplatelet Agents, and Warfarin. Early trials examining stroke prevention in
AF focused on warfarin and antiplatelet
agents. Aspirin alone has exhibited essentially
no meaningful effect on stroke reduction,
with only the Stroke Prevention in Atrial
Fibrillation (SPAF) trial reporting any
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TABLE 2. Comparison of the Main Trials Leading to Novel Oral Anticoagulant Approval, Including Average CHADS2 Score Among Subjects As
Well As Hazard Ratios With 95% CIs for Stroke and Systemic Embolism, Major Bleeding, and Intracranial Hemorrhagea,b
RE-LY (N¼18,113):
dabigatran (150 mg bid)

Variable
CHADS2 score
Stroke and systemic embolism
Major bleeding
Intracranial hemorrhage
Dose adjustment

2.1
0.66 (0.53-0.82)c
0.93 (0.81-1.07)d
0.40 (0.27-0.60)c
75 mg bid if
GFR 15-30 mL/min

ROCKET-AF (N¼14,264):
rivaroxaban (20 mg qd)
3.5
0.88 (0.75-1.03)d
1.04 (0.90-1.20)d
0.67 (0.47-0.93)c
15 mg qd if
GFR 15-50 mL/min

ARISTOTLE (N¼18,201):
apixaban (5 mg bid)
2.1
0.80 (0.67-0.95)c
0.69 (0.6-0.8)c
0.42 (0.30-0.38)c
Decrease dose to
2.5 mg bid if 2 or
more of Cr >1.5, age
>80 y, or weight
<60 kg are present

ENGAGE AF/TIMI 48
(N¼21,105):
edoxaban (60 mg qd)
2.8
0.88 (0.75-1.03)d
0.80 (0.71-0.91)c
0.47 (0.34-0.67)c
30 mg qd if
GFR 15-50 mL/min

bid ¼ twice daily; CHADS2 ¼ congestive heart failure, hypertension, age >75 y, diabetes mellitus, stroke, transient ischemic attack, or systemic embolism; GFR ¼ glomerular
ﬁltration rate; qd ¼ daily.
b
Criteria for dose adjustments are also listed.
c
Drug that met superiority criteria for the end point as compared with warfarin.
d
Drug that met noninferiority criteria for the end point as compared with warfarin.
a

signiﬁcant beneﬁt.161,162 Despite not having
been studied in a low-risk population, because
of its low risk, aspirin is an option for patients
with a CHA2DS2-VASc score of 1 or less. In
the Atrial Fibrillation Clopidogrel Trial with
Irbesartan for Prevention of Vascular Events Aspirin (ACTIVE-A) trial,163 the antiplatelet
agent clopidogrel plus aspirin reduced strokes
as compared with aspirin alone, at a cost of
elevated bleeding risk. However, when clopidogrel and aspirin were compared with
warfarin in the Atrial Fibrillation Clopidogrel
Trial with Irbesartan for Prevention of
Vascular Events - Warfarin (ACTIVE-W)
trial,164 warfarin produced a 40% further risk
reduction of stroke and systemic embolism.
Although warfarin is effective in reducing
stroke rates, there are signiﬁcant limitations to
its use, including the need for frequent
monitoring of the international normalized
ratio, variable time in the therapeutic range
(most often, target international normalized
ratio, 2-3), the need for sometimes unacceptable dietary restrictions, and multiple drugdrug interactions. The recent advent of nonwarfarin oral anticoagulants has signiﬁcantly
increased treatment options.
Nonwarfarin Oral Anticoagulants (Novel
Oral Anticoagulants/Direct Oral Anticoagulants). After more than 50 years of
warfarin being the only OAC option, since
2010 4 nonwarfarin oral anticoagulants (also
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termed novel oral anticoagulants [NOACs] or
direct oral anticoagulants) have been approved
by the Food and Drug Administration (FDA)
for stroke and systemic embolism reduction
in nonvalvular AF.165-168 A summary of the
outcomes of the major trials leading to each
NOAC’s FDA approval is given in Table 2.
Dabigatran (Pradaxa), a direct thrombin
inhibitor, was the ﬁrst NOAC approved by
the FDA, with the 150 mg dose studied in
the Randomized Evaluation of Long-Term
Anticoagulation Therapy (RE-LY) trial,165
exhibiting superiority to warfarin therapy for
stroke reduction (HR, 0.66; 95% CI, 0.530.82) as well as noninferiority for major
bleeding (HR, 0.93; 95% CI, 0.81-1.07). In
the Rivaroxaban Once Daily Oral Direct Factor
Xa Inhibition Compared with Vitamin K
Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation ARISTOTLE:
Apixaban for Reduction in Stroke and Other
Thromboembolic Events in Atrial Fibrillation
(ROCKET-AF) trial,166 rivaroxaban (Xarelto),
a factor Xa inhibitor, exhibited noninferiority
for reduction of stroke and systemic embolism
(HR, 0.88; 95% CI, 0.75-1.03) as well as
bleeding events (HR, 1.04; 95% CI, 0.901.20). Apixaban (Eliquis), a factor Xa inhibitor, is the only NOAC exhibiting superiority
to warfarin for both stroke reduction (HR,
0.80; 95% CI, 0.67-0.95) and major bleeding
(HR, 0.69; 95% CI, 0.60-0.80), as reported
in the Apixaban for Reduction in Stroke and
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Other Thromboembolic Events in Atrial Fibrillation (ARISTOTLE) trial.167 The Effective
Anticoagulation with Factor Xa Next Generation in Atrial Fibrillation -Thrombolysis in
Myocardial Infarction 48 (ENGAGE AF-TIMI
48) trial168 studied edoxaban (Savaysa), the
newest factor Xa inhibitor, and found noninferiority to warfarin for reduction of stroke
and systemic embolism (HR, 0.88; 95% CI,
0.75-1.03) and superiority for reducing
bleeding events (HR, 0.80; 95% CI, 0.710.91). All 4 NOACs exhibited statistically signiﬁcant reduction in intracranial hemorrhage
as compared with warfarin.
The choice of NOAC may depend on other
factors in addition to efﬁcacy and safety. The
NOACs have variable dependence on renal
clearance, sometimes leading to speciﬁc dose
adjustments (Table 2). Only apixaban has
been approved for patients on dialysis. Edoxaban is contraindicated in patients with robust
renal function (glomerular ﬁltration rate,
>90 mL/min) because of rapid drug clearance.
Of note, the only agent to exhibit superiority
to warfarin for ischemic stroke prevention
was dabigatran at the 150 mg dose twice
daily.165 Furthermore, only dabigatran has
an FDA-approved reversal agent, idarucizumab.169 The deﬁnition of “nonvalvular” AF
was somewhat different across the various
NOAC trials, but most often “valvular” AF
included moderate to severe mitral stenosis,
a prosthetic heart valve, or mitral valve repair.
The only available study evaluating dabigatran
use in the presence of mechanical heart valves,
Randomized, Phase II Study to Evaluate the
Safety and Pharmacokinetics of Oral Dabigatran Etexilate in Patients after Heart Valve
Replacement (RE-ALIGN),170 reported harm
in the dabigatran arm. To date, there has
been no trial directly comparing NOACs.
As the individual NOAC trials included
patients with a wide range of mean CHADS2
scores, varying from 2.11.1 in the RE-LY
and ARISTOTLE trials to 3.50.9 in the
ROCKET-AF trial, caution must be exercised
when drawing conclusions about these drugs’
use in patients with much higher or much
lower risk scores. Overall, the NOACs as a
class exhibit favorable efﬁcacy and safety proﬁles in comparison with warfarin. However,
warfarin remains an effective agent for many
patients, and it remains the only OAC
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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approved for use in patients with prosthetic
heart valves.
Left Atrial Appendage Closure
The most common site of intracardiac
thrombus formation is the LAA.171 Thrombi
are particularly common in the LAA because
of the LAA’s dead-end anatomy and because
of its prominent trabeculations.172 Although
OAC remains the principal method of preventing such thrombi, it does not completely eliminate stroke risk, and for some patients
anticoagulation is contraindicated or undesirable. These limitations have generated increased
interest in mechanical exclusion of the LAA as
an adjunct to, or replacement for, OAC.
Surgical exclusion of the LAA is commonly
performed at the time of other cardiac surgery,
whether that surgery is solely targeted at AF
treatment or is concomitant with other therapy (eg, mitral valve repair/replacement).173
A number of approaches have been used for
surgical exclusion. Surgical ligation with
sutures or staples can be effective in some
patients. However, when examined with transesophageal echocardiography, incomplete
closure or nondurable occlusion has been
found in a considerable number of patients.174
Complete excision of the LAA appears to provide more effective results.175 Newer technologies, such as the AtriClip external closure
device (AtriCure Inc.), make surgical LAA
closure technically easier than LAA amputation and oversewing and might be more effective than suture ligation.176 Although
minimally invasive approaches have been
described, surgical LAA excision/closure therapies have the inherent disadvantage of being
considerably invasive and are not routinely
performed as stand-alone procedures.175 In
addition, available data on their effectiveness
in stroke prevention are limited, though a
large randomized controlled trial that seeks
to provide more clarity is ongoing (https://
clinicaltrials.gov/ct2/show/NCT01561651). On
the basis of the available data, the 2014
AHA/ACC/HRS guideline for the management
of patients with AF98 provides a relatively
weak consideration (class IIb; level of evidence
C) for surgical exclusion of the LAA at the time
of cardiac surgery.
Percutaneous therapies for LAA exclusion
or closure have gained favor recently.177,178
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FIGURE 4. A, WATCHMAN device, which consists of a metallic frame with ﬁxation barbs and a polyester
fabric that covers the atrial face of the device, as well as a ﬂuoroscopic image of a WATCHMAN device
being deployed. B, LARIAT system, with its intracardiac (catheter/balloon/magnet) portion interacting with
its epicardially delivered magnetic guidewire and preloaded catheter-delivered suture, as well as a ﬂuoroscopic image just before LARIAT suture deployment. Reproduced from Prog Cardiovasc Dis177 and
Am Heart J178 with permission.

Among these, the most promising technologies with supportive data are the intracardiac
WATCHMAN LAA occluder (Boston Scientiﬁc) and the LARIAT system (SentreHEART
Inc.), which cinches the LAA closed with a suture delivered epicardially. These devices are
depicted in Figure 4.
The WATCHMAN device was examined in
the Watchman Left Atrial Appendage System
for Embolic Protection in Patients With Atrial
Fibrillation (PROTECT-AF) trial,179 which
enrolled patients with AF who are warfarin
eligible and compared LAA closure to OAC
with warfarin and initially found LAA occlusion
to be noninferior to OAC for stroke reduction
(relative risk, 0.71; 95% CI, 0.44-1.3).
Although there were concerns about
procedure-related adverse events, with subsequent experience these events became less
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frequent, likely related to a considerable procedural learning curve.180 With continued
PROTECT-AF follow-up, the WATCHMAN device was more effective than warfarin for stroke
reduction (HR, 0.61; 95% CI, 0.38-0.97) and
similar in terms of safety.181 Subsequently, the
Prospective Randomized Evaluation of the
Watchman LAA Closure Device In Patients
With Atrial Fibrillation Versus Long Term
Warfarin Therapy (PREVAIL) trial182 and REgistry on WATCHMAN Outcomes in Real-Life
Utilization
(EWOLUTION)
registry183
conﬁrmed WATCHMAN’s high implant success rate and low risk. The WATCHMAN device
is FDA approved for stroke risk reduction in
patients who are warfarin eligible but for
whom anticoagulation is undesirable.
In patients with a contraindication to
warfarin, the WATCHMAN device has been
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FIGURE 5. Pulmonary vein isolation using a standard radiofrequency catheter. A, Catheters that have been
advanced from the femoral veins to the heart. An intracardiac echocardiography (ICE) catheter is positioned within the right atrium to guide transseptal puncture as well as mapping and ablation catheter
manipulation. A circular mapping catheter is placed in each pulmonary vein and is used to assess for the
presence of pulmonary vein potentials and to guide ablation. B, An electroanatomic map of the left atrium.
Encircling ablation lesions (red) placed in a point-by-point fashion around the antrum of each pulmonary
vein. A shadow of the circular mapping catheter is seen in the left inferior pulmonary vein with the tip of
the ablation catheter (gray/green) delivering a lesion along the antrum of the vein. Panel A: Reproduced
from N Engl J Med,192 with permission.

found to be superior to historical controls, as
well as cost-effective.184,185 To date, no randomized study has been performed comparing
WATCHMAN device and an inactive control.
However, it seems likely that LAA closure
may be useful for stroke prevention in OACcontraindicated patients.
Originally marketed for use during laparoscopic procedures, the LARIAT suture/snare
system is FDA approved for soft tissue closure.
In thousands of cases, it has been used “off-label”
to close the LAA via an epicardial approach. Its
potential advantage over WATCHMAN is that
LARIAT leaves no foreign material within the
heart, which may lessen the need for even
short-term postprocedure anticoagulation. Its
weakness, however, may be the procedure’s
higher rate of signiﬁcant procedural complications, as well as the risk of incomplete LAA
closure.186 A meta-analysis evaluating a total
of 309 patients found a procedural success rate
of 90%, with a rate of severe complications of
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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2.6%.187 Similar to WATCHMAN, the LARIAT’s rates of success and adverse events also
show a signiﬁcant learning curve188: in a more
recent multicenter registry189 of 682 patients,
complete LAA closure was achieved in 98%,
with a severe complication rate of only 1.6%.
On follow-up, however, incomplete LAA
closure was detected in approximately 7% of
the examined patients.189
To date, published trials examining exclusion of the LAA have used warfarin as the
active control. It remains unclear whether
the future applicability of LAA closure will
be affected by the superior efﬁcacy and safety
of the NOACs in comparison to warfarin.
ABLATION OF AF
Over the past decade, CA of AF has evolved
considerably to become safer and more effective and is now among the most frequently
performed cardiac procedures in the United
States.190
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As discussed above, PVs are the most
frequent anatomical sources of ectopic atrial
beats that can trigger paroxysms of AF.191
Left atrial myocardial “sleeves” extending
from the PVs are recognized as the primary
source of triggers in 82% to 90% of patients
with paroxysmal AF. Since the initial description of a PV trigger by Haissaguerre et al in
1998, electrical isolation of the PVs has been
the primary end point in the catheter-based
treatment of AF.98,191
In PVI, lesions are created in the LA,
around the antrum of each vein, resulting in
nonconducting scar. Most often, this is performed with catheters using radiofrequency
energy to deliver point by point, connecting
lesions around the circumference of the veins
(Figure 5). Nonconducting tissue around the
veins’ antra then blocks electrical triggers
from exiting (and entering) the veins, electrically isolating them from the LA and thus preventing the initiation of AF. The superiority of
catheter-based PVI for the maintenance of SR
compared to AAD therapy alone has been

exhibited in several clinical trials and has
driven the increase in ablation for the management of AF.192-195
Patient Selection for AF Ablation
The management of AF, including the use of
CA, should be tailored to each speciﬁc patient,
taking into account several factors including
symptom severity and frequency, tolerance of
medical therapy, age, and underlying comorbidities.190 Patients and physicians should
have a clear understanding of the goals of
care, procedural risk, and realistic expectations
of ablation outcomes. Although CA can be
effective in individual patients, success rates
have varied in clinical trials.
Early trials of CA focused on patients with
paroxysmal AF and little or no structural heart
disease who had failed medical therapy with at
least 1 AAD. In these trials,192-195 reported 12month success rates ranged from 66% to 86%.
It is clear that AF ablation is most successful in
patients with paroxysmal AF.196 Even so,
many patients with paroxysmal AF require

TABLE 3. AHA/ACC/HRS Practice Guideline for the Management of Patients With Atrial Fibrillation: Recommendations for Catheter Ablation to Maintain Sinus Rhythm
Class I (Beneﬁt >>> Risk; Procedure/treatment SHOULD be performed)
1. Atrial ﬁbrillation catheter ablation is useful for symptomatic paroxysmal AF refractory or intolerant to at least
1 class I or III antiarrhythmic drug when a rhythm control strategy is desired. (Level of evidence: A)
2. Before consideration of AF catheter ablation, assessment of the procedural risks and outcomes relevant to the
individual patient is recommended. (Level of evidence: C)
Class IIa (Beneﬁt >> Risk; IT IS REASONABLE to perform procedure/treatment)
1. Atrial ﬁbrillation catheter ablation is reasonable for some patients with symptomatic persistent AF refractory or
intolerant to at least 1 class I or III antiarrhythmic drug. (Level of evidence: A)
2. In patients with recurrent symptomatic paroxysmal AF, catheter ablation is a reasonable initial rhythm control
strategy before therapeutic trials of antiarrhythmic drug therapy, after weighing the risks and outcomes of
drug and ablation therapy. (Level of evidence: B)
Class IIb (Beneﬁt  Risk; Procedure/treatment MAY BE CONSIDERED)
1. Atrial ﬁbrillation catheter ablation may be considered for symptomatic long-standing (>12 mo) persistent AF
refractory or intolerant to at least 1 class I or III antiarrhythmic drug when a rhythm control strategy is desired.
(Level of evidence: B)
2. Atrial ﬁbrillation catheter ablation may be considered before the initiation of antiarrhythmic drug therapy with a
class I or III antiarrhythmic drug for symptomatic persistent AF when a rhythm control strategy is desired.
(Level of evidence: C)
Class III (No beneﬁt, or potential harm; Procedure/treatment IS CONTRAINDICATED)
1. Atrial ﬁbrillation catheter ablation should not be performed in patients who cannot be treated with anticoagulant
therapy during and after the procedure. (Level of evidence: C)
2. Atrial ﬁbrillation catheter ablation to restore sinus rhythm should not be performed with the sole intent of
obviating the need for anticoagulation. (Level of evidence: C)
AF ¼ atrial ﬁbrillation.
Reproduced from J Am Coll Cardiol,98 with permission.
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TABLE 4. Randomized Controlled Trials of Catheter Ablation vs Antiarrhythmic Drug Therapy for the Management of AFa

Reference, year
200

Krittayaphong et al,

Study
% of patients
size (N) with paroxysmal AF

Study design
b

2003

CA as second-line therapy
compared to amiodarone
CA as ﬁrst-line therapy
Wazni et al,192 2005 (RAAFT)
Stabile et al,201 2005 (CACAF)
CA as second-line therapy
Pappone et al,193 2006 (APAF)
CA as second-line therapy
in paroxysmal AF
CA as second-line therapy
Oral et al,202 2006
in chronic AF
CA as second-line therapy
Jais et al,194 2008 (A4)
in paroxysmal AF
CA as second-line therapy
Forleo et al,203 2009
in patients with paroxysmal
AF with type 2 diabetes
Wilber et al,195 2010 (ThermoCool) CA as second-line therapy
in paroxysmal AF
Packer et al,204 2013 (STOP-AF)

Cosedis Neilsen et al,205
2012 (MANTRA-PAF)
Morillo et al,206 2014 (RAAFT-2)
Mont et al,207 2014 (SARA)

Cryoballoon ablation as
second-line therapy in
paroxysmal AF
CA as ﬁrst-line therapy in
paroxysmal AF
CA as ﬁrst-line therapy in
paroxysmal AF
CA as second-line therapy
in persistent AF

Freedom from AF recurrence
Follow-up

CA

AAD
40%

P value

30

70%

1y

79%

70
137
198

96%
67%
100%

1y
1y
1y

87% 37% <.001
55.9% 8.7% <.001
93% 35% <.001

146

0%

1y

74%

58%

.05

112

100%

1y

89%

23%

<.0001

70

41%

1y

80%

42.9%

167

100%

66%

16%

245

78%

294

100%

2y

85%

71%

.004

127

98%

2y

53%

41%

.03

146

0%

1y

70.4% 43.7%

9 mo
(after a 3-mo
blanking period)
1y

69.9%

.018

.001

<.001

7.3% <.001

.002

A4 ¼ Catheter Ablation versus Antiarrhythmic Drugs for Atrial Fibrillation; AAD ¼ antiarrhythmic drug; AF ¼ atrial ﬁbrillation; APAF ¼ Ablate and Pace in Atrial Fibrillation;
CA ¼ catheter ablation; CACAF ¼ Catheter Ablation for the Cure of Atrial Fibrillation; CT ¼ computed tomography; MANTRA-PAF ¼ Medical Antiarrhythmic Treatment
or Radiofrequency Ablation in Paroxysmal Atrial Fibrillation; MRI ¼ magnetic resonance imaging; NA ¼ not applicable; RAAFT ¼ Radiofrequency Ablation for Atrial
Fibrillation Trial; RAAFT-2 ¼ Radiofrequency Ablation versus Antiarrhythmic Drugs as First-Line Therapy of Atrial Fibrillation 2; SARA ¼ Study of Ablation versus antiaRrhythmic drugs in persistent Atrial ﬁbrillation; STOP-AF ¼ Sustained Treatment of Paroxysmal Atrial Fibrillation.
b
“Second-line therapy” indicates AF recurrence despite previous management with at least 1 AAD.
a

more than 1 ablation procedure to produce
durable success.197
Favorable success rates after CA in patients
with paroxysmal AF have led to class I recommendations from the Heart Rhythm Society
and the American College of Cardiology/
American Heart Association Task Force on
Practice Guidelines98 for the use of CA to
maintain SR in patients with symptomatic
paroxysmal AF who are refractory or intolerant to at least 1 class I or class III AAD.
Table 3 summarizes societal guideline recommendations for AF ablation. Despite the overall high levels of recommendation in support
of ablation, it should be stressed that the decision to pursue ablation needs to be considered
on a patient-by-patient basis, weighing individual factors as described above. In patients
with more advanced AF and in those with
Mayo Clin Proc. n December 2016;nn(n):1778-1810
www.mayoclinicproceedings.org

n

substantial structural heart disease, the comparably lower success rates of ablation and the
frequent need for recurrent procedures have
led to lower levels of recommendation for
ablation in patients with persistent AF and
long-standing (>12 months) persistent AF
(class IIa and class IIb, respectively).98
Patients with paroxysmal AF are more
likely to achieve maintenance of SR than are
those with either persistent or permanent
AF.198 For example, recent studies using
catheter-based approaches in the treatment of
paroxysmal AF have reported success rates of
more than 80% at 1 year without antiarrhythmic medical therapy. In persistent AF,
however, success rates are not as high, and
ablation typically requires more extensive
lesion sets to address the underlying atrial substrate. Among patients with persistent AF,
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approximately 40% to 50% require a repeat
procedure, after which the success rate approaches 70%.199 Table 4 summarizes the results of several representative randomized
controlled trials examining AF ablation.
Based on the present data, AF ablation
should be limited to patients with symptomatic AF, with the goal of improving quality
of life.190 Although AF has been associated
with an increased risk of stroke, HF, and
death, the current evidence about whether
CA reduces the risk of these outcomes remains
insufﬁcient.26,29,134 Ongoing large multicenter
randomized controlled trials will assess
whether early CA reduces mortality and stroke
risk as compared with noninvasive therapy
with rate and rhythm control drugs.208,209
Innovations in Ablation Catheter Design
Atrial ﬁbrillation ablation is most often performed via the femoral vein, with the LA being
accessed via a transseptal approach. Intracardiac echocardiography can be used to guide
transseptal puncture(s) and catheter placement within the LA.210 Electroanatomic mapping systems are then used to create a
computerized representation of the LA and
the PVs.210 Most commonly, a circular mapping catheter is placed within the PVs during
ablation to record PV electrical potentials and
assess for electrical isolation. An irrigated-tip
radiofrequency ablation (RFA) catheter is
then used to create point-by-point lesions
encircling the antrum of each vein. Although
ablation using a “simple” RFA catheter can
be successful, it is not the current state of
the art. Recent innovations in ablation catheter
design have the intention of streamlining the
procedure while also improving safety and efﬁcacy. Some such advancements are depicted
in Figure 6 and are discussed below.
Until recently, information on the quality
of catheter-tissue contact existed only in the
form of tactile feedback from the catheter, imaging (ﬂuoroscopy and/or intracardiac ultrasound), and electroanatomic mapping.
Recent data indicate that effective lesion formation depends on substantial contact force
between the catheter and the tissue.212,213
Consequently, novel RFA catheters have been
designed to provide real-time information on
the direction and magnitude of cathetertissue contact force, allowing the operator to
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create more consistent lesions. The use of
such catheters has been associated with
reduced procedure time and decreased AF
recurrence after CA.
One technical challenge in point-by-point
PVI is the need for sustained periods of catheter manipulation by a skilled operator to
create uninterrupted circumferential lesions.
To mitigate this challenge, balloon-tipped
catheters have been developed with the objective of creating contiguous lesions around the
antrum of each PV.214 In the most common
current iteration of these procedures, the
balloon is advanced toward the PV over an
appropriately placed wire, wedging the
balloon into the PV antrum. Through a central
lumen, intravenous contrast is injected into
the vein to evaluate for an effective seal of
the PV, indicating circumferential balloontissue contact. The balloon is then ﬁlled with
liquid nitrous oxide, producing tissue destruction via freezing (cryoablation).214 Cryoablation using balloon-based catheters has
proven effective in large clinical trials.215,216
A recent randomized multicenter trial217
compared cryoballoon ablation with pointby-point RFA in drug-refractory paroxysmal
AF and found that the 2 techniques had
similar efﬁcacy and safety.
Another balloon-based catheter uses
endoscopy to provide real-time direct tissue
visualization and delivery of laser energy. In
the ﬁrst multicenter randomized trial218 studying this technology, the visually guided laser
balloon proved noninferior to standard radiofrequency PVI. Novel circular multipoint
radiofrequency catheters have also been
created and have been associated with short
procedure times and high acute success
rates.211 Further research will be necessary to
assess the long-term success of AF ablation
using these innovative technologies.
Substrate Modiﬁcation: Current and
Emerging Strategies
The etiology of AF relapse despite conﬁrmed
PVI at the time of ﬁrst ablation can be multifactorial. Possible causes for recurrence can
include electrical reconnection of PVs, other
(non-PV) anatomical sites functioning as triggers for AF, progression of atrial myopathy,
and lack of sufﬁcient arrhythmic substrate
modiﬁcation with PVI alone.190,219 In contrast
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FIGURE 6. Novel strategies for pulmonary vein isolation. A, An artist’s depiction of the cryoballoon. The
balloon is inﬂated at the antrum of each pulmonary vein. Through a central lumen, a circular mapping
catheter is placed within the vein to assess for pulmonary vein potentials. Through the same central lumen,
intravenous contrast injections are used to evaluate for an effective seal of the pulmonary vein, indicating
circumferential tissue contact around the antrum of the vein. B, A ﬂuoroscopic image of the cryoballoon
inﬂated in the antrum of the right superior pulmonary vein. A pacing catheter may be placed high in the
superior vena cava, as shown here. Via that catheter, phrenic nerve pacing allows for monitoring of
phrenic nerve injury during ablation of the right pulmonary veins. C, A ﬂuoroscopic image of the nMARQ
circular multipoint radiofrequency catheter placed in the antrum of the left inferior pulmonary vein. D,
Three-dimensional left atrial anatomy with ablation lesions (red) created around each pulmonary vein and
the nMARQ catheter in the antrum of the left inferior pulmonary vein. Panel A: Reproduced from https://
www.medtronicacademy.com, with permission. Panel C and D: J Cardiovasc Electrophysiol. Reproduced
from J Cardiovasc Electrophysiol,211 with permission.

to most ablation procedures performed by cardiac electrophysiologists, in which the
arrhythmic circuit or “substrate” is clearly identiﬁed and directly targeted for ablation (eg, the
slow atrioventricular nodal pathway in atrioventricular nodal reentrant tachycardia or the
cavotricuspid isthmus in typical atrial ﬂutter),
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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the appropriate target(s) for substrate modiﬁcation in AF remain incompletely deﬁned.
Over time, as PVI evolved from delivery of
targeted lesions within the veins themselves to
wide circumferential lesions enclosing the
veins’
antra,
success
rates
have
improved.190,219 It is believed that moving

http://dx.doi.org/10.1016/j.mayocp.2016.08.022
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FIGURE 7. Strategies for substrate modiﬁcation. A, A posterior view of the left atrium. Point-by-point
ablation has been performed using standard radiofrequency catheter ablation. Pulmonary vein isolation
lesions are shown in red. Additional substrate ablation has been performed with an anatomical “roof line”
connecting the 2 superior pulmonary veins and a “mitral annular line” connecting the left inferior pulmonary vein and the mitral annulus (green lines). Areas of complex fractionated atrial electrograms have
also been ablated (blue lesions). B, A ﬂuoroscopic image of a 64-pole catheter placed in the left atrium to
guide ablation of focal impulses and left atrial rotors. C, A minimally invasive subxyphoid approach for
pericardioscopic epicardial ablation of the posterior wall of the left atrium. D, A representation of the
lesions created by such an approach on the left atrial posterior wall. IVC ¼ inferior vena cava; LA ¼ left
atrium; LPV ¼ left pulmonary vein; LV ¼ left ventricle; PA ¼ pulmonary artery; RA ¼ right atrium; SVC ¼
superior vena cava. Panel B: Reproduced from J Atr Fibrillation,221 with permission. Panel C: Reproduced
from Heart Rhythm,222 with permission. Panel D: Reproduced from EP Lab Digest,223 with permission.

ablation sites into the body of the atrium results in further modiﬁcation of AF substrate,
contributing to this success. This theory is
supported in studies performed in patients
with previous AF ablation who remained free
of clinical AF despite the identiﬁcation of electrical reconnection in the PVs.220 In many patients with paroxysmal AF, it appears that
sufﬁcient substrate modiﬁcation occurs with
antral PVI alone, but patients with more
advanced diseasedwith persistent and longstanding persistent AFdmay require additional ablation to achieve durable success.190
Because the optimal targets for substrate
modiﬁcation in nonparoxysmal AF remain unclear, several different ablation strategies have
been examined. Some such techniques are
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depicted in Figure 7. One strategy attempts
to emulate surgical approaches to “debulking”
the LA by using RFA to create lines of block
within the LA. The most commonly fashioned
lines include a roof line connecting the left and
right superior PVs and a mitral line connecting
the left inferior vein to the mitral
annulus.224,225 Another strategy focuses on
the mapping and ablation of complex fractionated atrial electrograms (CFAEs; pronounced
“cafés”) throughout the LA (and sometimes
the right atrium).226 It is believed that CFAEs
might represent areas of slowed conduction or
pivot points of wavelets that are critical in the
maintenance of AF. The use of these techniques has shown mixed success in clinical trials, and over time, additional problems have
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been recognized.227 Gaps that result from
anatomically noncontiguous lines or from
nondurable lesions can result in recurrence
of AF and can form the substrate for iatrogenic
atrial ﬂutters.228 Mapping of CFAEs is relatively nonspeciﬁc, and 1 disadvantage of this
approach is that extensive single point ablation
can result in a proarrhythmic substrate.227,229
Mechanistic insights into AF have led to
novel catheter-based techniques focusing on
the identiﬁcation and targeting of speciﬁc electrical substrates that could be central to the
perpetuation of AF.129 Despite the traditional
description of AF as a disorganized rhythm,
growing evidence points to focal impulses
and organized sources of functional reentry,
termed rotors, that might play a key role in
the perpetuation of the arrhythmia.230 A relatively novel strategy for AF ablation attempts
to identify these localized, focal drivers of AF.
The Focal Impulse and Rotor Modulation
(FIRM) ablation technique uses a 64-pole “basket” catheter placed in the atria, together with a
computational mapping approach, to identify
localized rotors and focal impulses.106 Targeting the electrical substrate using FIRM ablation
in combination with PVI was more successful
than conventional PVI alone in case series and
early trials.106,231 Randomized controlled trials
assessing the short- and long-term success of
FIRM ablation are ongoing.
Noninvasive mapping of rotors and focal
impulses also has been described recently.232
Electrical data obtained from a 252-electrode
vest are combined with atrial anatomical geometry obtained from a cardiac CT scan to
create a noninvasive map of AF drivers.233
These data, obtained in the electrophysiology
laboratory or just before ablation, can be
used to guide electrical substrate ablation.232
An ongoing prospective multicenter trial is
investigating these techniques to guide localized electrical substrate ablation in patients
with persistent AF.
There is some evidence supporting the
notion that the substrate for AF stems from an
underlying ﬁbrotic atrial cardiomyopathy.234
Using delayed enhancement magnetic resolution imaging, the degree of atrial remodeling
can be quantiﬁed by identifying the total volume of atrial tissue ﬁbrosis.210 The extent and
location of atrial ﬁbrosis can vary, but on
average it appears to be more advanced in
Mayo Clin Proc. n December 2016;nn(n):1778-1810
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patients with persistent as opposed to paroxysmal AF.235 A multicenter prospective study
found that in patients with AF undergoing
CA, the degree of atrial ﬁbrosis was independently associated with the likelihood of
recurrent arrhythmia postablation.236 The variability in the degree and distribution of ﬁbrosis
might help to explain why PVI can fail in patients with clinically paroxysmal AF but extensive atrial ﬁbrosis and why PVI alone might be
effective in some patients with persistent AF
and only mild atrial ﬁbrosis. Patients with a
diffuse, extensive pattern of atrial ﬁbrosis
appear less likely to respond favorably to CA.237
Surgical and Hybrid Approaches to AF
Management
The theory that the atrial substrate sustains AF
by supporting multiple wandering electrical
wavelets heavily affects the surgical approach
to ablation. The objective of most surgical AF
management is the creation of strategically
fashioned lines of scar in an attempt to debulk
the atrial substrate and interrupt the possibility
of wavelet propagation.219 A cut-and-sew technique known as the Cox maze procedure was
ﬁrst described in the late 1980s.238 Subsequently, the procedure has evolved, with
changes in the location of the lesion sets in
the left and right atria, and replacement of incisional lesions with RFA and cryoablation.238
Although success rates for surgical approaches
to AF management can be high, because of the
invasive nature of the procedure and the associated morbidity, a stand-alone surgical
approach is infrequently used. Surgical ablation
for AF is performed most often in patients undergoing concomitant cardiac surgery (eg,
valve replacement) or in those symptomatic patients who have had 1 or more unsuccessful
percutaneous CA procedures.98
Recently, a combined surgical and percutaneous approach, which has come to be known
as hybrid ablation or the convergent procedure,
has gained traction.239 In hybrid ablation, a
surgeon uses a closed-chest, minimally invasive approach to deliver transmural linear
ablation lesions guided by direct visualization
of the epicardial surface of the atrium. An electrophysiologist then performs percutaneous
endocardial ablation, either immediately after
the surgical ablation or at a later time (ie, in
a “staged” approach). The addition of the
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TABLE 5. Potential Complications of Catheter Ablation of Atrial Fibrillation
Complication
Cardiac tamponade

Pulmonary vein stenosis

Vascular access complications
Hematoma/retroperitoneal bleed
Arteriovenous ﬁstula
Pseudoaneurysm

Phrenic nerve injury
Mayo Clin Proc.
n

December 2016;nn(n):1778-1810

Esophageal injury
Atrial-esophageal ﬁstula

Prevention strategy

n

Percutaneous drainage and reversal of anticoagulation; if bleeding
continues, surgical drainage and repair

Dyspnea, chest pain, cough,
hemoptysis, recurrent
lung infections

CT or MRI if stenosis is suspected; for severe symptomatic
stenosis, angioplasty or stenting of the pulmonary vein; surgery
can be considered for restenosis

Meticulous access technique; ultrasound
guidance can be helpful; careful
manual compression postprocedure
to achieve complete hemostasis

Groin/leg pain, swelling,
pulsatile mass, hypotension,
and shock if large
retroperitoneal bleed

More common with ablation of
right-sided (especially superior)
pulmonary veins; avoid distal vein
placement of cryoballoon or
ablation catheter; phrenic nerve pacing
during ablation to monitor for injury

Dyspnea, hiccups, cough

Manual compression of hematomas; pseudoaneurysm often
managed with ultrasound-guided compression or ultrasoundguided local injection of thrombin; surgery might be required to
manage large pseudoaneurysms, atrioventricular ﬁstulas, or
retroperitoneal bleed
Nerve function usually recovers with time

Temperature probe for esophageal thermal
monitoring; modifying energy delivery near
the esophagus; use of proton pump inhibitor
for several weeks postablation

Fever, chills, sepsis, neurologic
events (septic emboli)

CT or MRI if suspected; urgent surgical correction or esophageal
stent

Nausea, vomiting, bloating,
abdominal pain
Varying manifestations
depending on the site
of thromboembolism

Usually recovers with time; small meals low in fat and ﬁber; rarely
metoclopramide or other interventions needed
Management based on severity and location of thromboembolism

Palpitations

Cardioversion; antiarrhythmic therapy;
catheter ablation

Mitral valve injury

Symptoms can vary depending
on the extent of trauma and
underlying comorbidities

Gentle attempts to free catheter;
echocardiography to conﬁrm entrapment;
surgical management/repair might be necessary

Careful intra- and periprocedural
anticoagulation management;
heparin during ablation and oral
anticoagulation for at least 2-3 mo
postablation
Limiting ablation strategy to pulmonary
vein isolation in paroxysmal atrial
ﬁbrillation; for additional ablation
lines, electrical completeness of the
line should be established by mapping
or pacing maneuvers
Careful manipulation of circular mapping
catheters near the mitral valve to
avoid entrapment and trauma

Continued on next page
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Iatrogenic atrial ﬂutter

Management

Hypotension; often abrupt

Esophageal injury
Stroke

Symptoms

Intracardiac echocardiography to guide transseptal
puncture; use of contact force catheters to
direct catheter manipulation
Avoidance of ablation within the pulmonary
veins with targeted ablation toward the
antrum

percutaneous approach to the surgical procedure allows for the direct electrophysiological
assessment of isolation of the PVs and posterior LA, often with limited endocardial lesions
necessary to achieve successful electrical isolation. In addition, any postsurgical atrial ﬂutters can be targeted from an endocardial
approach. Several centers have published their
experience with hybrid ablation, reporting
relatively high success rates, with most
studies240,241 including a fairly large proportion of patients with persistent and longstanding persistent AF. Although further study
is needed to optimize patient selection and to
assess clinical success, the hybrid ablation
approach may provide an effective strategy
for the management of AF in patients for
whom 1 or more percutaneous attempts
have failed. Hybrid procedures may also be
useful for those with persistent or longstanding persistent AF, or for those with
substantial structural heart disease, in whom
standard CA techniques are unlikely to be
successful.239

Nonsteroidal anti-inﬂammatory drugs;
colchicine; corticosteroids
NA

Future Directions
Although RFA has been used effectively for
several decades, it does have limitations. Radiofrequency can cause collateral heat damage to
tissues around ablation sites. In addition, the
cooling effects of blood ﬂow can limit lesion creation. Other ablation modalities are currently
being explored, including nonthermal irreversible electroporation.242 In porcine studies, a circular electroporation catheter has been used to
create ablation lesions inside PVs. Compared
with standard radiofrequency, electroporation
lesions effectively ablated myocardial sleeves
without causing surrounding connective tissue
damage that can result in intimal proliferation,
scar tissue formation, and ultimately PV
stenosis.243 Although further study is required,
irreversible electroporation is a promising technology that might develop into an important
modality for treatment of cardiac arrhythmias,
including AF.244
Although CA has revolutionized the ﬁeld
of electrophysiology, it remains an invasive
technique that can be associated with
serious complications, which has stimulated
exploration of alternative modalities. One
such method currently under investigation is
catheter-free radiotherapy. In animal models,

CT ¼ computed tomography; MRI ¼ magnetic resonance imaging.

NA
NA
Death

Acute or subacute skin burn

Chest pain/pressure
Pericarditis

Prevention strategy

Minimizing ﬂuoroscopy with the use of
3-dimensional mapping systems;
adjustment of ﬂuoroscopy frame rates
Minimizing extent of ablation when possible

Complication

TABLE 5. Continued

Radiation injury

Symptoms

Management
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radiotherapy has been used for the noninvasive delivery of lesions to the heart,245 and
noninvasive carbon ion radiation for ablation
of AF speciﬁcally is currently under investigation.246 In the future, radiotherapy might offer
a noninvasive approach for the management of
cardiac arrhythmias, including AF.247
Practical Considerations
Atrial ﬁbrillation ablation is often performed
under general anesthesia, though some centers
do use conscious sedation.190 In most centers,
patients after ablation remain under observation overnight and, barring any complications,
are discharged the next morning.
Given the established periprocedural
stroke risk, a careful anticoagulation strategy
must be established before ablation. The usual
practice is to rule out left atrial thrombus preprocedurally, most often via transesophageal
echocadiography performed within 24 hours
of ablation.210 There also are data supporting
the use of intracardiac echocardiography or
cardiac CT to exclude thrombus.248,249 The
presence of left atrial thrombus is a contraindication to proceeding with ablation.
Standard practice during left atrial ablation
includes continuous anticoagulation with heparin, and OAC is maintained for a minimum of
2 months postprocedure.190 Data suggest that
AF ablation can be more safely performed with
uninterrupted therapeutic warfarin therapy, as
opposed to periprocedural bridging anticoagulation with intravenous or low-molecularweight heparin.250 The periprocedural use of
NOACs also has been used safely in some series.251 Novel oral anticoagulants are often
held the day of, and sometimes the day before,
the procedure and reinitiated the night of ablation, after access site hemostasis has been
conﬁrmed.98 Recent data suggest that ablation
might be safely performed under uninterrupted NOAC therapy, though this is
controversial.252,253
Ablation of AF should not be performed
with the sole principal objective of discontinuing long-term OAC.98 Standard practice
dictates that postablation, long-term use of
OAC is driven by individual risk of thromboembolism and bleeding, regardless of heart
rhythm.190
Early postablation recurrence of AF is not
uncommon, possibly because of indirect
1802
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effects of cardiac ablation including myocardial inﬂammation and pericarditis. Although
early recurrence of AF has been associated
with a higher long-term arrhythmic risk,
some such patients still show a favorable
long-term response. For this reason, an early
recurrence “blanking period” of 3 months
has been used in most clinical trials, and recurrences during this time are not counted
as procedure failures.190 Patients should be
made aware of the potential for early AF recurrence. Antiarrhythmic drugs taken before ablation is therefore often continued for 3 months
postablation or may be instituted to suppress
early recurrences in those previously not taking AADs.98
The most common cause of recurrence of
AF (>3 months postablation) is reconnection
of 1 or more PVs.190 Although the decision
to pursue repeat ablation after documented
recurrence should be made on an individual
basis, repeat procedures are associated with
improvements in long-term success rates.
Standard practice for repeat procedures is to
reassess for electrical isolation of PVs and to
reisolate veins with electrical reconnection. In
patients without PV reconnection undergoing
a repeat ablation procedure, targeting of nonPV triggers and substrate modiﬁcation might
be necessary.190 Commonly observed non-PV
triggers include the superior vena cava, coronary sinus, LAA, and other aspects of the LA
including the posterior wall.254
As noted earlier, cardiac RFs such as
obesity, OSA, HTN, and DM have been associated with atrial structural and electrical
remodeling and an increased incidence of
AF. Aggressive RF modiﬁcation, including
weight management, blood pressure control,
OSA therapy, lipid and glucose control, and
smoking and alcohol cessation can improve
clinical outcomes. In a trial91 assessing the effect of RF reduction on ablation outcomes, the
aggressive RF reduction cohort exhibited
marked improvements in ablation outcomes,
with concomitant reductions in left atrial size
and LVH. Patients should be educated on
the importance of lifestyle and RF management as they relate to AF.
Although the safety of catheter-based AF
ablation has improved with time, the procedure
is associated with serious risks. Table 5 lists
several potential complications of AF ablation.
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An analysis of more than 93,000 procedures
performed in the United States between 2000
and 2010 revealed an overall procedural
complication rate of 6.3%.255 Cardiac complications including tamponade were the most
frequent (2.5%), followed by vascular (1.5%),
respiratory (1.3%), and neurological (1.0%)
complications. Advanced age and female sex
have been associated with a higher adverse
event rate.98 Greater physician experience plays
a role in reducing complications, with low hospital and operator volumes being associated
with higher rates of adverse outcomes.255
CONCLUSION
Already an established global endemic, AF
continues to grow in prevalence and importance. Our ability to cure this disease remains
suboptimal, especially for patients with persistent and long-standing persistent AF. Recognition of the need to improve on contemporary
practice has led physicians and scientists to
more closely investigate the underlying mechanisms of AF. As our understanding of AF’s
epidemiology, pathophysiology, and therapeutic options continues to grow, it is expected
that our ability to prevent stroke will improve,
as will the efﬁcacy and safety of ablation and
other therapeutic options.
Abbreviations and Acronyms: AAD = antiarrhythmic drug;
ACEi = angiotensin-converting enzyme inhibitor; AF = atrial
ﬁbrillation; AFFIRM = Atrial Fibrillation Follow-up Investigation of Rhythm Management; ARB = angiotensin receptor
blocker; ARIC = Analysis of the Atherosclerosis Risk in
Communities; BMI = body mass index; CA = catheter
ablation; CFAE = complex fractionated atrial electrogram;
CPAP = continuous positive airway pressure; CT =
computed tomography; CV = cardiovascular; DM = diabetes
mellitus; FDA = Food and Drug Administration; FIRM =
Focal Impulse and Rotor Modulation; HF = heart failure;
HR = hazard ratio; HTN = hypertension; LA = left atrium;
LAA = left atrial appendage; LV = left ventricle/left ventricular; NOAC = novel oral anticoagulant; NYHA = New
York Heart Association; OAC = oral anticoagulation; OR =
odds ratio; OSA = obstructive sleep apnea; PV = pulmonary vein; PVI = pulmonary vein isolation; RAAS = reninangiotensin-aldosterone system; RF = risk factor; RFA =
radiofrequency ablation; SR = sinus rhythm; TZD = thiazolidinedione; VALUE = Valsartan Antihypertensive LongTerm Use
Potential Competing Interests: Dr Morin serves on the
speaker’s bureau for Boeringer-Ingelheim, has received honoraria from Biotronik and Medtronic, and has received
research grants from Boston Scientiﬁc and Medtronic. Dr
Bernard serves on the speaker’s bureau for Janssen. Dr Estes
Mayo Clin Proc. n December 2016;nn(n):1778-1810
www.mayoclinicproceedings.org

n

serves as a consultant to Boston Scientiﬁc, Medtronic, and
St. Jude Medical.
Correspondence: Address to Daniel P. Morin, MD, MPH,
Department of Cardiology, Ochsner Medical Center, 1514
Jefferson Hwy, New Orleans, LA 70121 (dmorin@
ochsner.org).

REFERENCES
1. Lewis T. Report CXIX. Auricular ﬁbrillation: a common clinical
condition. Br Med J. 1909;2(2552):1528.
2. Rothberger C, Winterberg H. Vorhofﬂimmern und
arrhythmia perpetua. Wien Klin Wochenschr. 1909;22:839-844.
3. Mackenzie J. Observations on the process which relsults in
auricular ﬁbrillation. Br Med J. 1922;2(3211):71-73.
4. Marijon E, Le Heuzey JY, Connolly S, et al; RE-LY Investigators.
Causes of death and inﬂuencing factors in patients with atrial
ﬁbrillation: a competing-risk analysis from the randomized
evaluation of long-term anticoagulant therapy study. Circulation. 2013;128(20):2192-2201.
5. Thrall G, Lane D, Carroll D, Lip GY. Quality of life in patients
with atrial ﬁbrillation: a systematic review. Am J Med. 2006;
119(5):448e1-448e19.
6. Chugh SS, Havmoeller R, Narayanan K, et al. Worldwide
epidemiology of atrial ﬁbrillation: a Global Burden of Disease
2010 Study. Circulation. 2014;129(8):837-847.
7. Ball J, Carrington MJ, McMurray JJ, Stewart S. Atrial ﬁbrillation:
proﬁle and burden of an evolving epidemic in the 21st century. Int J Cardiol. 2013;167(5):1807-1824.
8. Amponsah MK, Benjamin EJ, Magnani JW. Atrial ﬁbrillation and
raceda contemporary review. Curr Cardiovasc Risk Rep. 2013;
7(5):1-16.
9. Colilla S, Crow A, Petkun W, Singer DE, Simon T, Liu X. Estimates of current and future incidence and prevalence of
atrial ﬁbrillation in the U.S. adult population. Am J Cardiol.
2013;112(8):1142-1147.
10. Benjamin EJ, Levy D, Vaziri SM, D’Agostino RB, Belanger AJ,
Wolf PA. Independent risk factors for atrial ﬁbrillation in a
population-based cohort: the Framingham Heart Study.
JAMA. 1994;271(11):840-844.
11. Kannel WB, Benjamin EJ. Status of the epidemiology of atrial
ﬁbrillation. Med Clin North Am. 2008;92(1):17-40, ix.
12. Lloyd-Jones DM, Wang TJ, Leip EP, et al. Lifetime risk for
development of atrial ﬁbrillation: the Framingham Heart Study.
Circulation. 2004;110(9):1042-1046.
13. Heeringa J, van der Kuip DA, Hofman A, et al. Prevalence, incidence and lifetime risk of atrial ﬁbrillation: the Rotterdam
study. Eur Heart J. 2006;27(8):949-953.
14. Piccini JP, Hammill BG, Sinner MF, et al. Incidence and prevalence of atrial ﬁbrillation and associated mortality among
Medicare beneﬁciaries, 1993-2007. Circ Cardiovasc Qual Outcomes. 2012;5(1):85-93.
15. Dewland TA, Olgin JE, Vittinghoff E, Marcus GM. Incident
atrial ﬁbrillation among Asians, Hispanics, blacks, and whites.
Circulation. 2013;128(23):2470-2477.
16. Alonso A, Agarwal SK, Soliman EZ, et al. Incidence of atrial
ﬁbrillation in whites and African-Americans: the Atherosclerosis Risk in Communities (ARIC) study. Am Heart J. 2009;
158(1):111-117.
17. Psaty BM, Manolio TA, Kuller LH, et al. Incidence of and risk
factors for atrial ﬁbrillation in older adults. Circulation. 1997;
96(7):2455-2461.
18. Hernandez MB, Asher CR, Hernandez AV, Novaro GM. African American race and prevalence of atrial ﬁbrillation: a metaanalysis. Cardiol Res Pract. 2012;2012:275624.
19. Marcus GM, Alonso A, Peralta CA, et al; Candidate-Gene Association Resource (CARe) Study. European ancestry as a risk

http://dx.doi.org/10.1016/j.mayocp.2016.08.022

1803

MAYO CLINIC PROCEEDINGS

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

1804

factor for atrial ﬁbrillation in African Americans. Circulation.
2010;122(20):2009-2015.
Humphries KH, Kerr CR, Connolly SJ, et al. New-onset atrial
ﬁbrillation: sex differences in presentation, treatment, and
outcome. Circulation. 2001;103(19):2365-2370.
Wang TJ, Massaro JM, Levy D, et al. A risk score for predicting
stroke or death in individuals with new-onset atrial ﬁbrillation
in the community: the Framingham Heart Study. JAMA. 2003;
290(8):1049-1056.
Friberg J, Scharling H, Gadsbøll N, Truelsen T, Jensen GB;
Copenhagen City Heart Study. Comparison of the impact
of atrial ﬁbrillation on the risk of stroke and cardiovascular
death in women versus men (The Copenhagen City Heart
Study). Am J Cardiol. 2004;94(7):889-894.
Menezes AR, Lavie CJ, De Schutter A, et al. Lifestyle modiﬁcation in the prevention and treatment of atrial ﬁbrillation.
Prog Cardiovasc Dis. 2015;58(2):117-125.
Braunwald E. Shattuck lecturedcardiovascular medicine at
the turn of the millennium: triumphs, concerns, and opportunities. N Engl J Med. 1997;337(19):1360-1369.
Thihalolipavan S, Morin DP. Atrial ﬁbrillation and heart failure:
update 2015. Prog Cardiovasc Dis. 2015;58(2):126-135.
Stewart S, Hart CL, Hole DJ, McMurray JJ. A population-based
study of the long-term risks associated with atrial ﬁbrillation:
20-year follow-up of the Renfrew/Paisley study. Am J Med.
2002;113(5):359-364.
Chiang CE, Naditch-Brûlé L, Murin J, et al. Distribution and
risk proﬁle of paroxysmal, persistent, and permanent atrial
ﬁbrillation in routine clinical practice: insight from the reallife global survey evaluating patients with atrial ﬁbrillation international registry. Circ Arrhythm Electrophysiol. 2012;5(4):
632-639.
Maisel WH, Stevenson LW. Atrial ﬁbrillation in heart failure:
epidemiology, pathophysiology, and rationale for therapy.
Am J Cardiol. 2003;91(6A):2D-8D.
Wang TJ, Larson MG, Levy D, et al. Temporal relations of
atrial ﬁbrillation and congestive heart failure and their joint inﬂuence on mortality: the Framingham Heart Study. Circulation.
2003;107(23):2920-2925.
Mamas MA, Caldwell JC, Chacko S, Garratt CJ, FathOrdoubadi F, Neyses L. A meta-analysis of the prognostic signiﬁcance of atrial ﬁbrillation in chronic heart failure. Eur J Heart
Fail. 2009;11(7):676-683.
Nattel S. Ionic determinants of atrial ﬁbrillation and Ca2þ
channel abnormalities: cause, consequence, or innocent
bystander? Circ Res. 1999;85(5):473-476.
Wijffels MC, Kirchhof CJ, Dorland R, Allessie MA. Atrial ﬁbrillation begets atrial ﬁbrillation: a study in awake chronically
instrumented goats. Circulation. 1995;92(7):1954-1968.
Van den Berg MP, Tuinenburg AE, Crijns HJ, Van Gelder IC,
Gosselink AT, Lie KI. Heart failure and atrial ﬁbrillation:
current concepts and controversies. Heart. 1997;77(4):
309-313.
Tomaselli GF, Marbán E. Electrophysiological remodeling in
hypertrophy and heart failure. Cardiovasc Res. 1999;42(2):
270-283.
Li D, Fareh S, Leung TK, Nattel S. Promotion of atrial ﬁbrillation by heart failure in dogs: atrial remodeling of a different
sort. Circulation. 1999;100(1):87-95.
Chen YJ, Chen YC, Tai CT, Yeh HI, Lin CI, Chen SA. Angiotensin II and angiotensin II receptor blocker modulate the
arrhythmogenic activity of pulmonary veins. Br J Pharmacol.
2006;147(1):12-22.
Dixen U, Ravn L, Soeby-Rasmussen C, et al. Raised plasma
aldosterone and natriuretic peptides in atrial ﬁbrillation. Cardiology. 2007;108(1):35-39.
Conen D, Tedrow UB, Koplan BA, Glynn RJ, Buring JE,
Albert CM. Inﬂuence of systolic and diastolic blood pressure
on the risk of incident atrial ﬁbrillation in women. Circulation.
2009;119(16):2146-2152.

Mayo Clin Proc.

n

39. Grundvold I, Skretteberg PT, Liestøl K, et al. Upper normal
blood pressures predict incident atrial ﬁbrillation in healthy
middle-aged men: a 35-year follow-up study. Hypertension.
2012;59(2):198-204.
40. Lau YF, Yiu KH, Siu CW, Tse HF. Hypertension and atrial
ﬁbrillation: epidemiology, pathophysiology and therapeutic implications. J Hum Hypertens. 2012;26(10):563-569.
41. Chen LY, Bigger JT, Hickey KT, et al. Effect of intensive blood
pressure lowering on incident atrial ﬁbrillation and P-wave
indices in the ACCORD blood pressure trial [published
online ahead of print]. Am J Hypertens. October 16, 2015.
doi:10.1093/ajh/hpv172.
42. Wachtell K, Lehto M, Gerdts E, et al. Angiotensin II receptor
blockade reduces new-onset atrial ﬁbrillation and subsequent
stroke compared to atenolol: the Losartan Intervention For
End Point Reduction in Hypertension (LIFE) study. J Am Coll
Cardiol. 2005;45(5):712-719.
43. Schmieder RE, Kjeldsen SE, Julius S, McInnes GT, Zanchetti A,
Hua TA; VALUE Trial Group. Reduced incidence of newonset atrial ﬁbrillation with angiotensin II receptor blockade:
the VALUE trial. J Hypertens. 2008;26(3):403-411.
44. Healey JS, Baranchuk A, Crystal E, et al. Prevention of atrial
ﬁbrillation with angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers: a meta-analysis. J Am Coll Cardiol. 2005;45(11):1832-1839.
45. Marott SC, Nielsen SF, Benn M, Nordestgaard BG. Antihypertensive treatment and risk of atrial ﬁbrillation: a nationwide
study. Eur Heart J. 2014;35(18):1205-1214.
46. Pan G, Zhou X, Zhao J. Effect of telmisartan on atrial ﬁbrillation
recurrences in patients with hypertension: a systematic review
and meta-analysis. Cardiovasc Ther. 2014;32(4):184-188.
47. Pallisgaard JL, Lindhardt TB, Olesen JB, Hansen ML, Carlson N,
Gislason GH. Management and prognosis of atrial ﬁbrillation
in the diabetic patient. Expert Rev Cardiovasc Ther. 2015;
13(6):643-651.
48. De Sensi F, De Potter T, Cresti A, Severi S, Breithardt G. Atrial
ﬁbrillation in patients with diabetes: molecular mechanisms
and therapeutic perspectives. Cardiovasc Diagn Ther. 2015;
5(5):364-373.
49. Aksnes TA, Schmieder RE, Kjeldsen SE, Ghani S, Hua TA,
Julius S. Impact of new-onset diabetes mellitus on development of atrial ﬁbrillation and heart failure in high-risk hypertension (from the VALUE Trial). Am J Cardiol. 2008;101(5):
634-638.
50. Huxley RR, Filion KB, Konety S, Alonso A. Meta-analysis of
cohort and case-control studies of type 2 diabetes mellitus
and risk of atrial ﬁbrillation. Am J Cardiol. 2011;108(1):56-62.
51. Cariou B, Charbonnel B, Staels B. Thiazolidinediones and
PPARg agonists: time for a reassessment. Trends Endocrinol
Metab. 2012;23(5):205-215.
52. Chao TF, Leu HB, Huang CC, et al. Thiazolidinediones can
prevent new onset atrial ﬁbrillation in patients with noninsulin dependent diabetes. Int J Cardiol. 2012;156(2):
199-202.
53. Gu J, Liu X, Wang X, et al. Beneﬁcial effect of pioglitazone on
the outcome of catheter ablation in patients with paroxysmal
atrial ﬁbrillation and type 2 diabetes mellitus. Europace. 2011;
13(9):1256-1261.
54. Wilson LD, Tsai CT. Heart failure-related atrial ﬁbrillation: a
new model for a new prevention strategy? Heart Rhythm.
2008;5(3):460-461.
55. Yatsuya H, Li Y, Hilawe EH, et al. Global trend in overweight
and obesity and its association with cardiovascular disease incidence. Circ J. 2014;78(12):2807-2818.
56. Vaziri SM, Larson MG, Lauer MS, Benjamin EJ, Levy D. Inﬂuence of blood pressure on left atrial size: the Framingham
Heart Study. Hypertension. 1995;25(6):1155-1160.
57. Zhou YT, Grayburn P, Karim A, et al. Lipotoxic heart disease
in obese rats: implications for human obesity. Proc Natl Acad
Sci U S A. 2000;97(4):1784-1789.

December 2016;nn(n):1778-1810

n

http://dx.doi.org/10.1016/j.mayocp.2016.08.022
www.mayoclinicproceedings.org

THE STATE OF THE ART: ATRIAL FIBRILLATION

58. Pelat M, Verwaerde P, Merial C, et al. Impaired atrial M(2)cholinoceptor function in obesity-related hypertension. Hypertension. 1999;34(5):1066-1072.
59. Wang TJ, Parise H, Levy D, et al. Obesity and the risk of newonset atrial ﬁbrillation. JAMA. 2004;292(20):2471-2477.
60. Tedrow UB, Conen D, Ridker PM, et al. The long- and shortterm impact of elevated body mass index on the risk of new
atrial ﬁbrillation the WHS (Women’s Health Study). J Am Coll
Cardiol. 2010;55(21):2319-2327.
61. Huxley RR, Lopez FL, Folsom AR, et al. Absolute and attributable risks of atrial ﬁbrillation in relation to optimal and borderline risk factors: the Atherosclerosis Risk in Communities
(ARIC) study. Circulation. 2011;123(14):1501-1508.
62. Knuiman M, Briffa T, Divitini M, et al. A cohort study examination of established and emerging risk factors for atrial ﬁbrillation: the Busselton Health Study. Eur J Epidemiol. 2014;
29(3):181-190.
63. Frost L, Hune LJ, Vestergaard P. Overweight and obesity as
risk factors for atrial ﬁbrillation or ﬂutter: the Danish Diet,
Cancer, and Health Study. Am J Med. 2005;118(5):489-495.
64. Pathak RK, Middeldorp ME, Meredith M, et al. Long-Term Effect of Goal-Directed Weight Management in an Atrial Fibrillation Cohort: a long-term follow-up study (LEGACY). J Am
Coll Cardiol. 2015;65(20):2159-2169.
65. Pathak RK, Elliott A, Middeldorp ME, et al. Impact of
CARDIOrespiratory FITness on arrhythmia recurrence in
obese individuals with atrial ﬁbrillation: the CARDIO-FIT
study. J Am Coll Cardiol. 2015;66(9):985-996.
66. Hatem SN, Sanders P. Epicardial adipose tissue and atrial ﬁbrillation. Cardiovasc Res. 2014;102(2):205-213.
67. Mahajan R, Lau DH, Brooks AG, et al. Electrophysiological,
electroanatomical, and structural remodeling of the atria as
consequences of sustained obesity. J Am Coll Cardiol. 2015;
66(1):1-11.
68. Thanassoulis G, Massaro JM, O’Donnell CJ, et al. Pericardial fat
is associated with prevalent atrial ﬁbrillation: the Framingham
Heart Study. Circ Arrhythm Electrophysiol. 2010;3(4):345-350.
69. Al Chekakie MO, Welles CC, Metoyer R, et al. Pericardial Fat
Is Independently Associated With Human Atrial Fibrillation.
J Am Coll Cardiol. 2010;56(10):784-788.
70. Wong CX, Ganesan AN, Selvanayagam JB. Epicardial fat and
atrial ﬁbrillation: current evidence, potential mechanisms, clinical implications, and future directions [published online ahead
of print]. Eur Heart J. March 1, 2016. doi: 10.1093/eurheartj/
ehw045.
71. Menz V, Grimm W, Hoffmann J, Maisch B. Alcohol and
rhythm disturbance: the holiday heart syndrome. Herz.
1996;21(4):227-231.
72. Lowenstein SR, Gabow PA, Cramer J, Oliva PB, Ratner K. The
role of alcohol in new-onset atrial ﬁbrillation. Arch Intern Med.
1983;143(10):1882-1885.
73. Sengul C, Cevik C, Ozveren O, et al. Acute alcohol consumption is associated with increased interatrial electromechanical
delay in healthy men. Cardiol J. 2011;18(6):682-686.
74. Mandyam MC, Vedantham V, Scheinman MM, et al. Alcohol
and vagal tone as triggers for paroxysmal atrial ﬁbrillation.
Am J Cardiol. 2012;110(3):364-368.
75. Djoussé L, Levy D, Benjamin EJ, et al. Long-term alcohol consumption and the risk of atrial ﬁbrillation in the Framingham
Study. Am J Cardiol. 2004;93(6):710-713.
76. Larsson SC, Drca N, Wolk A. Alcohol consumption and risk
of atrial ﬁbrillation: a prospective study and dose-response
meta-analysis. J Am Coll Cardiol. 2014;64(3):281-289.
77. O’Keefe JH, Bhatti SK, Bajwa A, DiNicolantonio JJ, Lavie CJ.
Alcohol and cardiovascular health: the dose makes the
poison.or the remedy. Mayo Clin Proc. 2014;89(3):
382-393.
78. Young T, Palta M, Dempsey J, Skatrud J, Weber S, Badr S. The
occurrence of sleep-disordered breathing among middle-aged
adults. N Engl J Med. 1993;328(17):1230-1235.

Mayo Clin Proc. n December 2016;nn(n):1778-1810
www.mayoclinicproceedings.org

n

79. Bradley TD, Floras JS. Sleep apnea and heart failure, part II:
central sleep apnea. Circulation. 2003;107(13):1822-1826.
80. Bradley TD, Floras JS. Sleep apnea and heart failure, part I:
obstructive sleep apnea. Circulation. 2003;107(12):1671-1678.
81. Gami AS, Pressman G, Caples SM, et al. Association of atrial
ﬁbrillation and obstructive sleep apnea. Circulation. 2004;
110(4):364-367.
82. Braga B, Poyares D, Cintra F, et al. Sleep-disordered
breathing and chronic atrial ﬁbrillation. Sleep Med. 2009;
10(2):212-216.
83. Kanagala R, Murali NS, Friedman PA, et al. Obstructive sleep
apnea and the recurrence of atrial ﬁbrillation. Circulation.
2003;107(20):2589-2594.
84. Monahan K, Brewster J, Wang L, et al. Relation of the severity
of obstructive sleep apnea in response to anti-arrhythmic
drugs in patients with atrial ﬁbrillation or atrial ﬂutter. Am J Cardiol. 2012;110(3):369-372.
85. Sauer WH, McKernan ML, Lin D, Gerstenfeld EP, Callans DJ,
Marchlinski FE. Clinical predictors and outcomes associated
with acute return of pulmonary vein conduction during pulmonary vein isolation for treatment of atrial ﬁbrillation. Heart
Rhythm. 2006;3(9):1024-1028.
86. Naruse Y, Tada H, Satoh M, et al. Concomitant obstructive
sleep apnea increases the recurrence of atrial ﬁbrillation
following radiofrequency catheter ablation of atrial ﬁbrillation:
clinical impact of continuous positive airway pressure therapy.
Heart Rhythm. 2013;10(3):331-337.
87. Fein AS, Shvilkin A, Shah D, et al. Treatment of obstructive
sleep apnea reduces the risk of atrial ﬁbrillation recurrence after catheter ablation. J Am Coll Cardiol. 2013;62(4):300-305.
88. Patel D, Mohanty P, Di Biase L, et al. Safety and efﬁcacy of pulmonary vein antral isolation in patients with obstructive sleep
apnea: the impact of continuous positive airway pressure. Circ
Arrhythm Electrophysiol. 2010;3(5):445-451.
89. Neilan TG, Farhad H, Dodson JA, et al. Effect of sleep apnea
and continuous positive airway pressure on cardiac structure
and recurrence of atrial ﬁbrillation. J Am Heart Assoc. 2013;
2(6):e000421.
90. Abed HS, Wittert GA, Leong DP, et al. Effect of weight reduction and cardiometabolic risk factor management on symptom burden and severity in patients with atrial ﬁbrillation: a
randomized clinical trial. JAMA. 2013;310(19):2050-2060.
91. Pathak RK, Middeldorp ME, Lau DH, et al. Aggressive Risk Factor Reduction Study for Atrial Fibrillation and implications for
the outcome of ablation: the ARREST-AF cohort study. J Am
Coll Cardiol. 2014;64(21):2222-2231.
92. Stewart S, Murphy NF, Walker A, McGuire A, McMurray JJ.
Cost of an emerging epidemic: an economic analysis of atrial
ﬁbrillation in the UK [published correction appears in Heart.
2007;93(11):1472. Murphy N [corrected to Murphy NF]].
Heart. 2004;90(3):286-292.
93. Kim MH, Johnston SS, Chu BC, Dalal MR, Schulman KL. Estimation of total incremental health care costs in patients with
atrial ﬁbrillation in the United States. Circ Cardiovasc Qual Outcomes. 2011;4(3):313-320.
94. Lee WC, Lamas GA, Balu S, Spalding J, Wang Q, Pashos CL.
Direct treatment cost of atrial ﬁbrillation in the elderly American population: a Medicare perspective. J Med Econ. 2008;
11(2):281-298.
95. Brüggenjürgen B, Rossnagel K, Roll S, et al. The impact of atrial
ﬁbrillation on the cost of stroke: the berlin acute stroke study.
Value Health. 2007;10(2):137-143.
96. Blomstrom Lundqvist C, Lip GY, Kirchhof P. What are the
costs of atrial ﬁbrillation? Europace. 2011;13(suppl 2):ii9-ii12.
97. Sheikh A, Patel NJ, Nalluri N, et al. Trends in hospitalization
for atrial ﬁbrillation: epidemiology, cost, and implications for
the future. Prog Cardiovasc Dis. 2015;58(2):105-116.
98. January CT, Wann LS, Alpert JS, et al; American College of
Cardiology/American Heart Association Task Force on Practice Guidelines. 2014 AHA/ACC/HRS guideline for the

http://dx.doi.org/10.1016/j.mayocp.2016.08.022

1805

MAYO CLINIC PROCEEDINGS

99.
100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.
116.
117.

118.

1806

management of patients with atrial ﬁbrillation: a report of the
American College of Cardiology/American Heart Association
Task Force on Practice Guidelines and the Heart Rhythm Society [published correction appears in J Am Coll Cardiol. 2014;
64(21):2305-2307]. J Am Coll Cardiol. 2014;64(21):e1-e76.
Everett TH, Olgin JE. Atrial ﬁbrosis and the mechanisms of
atrial ﬁbrillation. Heart Rhythm. 2007;4(3 suppl):S24-S27.
Wakili R, Voigt N, Kääb S, Dobrev D, Nattel S. Recent advances in the molecular pathophysiology of atrial ﬁbrillation.
J Clin Invest. 2011;121(8):2955-2968.
Sanders P, Morton JB, Davidson NC, et al. Electrical remodeling of the atria in congestive heart failure: electrophysiological
and electroanatomic mapping in humans. Circulation. 2003;
108(12):1461-1468.
Allessie M, Ausma J, Schotten U. Electrical, contractile and
structural remodeling during atrial ﬁbrillation. Cardiovasc Res.
2002;54(2):230-246.
Burstein B, Nattel S. Atrial ﬁbrosis: mechanisms and clinical
relevance in atrial ﬁbrillation. J Am Coll Cardiol. 2008;51(8):
802-809.
Moe GK, Rheinboldt WC, Abildskov J. A computer model of
atrial ﬁbrillation. Am Heart J. 1964;67(2):200-220.
Valderrábano M. Atrial ﬁbrillation: the mother rotor and its
rebellious offspring take turns sustaining the family. Heart
Rhythm. 2009;6(7):1018-1019.
Narayan SM, Krummen DE, Shivkumar K, Clopton P,
Rappel WJ, Miller JM. Treatment of atrial ﬁbrillation by
the ablation of localized sources: CONFIRM (Conventional
Ablation for Atrial Fibrillation with or Without Focal Impulse and Rotor Modulation) trial. J Am Coll Cardiol. 2012;
60(7):628-636.
Verheule S, Wilson E, Everett T IVth, Shanbhag S, Golden C,
Olgin J. Alterations in atrial electrophysiology and tissue structure in a canine model of chronic atrial dilatation due to mitral
regurgitation. Circulation. 2003;107(20):2615-2622.
Healey JS, Connolly SJ. Atrial ﬁbrillation: hypertension as a
causative agent, risk factor for complications, and potential
therapeutic target. Am J Cardiol. 2003;91(10A):9G-14G.
Li D, Melnyk P, Feng J, et al. Effects of experimental heart failure on atrial cellular and ionic electrophysiology. Circulation.
2000;101(22):2631-2638.
Ohtani K, Yutani C, Nagata S, Koretsune Y, Hori M,
Kamada T. High prevalence of atrial ﬁbrosis in patients with
dilated cardiomyopathy. J Am Coll Cardiol. 1995;25(5):
1162-1169.
Reil JC, Hohl M, Selejan S, et al. Aldosterone promotes atrial
ﬁbrillation. Eur Heart J. 2012;33(16):2098-2108.
Li D, Shinagawa K, Pang L, et al. Effects of angiotensinconverting enzyme inhibition on the development of the atrial
ﬁbrillation substrate in dogs with ventricular tachypacinginduced congestive heart failure. Circulation. 2001;104(21):
2608-2614.
Vermes E, Tardif JC, Bourassa MG, et al. Enalapril decreases
the incidence of atrial ﬁbrillation in patients with left ventricular dysfunction: insight from the Studies Of Left Ventricular
Dysfunction (SOLVD) trials. Circulation. 2003;107(23):29262931.
Nattel S, Dobrev D. The multidimensional role of calcium in
atrial ﬁbrillation pathophysiology: mechanistic insights and therapeutic opportunities. Eur Heart J. 2012;33(15):1870-1877.
Singh B. Atrial ﬁbrillation: from ion channels to bedside treatment options. J Electrocardiol. 2009;42(6):660-670.
Boos CJ, Anderson RA, Lip GY. Is atrial ﬁbrillation an inﬂammatory disorder? Eur Heart J. 2006;27(2):136-149.
Chung MK, Martin DO, Sprecher D, et al. C-reactive protein
elevation in patients with atrial arrhythmias: inﬂammatory
mechanisms and persistence of atrial ﬁbrillation. Circulation.
2001;104(24):2886-2891.
Dernellis J, Panaretou M. C-reactive protein and paroxysmal
atrial ﬁbrillation: evidence of the implication of an
Mayo Clin Proc.

n

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

inﬂammatory process in paroxysmal atrial ﬁbrillation. Acta Cardiol. 2001;56(6):375-380.
Asselbergs FW, van den Berg MP, Diercks GFH, van Gilst WH,
van Veldhuisen DJ. C-reactive protein and microalbuminuria
are associated with atrial ﬁbrillation. Int J Cardiol. 2005;98(1):
73-77.
McElderry HT, McGifﬁn DC, Plumb VJ, et al. Proarrhythmic
aspects of atrial ﬁbrillation surgery: mechanisms of postoperative macroreentrant tachycardias. Circulation. 2008;117(2):
155-162.
Anderson JL, Allen Maycock CA, Lappé DL, et al; Intermountain Heart Collaborative Study Group. Frequency of elevation
of C-reactive protein in atrial ﬁbrillation. Am J Cardiol. 2004;
94(10):1255-1259.
Conway DS, Buggins P, Hughes E, Lip GY. Predictive value of
indexes of inﬂammation and hypercoagulability on success of
cardioversion of persistent atrial ﬁbrillation. Am J Cardiol. 2004;
94(4):508-510.
Kistler PM, Sanders P, Fynn SP, et al. Electrophysiologic and
electroanatomic changes in the human atrium associated
with age. J Am Coll Cardiol. 2004;44(1):109-116.
Bettoni M, Zimmermann M. Autonomic tone variations
before the onset of paroxysmal atrial ﬁbrillation. Circulation.
2002;105(23):2753-2759.
Chen PS, Chen LS, Fishbein MC, Lin SF, Nattel S. Role of the
autonomic nervous system in atrial ﬁbrillation: pathophysiology and therapy. Circ Res. 2014;114(9):1500-1515.
Nguyen BL, Fishbein MC, Chen LS, Chen PS, Masroor S. Histopathological substrate for chronic atrial ﬁbrillation in
humans. Heart Rhythm. 2009;6(4):454-460.
Sharifov OF, Fedorov VV, Beloshapko GG, Glukhov AV,
Yushmanova AV, Rosenshtraukh LV. Roles of adrenergic
and cholinergic stimulation in spontaneous atrial ﬁbrillation
in dogs. J Am Coll Cardiol. 2004;43(3):483-490.
Shinbane JS, Wood MA, Jensen DN, Ellenbogen KA,
Fitzpatrick AP, Scheinman MM. Tachycardia-induced cardiomyopathy: a review of animal models and clinical studies.
J Am Coll Cardiol. 1997;29(4):709-715.
Van Gelder IC, Groenveld HF, Crijns HJ, et al; RACE II Investigators. Lenient versus strict rate control in patients with atrial
ﬁbrillation. N Engl J Med. 2010;362(15):1363-1373.
Lee AM, Melby SJ, Damiano RJ Jr. The surgical treatment of
atrial ﬁbrillation. Surg Clin North Am. 2009;89(4):1001-1020,
x-xi.
Calkins H, Brugada J, Packer DL, et al; Heart Rhythm Society; European Heart Rhythm Association; European Cardiac Arrhythmia Society; American College of Cardiology;
American Heart Association; Society of Thoracic Surgeons.
HRS/EHRA/ECAS expert consensus statement on catheter
and surgical ablation of atrial ﬁbrillation: recommendations
for personnel, policy, procedures and follow-up. A report
of the Heart Rhythm Society (HRS) Task Force on Catheter and Surgical Ablation of Atrial Fibrillation developed
in partnership with the EuropeanHeart Rhythm Association (EHRA) and the European Cardiac Arrhythmia Society
(ECAS); in collaboration with the American College of
Cardiology (ACC), American Heart Association (AHA),
and the Society of Thoracic Surgeons (STS). Endorsed
and approved by the governing bodies of the American
College of Cardiology, the American Heart Association,
the European Cardiac Arrhythmia Society, the European
Heart RhythmAssociation, the Society of Thoracic Surgeons, and the Heart Rhythm Society [published correction appears in Europace. 2009;11(1):132]. Europace.
2007;9(6):335-379.
Waldo AL. Rate control versus rhythm control in atrial ﬁbrillation: lessons learned from clinical trials of atrial ﬁbrillation.
Prog Cardiovasc Dis. 2015;58(2):168-176.
Van Gelder IC, Hagens VE, Bosker HA, et al; Rate Control
versus Electrical Cardioversion for Persistent Atrial Fibrillation

December 2016;nn(n):1778-1810

n

http://dx.doi.org/10.1016/j.mayocp.2016.08.022
www.mayoclinicproceedings.org

THE STATE OF THE ART: ATRIAL FIBRILLATION

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

149.

Study Group. A comparison of rate control and rhythm control in patients with recurrent persistent atrial ﬁbrillation.
N Engl J Med. 2002;347(23):1834-1840.
Corley SD, Epstein AE, DiMarco JP, et al; AFFIRM Investigators. Relationships between sinus rhythm, treatment, and survival in the Atrial Fibrillation Follow-Up Investigation of
Rhythm Management (AFFIRM) Study. Circulation. 2004;
109(12):1509-1513.
Roy D, Talajic M, Nattel S, et al; Atrial Fibrillation and Congestive Heart Failure Investigators. Rhythm control versus rate
control for atrial ﬁbrillation and heart failure. N Engl J Med.
2008;358(25):2667-2677.
Gillinov AM, Bagiella E, Moskowitz AJ, et al; CTSN. Rate control versus rhythm control for atrial ﬁbrillation after cardiac
surgery. N Engl J Med. 2016;374(20):1911-1921.
Hagens VE, Ranchor AV, Van Sonderen E, et al; RACE Study
Group. Effect of rate or rhythm control on quality of life in
persistent atrial ﬁbrillation: results from the Rate Control
Versus Electrical Cardioversion (RACE) study. J Am Coll Cardiol. 2004;43(2):241-247.
Jones DG, Haldar SK, Hussain W, et al. A randomized trial to
assess catheter ablation versus rate control in the management of persistent atrial ﬁbrillation in heart failure. J Am Coll
Cardiol. 2013;61(18):1894-1903.
Lafuente-Lafuente C, Valembois L, Bergmann JF, Belmin J. Antiarrhythmics for maintaining sinus rhythm after cardioversion
of atrial ﬁbrillation. Cochrane Database Syst Rev. 2015;28(3):
CD005049.
Freemantle N, Lafuente-Lafuente C, Mitchell S, Eckert L,
Reynolds M. Mixed treatment comparison of dronedarone,
amiodarone, sotalol, ﬂecainide, and propafenone, for the management of atrial ﬁbrillation. Europace. 2011;13(3):329-345.
Zimetbaum P. Antiarrhythmic drug therapy for atrial ﬁbrillation. Circulation. 2012;125(2):381-389.
Bellandi F, Simonetti I, Leoncini M, et al. Long-term efﬁcacy
and safety of propafenone and sotalol for the maintenance
of sinus rhythm after conversion of recurrent symptomatic
atrial ﬁbrillation. Am J Cardiol. 2001;88(6):640-645.
Dogan A, Ergene O, Nazli C, et al. Efﬁcacy of propafenone for
maintaining sinus rhythm in patients with recent onset or
persistent atrial ﬁbrillation after conversion: A randomized,
placebo-controlled study. Acta Cardiol. 2004;59(3):255-261.
Benditt DG, Williams JH, Jin J, et al. Maintenance of sinus
rhythm with oral d,l-sotalol therapy in patients with symptomatic atrial ﬁbrillation and/or atrial ﬂutter. Am J Cardiol. 1999;
84(3):270-277.
Singh S, Zoble RG, Yellen L, et al. Efﬁcacy and safety of oral
dofetilide in converting to and maintaining sinus rhythm in patients with chronic atrial ﬁbrillation or atrial ﬂutter: the Symptomatic Atrial Fibrillation Investigative Research on Dofetilide
(SAFIRE-D) study. Circulation. 2000;102(19):2385-2390.
Pedersen OD, Bagger H, Keller N, Marchant B, Køber L, TorpPedersen C. Efﬁcacy of dofetilide in the treatment of atrial
ﬁbrillation-ﬂutter in patients with reduced left ventricular function: a Danish Investigations of Arrhythmia and Mortality ON
Dofetilide (DIAMOND) substudy. Circulation. 2001;104(3):
292-296.
Connolly SJ, Camm AJ, Halperin JL, et al; PALLAS Investigators. Dronedarone in high-risk permanent atrial ﬁbrillation
[published correction appears in N Engl J Med. 201216;
366(7):672]. N Engl J Med. 2011;365(24):2268-2276.
Køber L, Torp-Pedersen C, McMurray JJ, et al; Dronedarone Study
Group. Increased mortality after dronedarone therapy for severe
heart failure [published correction appears in N Engl J Med. 2010;
363(14):1384]. N Engl J Med. 2008;358(25):2678-2687.
Hohnloser SH, Crijns HJ, van Eickels M, et al; ATHENA Investigators. Effect of dronedarone on cardiovascular events in
atrial ﬁbrillation [published corrections appear in N Engl J
Med. 2009;360(23):2487 and N Engl J Med. 2011;364(15):
1481]. N Engl J Med. 2009;360(7):668-678.

Mayo Clin Proc. n December 2016;nn(n):1778-1810
www.mayoclinicproceedings.org

n

150. Singh BN, Connolly SJ, Crijns HJ, et al; EURIDIS and ADONIS
Investigators. Dronedarone for maintenance of sinus rhythm
in atrial ﬁbrillation or ﬂutter. N Engl J Med. 2007;357(10):
987-999.
151. Touboul P, Brugada J, Capucci A, Crijns HJ, Edvardsson N,
Hohnloser SH. Dronedarone for prevention of atrial ﬁbrillation: a dose-ranging study. Eur Heart J. 2003;24(16):
1481-1487.
152. Wolf PA, Abbott RD, Kannel WB. Atrial ﬁbrillation as an independent risk factor for stroke: the Framingham Study. Stroke.
1991;22(8):983-988.
153. Lin HJ, Wolf PA, Kelly-Hayes M, et al. Stroke severity in
atrial ﬁbrillation: the Framingham Study. Stroke. 1996;
27(10):1760-1764.
154. Lip GY, Nieuwlaat R, Pisters R, Lane DA, Crijns HJ. Reﬁning
clinical risk stratiﬁcation for predicting stroke and thromboembolism in atrial ﬁbrillation using a novel risk factor-based
approach: the Euro Heart Survey on atrial ﬁbrillation. Chest.
2010;137(2):263-272.
155. Pisters R, Lane DA, Nieuwlaat R, de Vos CB, Crijns HJ, Lip GY.
A novel user-friendly score (HAS-BLED) to assest 1-year risk
of major bleeding in patients with atrial ﬁbrillation: the Euro
Heart Survey. Chest. 2010;138(5):1093-1100.
156. Medi C, Hankey GJ, Freedman SB. Stroke risk and antithrombotic strategies in atrial ﬁbrillation. Stroke. 2010;41(11):
2705-2713.
157. Olesen JB, Lip GY, Kamper AL, et al. Stroke and bleeding in
atrial ﬁbrillation with chronic kidney disease [published correction appears in N Engl J Med. 2012;367(23):2262]. N Engl J
Med. 2012;367(7):625-635.
158. Kwon Y, Norby FL, Jensen PN, et al. Association of smoking,
alcohol, and obesity with cardiovascular death and ischemic
stroke in atrial ﬁbrillation: the Atherosclerosis Risk in Communities (ARIC) study and Cardiovascular Health Study (CHS).
PLoS One. 2016;11(1):e0147065.
159. Healey JS, Connolly SJ, Gold MR, et al; ASSERT Investigators.
Subclinical atrial ﬁbrillation and the risk of stroke. N Engl J Med.
2012;366(2):120-129.
160. Di Biase L, Santangeli P, Anselmino M, et al. Does the left atrial
appendage morphology correlate with the risk of stroke in patients with atrial ﬁbrillation? Results from a multicenter study.
J Am Coll Cardiol. 2012;60(6):531-538.
161. Aguilar M, Hart R. Antiplatelet therapy for preventing stroke in
patients with non-valvular atrial ﬁbrillation and no previous history of stroke or transient ischemic attacks. Cochrane Database
Syst Rev. 2005;(4):CD001925.
162. Hart RG, Pearce LA, Aguilar MI. Meta-analysis: antithrombotic therapy to prevent stroke in patients who have nonvalvular atrial ﬁbrillation. Ann Intern Med. 2007;146(12):
857-867.
163. ACTIVE Investigators, Connolly SJ, Pogue J, Hart RG, et al. Effect of clopidogrel added to aspirin in patients with atrial ﬁbrillation. N Engl J Med. 2009;360(20):2066-2078.
164. ACTIVE Writing Group of the ACTIVE Investigators,
Connolly S, Pogue J, Hart R, et al. Clopidogrel plus aspirin
versus oral anticoagulation for atrial ﬁbrillation in the Atrial
ﬁbrillation Clopidogrel Trial with Irbesartan for prevention of
Vascular Events (ACTIVE W): a randomised controlled trial.
Lancet. 2006;367(9526):1903-1912.
165. Connolly SJ, Ezekowitz MD, Yusuf S, et al; RE-LY Steering
Committee and Investigators. Dabigatran versus warfarin in
patients with atrial ﬁbrillation [published correction appears
in N Engl J Med. 2010;363(19):1877]. N Engl J Med. 2009;
361(12):1139-1151.
166. Patel MR, Mahaffey KW, Garg J, et al; ROCKET AF Investigators. Rivaroxaban versus warfarin in nonvalvular atrial ﬁbrillation. N Engl J Med. 2011;365(10):883-891.
167. Granger C, Alexander JH, McMurray JJ, et al; ARISTOTLE
Committees and Investigators. Apixaban versus warfarin in
atrial ﬁbrillation. N Engl J Med. 2011;365(11):981-992.

http://dx.doi.org/10.1016/j.mayocp.2016.08.022

1807

MAYO CLINIC PROCEEDINGS

168. Giugliano RP, Ruff CT, Braunwald E, et al; ENGAGE AF-TIMI
48 Investigators. Edoxaban versus warfarin in patients with
atrial ﬁbrillation. N Engl J Med. 2013;369(22):2093-2104.
169. Pollack CV Jr, Reilly PA, Eikelboom J, et al. Idarucizumab for
dabigatran reversal. N Engl J Med. 2015;373(6):511-520.
170. Eikelboom JW, Connolly SJ, Brueckmann M, et al; REALIGN Investigators. Dabigatran versus warfarin in patients
with mechanical heart valves. N Engl J Med. 2013;369(13):
1206-1214.
171. Blackshear JL, Odell JA. Appendage obliteration to reduce
stroke in cardiac surgical patients with atrial ﬁbrillation. Ann
Thorac Surg. 1996;61(2):755-759.
172. Al-Saady NM, Obel OA, Camm AJ. Left atrial appendage:
structure, function, and role in thromboembolism. Heart.
1999;82(5):547-554.
173. La Meir M, Gelsomino S, Lucà F, et al. Minimal invasive surgery
for atrial ﬁbrillation: an updated review. Europace. 2013;15(2):
170-182.
174. Kanderian AS, Gillinov AM, Pettersson GB, Blackstone E,
Klein AL. Success of surgical left atrial appendage closure:
assessment by transesophageal echocardiography. J Am Coll
Cardiol. 2008;52(11):924-929.
175. Ohtsuka T, Ninomiya M, Nonaka T, Hisagi M, Ota T,
Mizutani T. Thoracoscopic stand-alone left atrial appendectomy for thromboembolism prevention in nonvalvular atrial
ﬁbrillation. J Am Coll Cardiol. 2013;62(2):103-107.
176. Ailawadi G, Gerdisch MW, Harvey RL, et al. Exclusion of the
left atrial appendage with a novel device: early results of a
multicenter trial. J Thorac Cardiovasc Surg. 2011;142(5):10021009, 1009e1.
177. Lin AC, Knight BP. Left atrial appendage closure. Prog Cardiovasc Dis. 2015;58(2):195-201.
178. Fountain RB, Holmes DR, Chandrasekaran K, et al. The
PROTECT AF (WATCHMAN Left Atrial Appendage System
for Embolic PROTECTion in Patients with Atrial Fibrillation)
Trial. Am Heart J. 2006;151(5):956-961.
179. Reddy VY, Doshi SK, Sievert H, et al; PROTECT AF Investigators. Percutaneous left atrial appendage closure for stroke
prophylaxis in patients with atrial ﬁbrillation: 2.3-year followup of the PROTECT AF (Watchman Left Atrial Appendage
System for Embolic Protection in Patients with Atrial Fibrillation) trial. Circulation. 2013;127(6):720-729.
180. Reddy VY, Holmes D, Doshi SK, Neuzil P, Kar S. Safety of
percutaneous left atrial appendage closure: results from the
Watchman Left Atrial Appendage System for Embolic Protection in Patients with AF (PROTECT AF) clinical trial and
the Continued Access Registry. Circulation. 2011;123(4):
417-424.
181. Holmes DR Jr, Lakkireddy DR, Whitlock RP, Waksman R,
Mack MJ. Left atrial appendage occlusion: opportunities and
challenges. J Am Coll Cardiol. 2014;63(4):291-298.
182. Holmes DR Jr, Kar S, Price MJ, et al. Prospective randomized
evaluation of the Watchman left atrial appendage closure device in patients with atrial ﬁbrillation versus long-term warfarin
therapy: the PREVAIL trial [published correction appears in J
Am Coll Cardiol. 2014;64(11):1186]. J Am Coll Cardiol. 2014;
64(1):1-12.
183. Boersma LVA, Schmidt B, Betts TR, et al; EWOLUTION Investigators. Implant success and safety of left atrial appendage
closure with the WATCHMAN device: peri-procedural outcomes from the EWOLUTION registry. Eur Heart J. 2016;
37(31):2465-2474.
184. Reddy VY, Möbius-Winkler S, Miller MA, et al. Left atrial
appendage closure with the Watchman device in patients
with a contraindication for oral anticoagulation: the ASAP
study (ASA Plavix Feasibility Study With Watchman Left Atrial
Appendage Closure Technology). J Am Coll Cardiol. 2013;
61(25):2551-2556.
185. Reddy VY, Akehurst RL, Armstrong SO, et al. Cost effectiveness of left atrial appendage closure with the

1808

Mayo Clin Proc.

n

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Watchman device for atrial ﬁbrillation patients with absolute contraindications to warfarin. Europace. 2016;18(7):
979-986.
Price MJ, Gibson DN, Yakubov SJ, et al. Early safety and efﬁcacy of percutaneous left atrial appendage suture ligation: results from the U.S. transcatheter LAA ligation consortium.
J Am Coll Cardiol. 2014;64(6):565-572.
Chatterjee S, Herrmann HC, Wilensky RL, et al. Safety and
procedural success of left atrial appendage exclusion with
the Lariat device: a systematic review of published reports
and analytic review of the FDA MAUDE database. JAMA Intern
Med. 2015;175(7):1104-1109.
Pillarisetti J, Reddy YM, Gunda S, et al. Endocardial
(Watchman) vs epicardial (Lariat) left atrial appendage exclusion devices: understanding the differences in the location and
type of leaks and their clinical implications. Heart Rhythm.
2015;12(7):1501-1507.
Lakkireddy D, Afzal MR, Lee RJ, et al. Short and long-term outcomes of percutaneous left atrial appendage suture ligation:
results from a US multicenter evaluation. Heart Rhythm.
2016;13(5):1030-1036.
Calkins H, Kuck KH, Cappato R, et al; Heart Rhythm Society
Task Force on Catheter and Surgical Ablation of Atrial Fibrillation. 2012 HRS/EHRA/ECAS expert consensus statement
on catheter and surgical ablation of atrial ﬁbrillation: recommendations for patient selection, procedural techniques, patient management and follow-up, deﬁnitions, endpoints, and
research trial design: a report of the Heart Rhythm Society
(HRS) Task Force on Catheter and Surgical Ablation of Atrial
Fibrillation. Developed in partnership with the European
Heart Rhythm Association (EHRA), a registered branch of
the European Society of Cardiology (ESC) and the European
Cardiac Arrhythmia Society (ECAS); and in collaboration with
the American College of Cardiology (ACC), American Heart
Association (AHA), the Asia Paciﬁc Heart Rhythm Society
(APHRS), and the Society of Thoracic Surgeons (STS).
Endorsed by the governing bodies of the American College
of Cardiology Foundation, the American Heart Association,
the European Cardiac Arrhythmia Society, the European
Heart RhythmAssociation, the Society of Thoracic Surgeons,
the Asia Paciﬁc Heart Rhythm Society, and the Heart Rhythm
Society. Heart Rhythm. 2012;9(4):632-696e21.
Haïssaguerre M, Jaïs P, Shah DC, et al. Spontaneous initiation
of atrial ﬁbrillation by ectopic beats originating in the pulmonary veins. N Engl J Med. 1998;339(10):659-666.
Wazni OM, Marrouche NF, Martin DO, et al. Radiofrequency
ablation vs antiarrhythmic drugs as ﬁrst-line treatment of
symptomatic atrial ﬁbrillation: a randomized trial. JAMA.
2005;293(21):2634-2640.
Pappone C, Augello G, Sala S, et al. A randomized trial of
circumferential pulmonary vein ablation versus antiarrhythmic
drug therapy in paroxysmal atrial ﬁbrillation: the APAF Study.
J Am Coll Cardiol. 2006;48(11):2340-2347.
Jaïs P, Cauchemez B, Macle L, et al. Catheter ablation versus
antiarrhythmic drugs for atrial ﬁbrillation: the A4 study [published correction appears in Circulation. 2009;120(10):e83]. Circulation. 2008;118(24):2498-2505.
Wilber DJ, Pappone C, Neuzil P, et al; ThermoCool AF Trial
Investigators. Comparison of antiarrhythmic drug therapy and
radiofrequency catheter ablation in patients with paroxysmal
atrial ﬁbrillation: a randomized controlled trial. JAMA. 2010;
303(4):333-340.
Parkash R, Tang AS, Sapp JL, Wells G. Approach to the catheter ablation technique of paroxysmal and persistent atrial
ﬁbrillation: a meta-analysis of the randomized controlled trials.
J Cardiovasc Electrophysiol. 2011;22(7):729-738.
Ganesan AN, Shipp NJ, Brooks AG, et al. Long-term outcomes of catheter ablation of atrial ﬁbrillation: a systematic
review and meta-analysis. J Am Heart Assoc. 2013;2(2):
e004549.

December 2016;nn(n):1778-1810

n

http://dx.doi.org/10.1016/j.mayocp.2016.08.022
www.mayoclinicproceedings.org

THE STATE OF THE ART: ATRIAL FIBRILLATION

198. Nattel S, Burstein B, Dobrev D. Atrial remodeling and atrial
ﬁbrillation: mechanisms and implications. Circ Arrhythm Electrophysiol. 2008;1(1):62-73.
199. Tung R, Buch E, Shivkumar K. Catheter ablation of atrial ﬁbrillation. Circulation. 2012;126(2):223-229.
200. Krittayaphong R, Raungrattanaamporn O, Bhuripanyo K,
Sriratanasathavorn C, Pooranawattanakul S, Punlee K,
Kangkagate C. A randomized clinical trial of the efﬁcacy of
radiofrequency catheter ablation and amiodarone in the treatment of symptomatic atrial ﬁbrillation. J Med Assoc Thai. 2003
May;86(Suppl 1):S8-S16.
201. Stabile G, Bertaglia E, Senatore G, et al. Catheter ablation
treatment in patients with drug-refractory atrial ﬁbrillation: a
prospective, multi-centre, randomized, controlled study
(Catheter Ablation For The Cure Of Atrial Fibrillation Study).
Eur Heart J. 2006 Jan;27(2):216-221.
202. Oral H, Pappone C, Chugh A, et al. Circumferential pulmonary-vein ablation for chronic atrial ﬁbrillation. N Engl J Med.
2006 Mar 2;354(9):934-941.
203. Forleo GB, Mantica M, De Luca L, et al. Catheter ablation of
atrial ﬁbrillation in patients with diabetes mellitus type 2: results from a randomized study comparing pulmonary vein
isolation versus antiarrhythmic drug therapy. J Cardiovasc Electrophysiol. 2009 Jan;20(1):22-28.
204. Packer DL, Kowal RC, Wheelan KR. Cryoballoon ablation of
pulmonary veins for paroxysmal atrial ﬁbrillation: ﬁrst results
of the North American Arctic Front (STOP AF) pivotal trial.
J Am Coll Cardiol. 2013 Apr 23;61(16):1713-1723.
205. Cosedis Nielsen J, Johannessen A, Raatikainen P, et al. Radiofrequency ablation as initial therapy in paroxysmal atrial ﬁbrillation. N Engl J Med. 2012 Oct 25;367(17):1587-1595.
206. Morillo CA, Verma A, Connolly SJ, et al. Radiofrequency ablation vs antiarrhythmic drugs as ﬁrst-line treatment of paroxysmal atrial ﬁbrillation (RAAFT-2): a randomized trial. JAMA.
2014 Feb 19;311(7):692-700.
207. Mont L, Bisbal F, Hernández-Madrid A, et al. Catheter ablation
vs. antiarrhythmic drug treatment of persistent atrial ﬁbrillation: a multicentre, randomized, controlled trial (SARA study).
Eur Heart J. 2014 Feb;35(8):501-507.
208. Moreno J, Zamorano JL. The CABANA trial. Eur Heart J. 2014;
35(29):1908-1909.
209. Aliot E, Brandes A, Eckardt L, et al. The EAST study: redeﬁning
the role of rhythm control therapy in atrial ﬁbrillation: EAST,
the Early treatment of Atrial ﬁbrillation for Stroke prevention
Trial. Eur Heart J. 2015;36(5):255-256.
210. Walters TE, Ellims AH, Kalman JM. The role of left atrial imaging in the management of atrial ﬁbrillation. Prog Cardiovasc Dis.
2015;58(2):136-151.
211. Mahida S, Hooks DA, Nentwich K, et al. nMARQ ablation for
atrial ﬁbrillation: results from a multicenter study. J Cardiovasc
Electrophysiol. 2015;26(7):724-729.
212. Natale A, Reddy VY, Monir G, et al. Paroxysmal AF catheter
ablation with a contact force sensing catheter: results of the
prospective, multicenter SMART-AF trial. J Am Coll Cardiol.
2014;64(7):647-656.
213. Reddy VY, Dukkipati SR, Neuzil P, et al. Randomized,
controlled trial of the safety and effectiveness of a contact
force-sensing irrigated catheter for ablation of paroxysmal
atrial ﬁbrillation: results of the TactiCath Contact Force Ablation Catheter Study for Atrial Fibrillation (TOCCASTAR)
study. Circulation. 2015;132(10):907-915.
214. Tang M, Kriatselis C, Nedios S, et al. A novel cryoballoon technique for mapping and isolating pulmonary veins: a feasibility
and efﬁcacy study. J Cardiovasc Electrophysiol. 2010;21(6):
626-631.
215. Packer DL, Kowal RC, Wheelan KR, et al; STOP AF Cryoablation Investigators. Cryoballoon ablation of pulmonary veins for
paroxysmal atrial ﬁbrillation: ﬁrst results of the North American Arctic Front (STOP AF) pivotal trial. J Am Coll Cardiol.
2013;61(16):1713-1723.

Mayo Clin Proc. n December 2016;nn(n):1778-1810
www.mayoclinicproceedings.org

n

216. Luik A, Radzewitz A, Kieser M, et al. Cryoballoon versus open
irrigated radiofrequency ablation in patients with paroxysmal
atrial ﬁbrillation: the prospective, randomized, controlled, noninferiority FreezeAF study. Circulation. 2015;132(14):13111319.
217. Kuck KH, Brugada J, Fürnkranz A, et al; FIRE and ICE Investigators. Cryoballoon or radiofrequency ablation for paroxysmal
atrial ﬁbrillation. N Engl J Med. 2016;374(23):2235-2245.
218. Dukkipati SR, Kuck KH, Neuzil P, et al. Pulmonary vein isolation using a visually guided laser balloon catheter: the ﬁrst
200-patient multicenter clinical experience. Circ Arrhythm Electrophysiol. 2013;6(3):467-472.
219. Nishida K, Datino T, Macle L, Nattel S. Atrial ﬁbrillation ablation: translating basic mechanistic insights to the patient. J Am
Coll Cardiol. 2014;64(8):823-831.
220. Jiang RH, Po SS, Tung R, et al. Incidence of pulmonary vein
conduction recovery in patients without clinical recurrence after ablation of paroxysmal atrial ﬁbrillation: mechanistic implications. Heart Rhythm. 2014;11(6):969-976.
221. Sehra R, Narayan SM, Hummel J. Thinking outside the box:
Rotor modulation in the treatment of atrial ﬁbrillation. J Atr
Fibrillation. 2013;6:90-95.
222. Gehi AK, Mounsey JP, Pursell I, et al. Hybrid epicardialendocardial ablation using a pericardioscopic technique
for the treatment of atrial ﬁbrillation. Heart Rhythm.
2013;10(1):22-28.
223. Robinson MD, Chiravuri M, McPherson C, Winslow R. Maximizing ablation, limiting invasiveness, and being realistic about
atrial ﬁbrillation: The convergent hybrid ablation procedure for
advanced AF. 2013;13(6).
224. Jaïs P, Hocini M, Hsu LF, et al. Technique and results of linear
ablation at the mitral isthmus. Circulation. 2004;110(19):
2996-3002.
225. Hocini M, Jaïs P, Sanders P, et al. Techniques, evaluation, and
consequences of linear block at the left atrial roof in paroxysmal atrial ﬁbrillation: a prospective randomized study. Circulation. 2005;112(24):3688-3696.
226. Nademanee K, McKenzie J, Kosar E, et al. A new approach for
catheter ablation of atrial ﬁbrillation: mapping of the electrophysiologic substrate. J Am Coll Cardiol. 2004;43(11):
2044-2053.
227. Verma A, Jiang CY, Betts TR, et al; STAR AF II Investigators.
Approaches to catheter ablation for persistent atrial ﬁbrillation. N Engl J Med. 2015;372(19):1812-1822.
228. Sawhney N, Anousheh R, Chen W, Feld GK. Circumferential
pulmonary vein ablation with additional linear ablation results
in an increased incidence of left atrial ﬂutter compared with
segmental pulmonary vein isolation as an initial approach to
ablation of paroxysmal atrial ﬁbrillation. Circ Arrhythm Electrophysiol. 2010;3(3):243-248.
229. Oral H, Chugh A, Yoshida K, et al. A randomized assessment
of the incremental role of ablation of complex fractionated
atrial electrograms after antral pulmonary vein isolation for
long-lasting persistent atrial ﬁbrillation. J Am Coll Cardiol.
2009;53(9):782-789.
230. Pandit SV, Jalife J. Rotors and the dynamics of cardiac ﬁbrillation. Circ Res. 2013;112(5):849-862.
231. Miller JM, Kowal RC, Swarup V, et al. Initial independent outcomes from focal impulse and rotor modulation ablation for
atrial ﬁbrillation: multicenter FIRM registry. J Cardiovasc Electrophysiol. 2014;25(9):921-929.
232. Dubois R, Shah AJ, Hocini M, et al. Non-invasive cardiac mapping in clinical practice: Application to the ablation of cardiac
arrhythmias. J Electrocardiol. 2015;48(6):966-974.
233. Lim HS, Zellerhoff S, Derval N, et al. Noninvasive mapping to
guide atrial ﬁbrillation ablation. Card Electrophysiol Clin. 2015;
7(1):89-98.
234. Nattel S, Harada M. Atrial remodeling and atrial ﬁbrillation:
recent advances and translational perspectives. J Am Coll Cardiol. 2014;63(22):2335-2345.

http://dx.doi.org/10.1016/j.mayocp.2016.08.022

1809

MAYO CLINIC PROCEEDINGS

235. Gal P, Marrouche NF. Magnetic resonance imaging of atrial
ﬁbrosis: redeﬁning atrial ﬁbrillation to a syndrome [published
online ahead of print]. Eur Heart J. September 25, 2015. doi:
10.1093/eurheartj/ehv514.
236. Marrouche NF, Wilber D, Hindricks G, et al. Association of
atrial tissue ﬁbrosis identiﬁed by delayed enhancement MRI
and atrial ﬁbrillation catheter ablation: the DECAAF study
[published correction appears in JAMA. 2014;312(17):1805].
JAMA. 2014;311(5):498-506.
237. Higuchi K, Akkaya M, Akoum N, Marrouche NF. Cardiac MRI
assessment of atrial ﬁbrosis in atrial ﬁbrillation: implications for
diagnosis and therapy. Heart. 2014;100(7):590-596.
238. Lawrance CP, Henn MC, Damiano RJ Jr. Surgical ablation for
atrial ﬁbrillation: techniques, indications, and results. Curr
Opin Cardiol. 2015;30(1):58-64.
239. Kumar P, Kiser AC, Gehi AK. Hybrid treatment of atrial ﬁbrillation. Prog Cardiovasc Dis. 2015;58(2):213-220.
240. Pison L, La Meir M, van Opstal J, Blaauw Y, Maessen J, Crijns HJ.
Hybrid thoracoscopic surgical and transvenous catheter ablation of atrial ﬁbrillation. J Am Coll Cardiol. 2012;60(1):54-61.
241. Bulava A, Mokracek A, Hanis J, Kurﬁrst V, Eisenberger M,
Pesl L. Sequential hybrid procedure for persistent atrial ﬁbrillation. J Am Heart Assoc. 2015;4(3):e001754.
242. Neven K, van Driel V, van Wessel H, et al. Safety and feasibility of
closed chest epicardial catheter ablation using electroporation
[published correction appears in Circ Arrhythm Electrophysiol.
2014;7(6):1282]. Circ Arrhythm Electrophysiol. 2014;7(5):913-919.
243. van Driel VJ, Neven KG, van Wessel H, et al. Pulmonary vein
stenosis after catheter ablation: electroporation versus radiofrequency. Circ Arrhythm Electrophysiol. 2014;7(4):734-738.
244. DeSimone CV, Kapa S, Asirvatham SJ. Electroporation: past
and future of catheter ablation. Circ Arrhythm Electrophysiol.
2014;7(4):573-575.
245. Sharma A, Wong D, Weidlich G, et al. Noninvasive stereotactic radiosurgery (CyberHeart) for creation of ablation lesions
in the atrium. Heart Rhythm. 2010;7(6):802-810.
246. Constantinescu A, Lehmann HI, Packer DL, Bert C,
Durante M, Graeff C. Treatment planning studies in patient

1810

Mayo Clin Proc.

n

247.

248.

249.

250.

251.

252.

253.

254.

255.

data with scanned carbon ion beams for catheter-free ablation
of atrial ﬁbrillation. J Cardiovasc Electrophysiol. 2016;27(3):
335-344.
Bode F, Blanck O, Gebhard M, et al. Pulmonary vein isolation
by radiosurgery: implications for non-invasive treatment of
atrial ﬁbrillation. Europace. 2015;17(12):1868-1874.
Martinez MW, Kirsch J, Williamson EE, et al. Utility of nongated multidetector computed tomography for detection of
left atrial thrombus in patients undergoing catheter ablation
of atrial ﬁbrillation. JACC Cardiovasc Imaging. 2009;2(1):
69-76.
Anter E, Silverstein J, Tschabrunn CM, et al. Comparison of
intracardiac echocardiography and transesophageal echocardiography for imaging of the right and left atrial appendages.
Heart Rhythm. 2014;11(11):1890-1897.
Hakalahti A, Uusimaa P, Ylitalo K, Raatikainen MJ. Catheter
ablation of atrial ﬁbrillation in patients with therapeutic oral
anticoagulation treatment. Europace. 2011;13(5):640-645.
Kim JS, She F, Jongnarangsin K, et al. Dabigatran vs warfarin for
radiofrequency catheter ablation of atrial ﬁbrillation. Heart
Rhythm. 2013;10(4):483-489.
Cappato R, Marchlinski FE, Hohnloser SH, et al; VENTURE-AF
Investigators. Uninterrupted rivaroxaban vs. uninterrupted
vitamin K antagonists for catheter ablation in non-valvular
atrial ﬁbrillation. Eur Heart J. 2015;36(28):1805-1811.
Lakkireddy D, Reddy YM, Di Biase L, et al. Feasibility and safety
of dabigatran versus warfarin for periprocedural anticoagulation in patients undergoing radiofrequency ablation for atrial
ﬁbrillation: results from a multicenter prospective registry.
J Am Coll Cardiol. 2012;59(13):1168-1174.
Valles E, Fan R, Roux JF, et al. Localization of Atrial Fibrillation
Triggers in Patients Undergoing Pulmonary Vein Isolation.
Importance of the Carina Region. J Am Coll Cardiol. 2008;
52(17):1413-1420.
Deshmukh A, Patel NJ, Pant S, et al. In-hospital complications
associated with catheter ablation of atrial ﬁbrillation in the
United States between 2000 and 2010: analysis of 93 801
procedures. Circulation. 2013;128(19):2104-2112.

December 2016;nn(n):1778-1810

n

http://dx.doi.org/10.1016/j.mayocp.2016.08.022
www.mayoclinicproceedings.org

