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The prevalence of sleep disordered breathing like obstructive sleep apnea (OSA) among patients with
atrial ﬁbrillation (AF) is 40e50%. OSA reduces success rate of catheter based and pharmacological
antiarrhythmic treatment. Additionally, efﬁcient treatment of OSA by continuous positive airway pressure ventilation (CPAP), the ﬁrst line therapy of OSA, has been shown to improve catheter ablation
success rates in AF-patients. A systematic literature search using several databases was performed to
review the pathophysiology of obstructive apneas in OSA potentially leading to the development of a
substrate for AF and to explain potential mechanisms involved in the clinically observed atrial antiarrhythmic effect of effective CPAP therapy.
© 2015 Elsevier Ltd. All rights reserved.
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Introduction
Atrial ﬁbrillation (AF) is the most common sustained arrhythmia
and is associated with relevant morbidity and mortality. 1% of the
European population suffers from AF and the number of AF patients
is expected to double or triple within the next two to three decades
[1e5]. The clinical presentation of AF is highly variable, ranging
from the complete absence of symptoms to palpitations, heart
failure, and hemodynamic collapse. Importantly, AF increases the
risk of stroke about ﬁve times [6,7]. AF doubles mortality and
causes marked morbidity [8]. Symptoms and complications of AF
result from the irregular and often rapid ventricular response, loss
of atrial contraction as well as from AF-associated
hypercoagulability.

A condition, which is associated with a high prevalence of AF is
obstructive sleep apnea (OSA) [9e11] and OSA in patients with AF is
an independent predictor of stroke [12]. OSA is characterized by
obstructive respiratory events due to periodic or complete occlusion of the upper airways resulting in intermittent hypoxia, hypercapnia and intrathoracic pressure swings during the frustrane
breathing attempts. Continuous positive airway pressure ventilation (CPAP) is a non-invasive respiratory support and is the ﬁrstline treatment for OSA.
In this review, we describe the pathophysiology of obstructive
apneas in OSA potentially leading to the development of a substrate
for AF and discuss the potential mechanisms underlying the atrial
antiarrhythmic effects of CPAP therapy.
Obstructive sleep apnea

Abbreviations: AERP, atrial effective refractory period; AF, atrial ﬁbrillation; AHI,
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Pathophysiology and deﬁnitions of sleep apnea
There are three basic mechanisms for the disruption of respiration during sleep: upper airway obstruction, dysregulation of
respiratory control, and hypoventilation. Two main breathing abnormalities are obstructive sleep apnea (OSA) and central sleep
apnea (CSA). Disease severity is determined by the number of
respiratory events per hour of sleep time (the apnea-hypopnea
index [AHI]), and the number and severity of oxygen desaturations.
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Sleep disordered breathing is usually deﬁned as mild when the AHI
is 5e15/h, moderate when AHI is 15e30/h and severe when the AHI
is > 30/h. OSA is the most common type of sleep disordered
breathing in the general population and is characterized by recurrent partial (hypopnea) or complete (apnea) collapses of the upper
airway during sleep, which cause decreased or interrupted airﬂow
in spite of continued respiratory effort.

Acute
obstruc ve respiratory events
Intrathoracic
pressure changes

Hypoxemia,
hypercapnia

Sympatho-vagal
imbalance

Prevalence and incidence of atrial ﬁbrillation in sleep apnea
In young patients with paroxysmal AF with a high AF burden or
persistent AF with preserved left ventricular function a high
prevalence of sleep disordered breathing can be found (62% vs. 38%
in patients without AF) [13]. However, the prevalence of daytime
symptoms like excessive daytime sleepiness in OSA patients with
cardiac disease like AF or congestive heart failure is rare [14].
Therefore, the prevalence of OSA in AF patients may be even
underestimated. Gami et al. [11] showed that the severity of OSA is
a strong predictor of incident AF in individuals younger than 65 y.
AF patients with severe OSA show a lower response rate to antiarrhythmic drug therapy than those with milder forms of OSA [15].
Additionally, a prospective analysis by Kanagala et al. [10]
demonstrated that patients with OSA have a higher recurrence
rate of AF after initial successful cardioversion than patients
without OSA. Patients with OSA have a higher risk of AF recurrence
after catheter based electrical isolation of the pulmonary veins
(pulmonary vein isolation, PVI), than those without OSA [16]. PVI is
an important and effective treatment modality of symptomatic AF.
During the procedure, radiofrequency energy is applied at the tip of
a catheter to form circular ablation lines around the ostium if the
pulmonary veins thereby electrically disconnecting them from the
left atrium. This reduces triggers for AF generated in the pulmonary
veins of patients with paroxysmal and persistent AF [1].
Arrhythmogenic mechanisms in obstructive sleep apnea
The above mentioned studies suggest that OSA predisposes
patients to develop AF, but it is not clear whether the relationship is
completely independent of hypertension, diabetes mellitus, or
other confounding factors. Here, we discuss potential underlying
pathophysiologic mechanisms that support the plausibility of this
interplay.
Obstructive apneas caused by the collapse of the upper airway
during sleep result in intrathoracic pressure swings resulting in
myocardial stretch of the heart chambers and changes in transmural pressure gradients, particularly affecting the thin-walled
atria (Fig. 1) [17]. Additionally, obstructive respiratory events

Acute apnea-associated
electrophysiological changes
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(trigger)

Acute shortening in
atrial refractoriness

Fig. 2. Atrial arrhythmogenic mechanisms during acute obstructive respiratory events.

induce intermittent apnea-associated hypoxemia and hypercapnia
as well as sympathetic activation and subsequent intraapneic and
postapneic hemodynamic ﬂuctuations [18]. Interestingly, in OSA,
paroxysms of AF were found to be nocturnal and, at least partly,
temporally related to respiratory obstructive events [19,20]. This
temporal link between sleep disordered breathing and the occurrence of AF suggests that the trigger for AF may be mainly caused by
acute changes during apneas and not by chronic remodeling processes in the atria alone [21]. However, acute factors directly
associated with obstructive respiratory events like intrathoracic
pressure changes, changes in blood gases and sympatho-vagal
imbalance may contribute to the creation of the atrial arrhythmogenic substrate in OSA-patients (Fig. 2).
Acute effects of obstructive respiratory events on atrial
arrhythmogenesis
Intrathoracic pressure changes
Obstructed inspirations generate wide ﬂuctuations in intrathoracic pressure, resulting in changes in cardiac transmural pressure,
which in turn lead to atrial stretch. Negative tracheal pressures as
low as "80 to "100 mbar were observed in OSA patients [17,19].

Fig. 1. Pathophysiology of obstructive sleep apnea (OSA) and resulting intrathoracic pressure changes.
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Application of negative tracheal pressure at "80 mbar resulted in a
negative right atrial pressure of "16 mbar and a negative intrathoracic pressure of "65 mbar in a pig model for OSA [22] suggesting increased atrial transmural pressure gradients resulting in
acute atrial distension. Comparable intrathoracic pressure changes
and alterations in atrial dimensions were observed during repetitive Mueller maneuvers in humans (attempted inspiration against
the obstructed upper airways) [23]. This apnea-associated acute
atrial dilation may result in acute arrhythmogenic atrial electrophysiological alterations. In isolated Langendorff-perfused rabbit
hearts, atrial dilation has been shown to shorten atrial refractoriness [24], slow conduction and increase the amount of intra-atrial
conduction blocks [25]. Additionally, acute atrial stretch in
humans undergoing cardiac surgery resulted in conduction slowing
along the pulmonary veins, with a greater degree of signal
complexity [26]. Shortened atrial refractoriness together with
lower conduction velocity and increased heterogeneity increases
the excitable gap, potentially underlying AF initiation and maintenance by promoting re-entry [27]. In a pig model for OSA,
application of negative tracheal pressure during tracheal occlusion
- but not tracheal occlusion without applied negative tracheal
pressuree shortened the atrial refractory period and strongly
enhanced the inducibility of AF in a reproducible and reversible
manner [22] (Fig. 3). These acute electrophysiological changes were
mainly mediated by sympatho-vagal imbalance, since they could be
inﬂuenced by atropine, bilateral vagotomy or beta-receptor
blockade [22,28,29]. Besides pronounced shortening in atrial
refractoriness, obstructive respiratory events also resulted in
increased occurrence of spontaneous premature atrial contractions,
representing potent triggers for spontaneous AF-episodes in a pig
model for OSA and humans [30,31]. Comparable arrhythmogenic
electrophysiological changes were also observed in a rat model for
obesity and OSA, which were partly prevented by combined autonomic blockade [32].
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Changes in blood gases
Hypoxemia, hypercapnia and acidosis are invariably linked with
obstructive apneas [17,19]. The magnitude of nocturnal oxygen
desaturation is an independent risk factor for incident AF [12]. The
electrophysiological effects of isolated hypoxia or hypercapnia were
investigated in a sheep model with continuous ventilation under
autonomic blockade [33]. Isolated hypercapnia resulted in atrial
effective refractory period (AERP)-prolongation. AERP rapidly
returned to baseline, but recovery of conduction was delayed about
2 h following correction of hypercapnia. AF vulnerability was
reduced during hypercapnia (with increased AERP) but increased
signiﬁcantly with subsequent return to eucapnia (when AERP
normalized but conduction time remained disturbed), suggesting
that differential recovery of AERP and conduction might be
responsible for increased vulnerability to AF [33]. In superfused
rabbit atria, hypoxia caused a transient prolongation and an increase in heterogeneity of refractory periods. Additionally, hypoxia
caused depressed conduction velocity and a marked increase in
inhomogeneity in conduction both leading to increased vulnerability of the atrium for reentrant arrhythmias [34]. In isolated rabbit
pulmonary vein preparations, hypoxia followed by reoxygenation
induced pulmonary vein burst ﬁrings [35]. However, in a pig model
for OSA [22] and in a rat model for obesity and OSA [32], changes in
blood gases alone were insufﬁcient to promote AF.
Sympatho-vagal imbalance
Direct recordings of muscle sympathetic nerve activity showed
increased sympathetic activation during apneic episodes in OSA
patients [36] or in apnea divers [37]. Severe bradycardia and
atrioventricular conduction disturbances together with the arousal
reaction characterized by activation of the sympathetic system and
postapneic blood pressure rises, are frequently seen in OSA and
suggest a simultaneous sympathetic and parasympathetic activation (sympatho-vagal imbalance). Particularly the increasing

Fig. 3. Changes in atrial electrophysiology during 2 min of tracheal occlusion with (left) or without (right) applied negative tracheal pressure (NTP) at "100 mbar. Individual
example of changes in atrial effective refractory period (AERP) (ﬁrst line). Tracheal occlusion with applied NTP at "100 mbar, but not hypoxia alone during tracheal occlusion
without applied NTP, resulted in a progressive shortening of AERP and AF was inducible by a premature beat during programmed electrical atrial stimulation to measure the AERP
(S1-S2-protocol). (Adapted from Linz et al. [22]).
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inspiratory effort against the collapsed pharynx during obstructive
apneas is likely to cause increased sympathetic nerve activity. In
healthy humans intrathoracic pressure changes induced by a
Mueller maneuver generated an increase of more than 200% in
postganglionic sympathetic nerve activity and a 14% increase in
mean blood pressure at the end of the apnea [38]. The sympathetic
and parasympathetic nervous system has been considered to play a
role in the initiation and the maintenance of AF in humans
(reviewed in [27,39,40]). In line with this concept, inducibility of AF
could be attenuated by the ablation of the ganglionated plexi at the
right pulmonary artery or by combined pharmacological neurohumoral blockade in a dog model for central apnea [41]. Forced
inspiration-induced acute atrial distension resulted in an arrhythmogenic atrial electrical remodeling in a rat model for obesity and
OSA, which was partly prevented by combined pharmacological
autonomic blockade by atropine and a beta-blocker. [32]. Another
indicator of pronounced autonomic activation during apnea has
been provided by a pig model for OSA [22]. Negative tracheal
pressure during obstructive apneas leads to pronounced shortening
of atrial refractoriness thereby perpetuating AF. These electrophysiological changes were mainly mediated by sympatho-vagal
imbalance, since they could be inﬂuenced by atropine, bilateral
vagotomy or beta-receptor blockade [22,28e31]. Also renal sympathetic denervation (RDN), a strategy to modulate sympathetic
nervous system [42], resulted in an attenuation of AERP-shortening
induced by negative thoracic pressure [28,30]. In rabbits with
simulated OSA, also low-level vago-sympathetic trunk stimulation
was capable of suppressing AERP shortening and AF-inducibility
[43].
Longterm OSA and atrial structural remodeling
In patients, longterm OSA has been shown to be associated with
signiﬁcant atrial remodeling characterized by atrial enlargement,
local conduction disturbances and longer sinus node recovery [44],
atrial electromechanical delay and left atrial dysfunction [45].
Additionally, in a rat model, chronically repeated episodes of apnea
caused atrial conduction abnormalities related to connexin dysregulation and increased atrial ﬁbrosis formation [46].
Several mechanisms have been considered to cause OSA-related
myocardial
damage
including
systemic
inﬂammation,

neurohumoral activation, chronic atrial dilation by repetitive
changes in intrathoracic pressure and multiple comorbidities like
obesity and hypertension (Fig. 4):

Inﬂammation and neurohumoral activation
Longterm OSA has been shown to be associated with increased
activation of autonomic nervous system and elevations of circulating markers of inﬂammation [47,48]. C-reactive protein is associated with vascular inﬂammation and its serum concentration
correlates with AF stability, predicting postoperative AF and failure
of PVI [9].
The carotid body is a cluster of chemoreceptors located near
the bifurcation of the carotid artery. It responds to decreases in
oxygen partial pressure and relays the information to the central
nervous system via the afferent ﬁbers of the glossopharyngeal
nerve. At an oxygen partial pressure below 60 mmHg the activity
of the carotid body increases rapidly. Activation of carotid bodies
by intermittent hypoxia has been shown to be associated with a
reduction in baroreﬂex sensitivity in cats [49]. Additionally,
repeated episodes of hypoxia induce augmented activities of the
carotid chemosensory activity and ventilatory hypoxic responses
[49]. Altered sensitivity of the chemo-reﬂex has also been reported in patients with sleep apnea, which signiﬁcantly contributes to the increase of sympathetic activity mediated by the
chemo-reﬂex [50]. The mechanism of augmented carotid chemoeafferent activity is multifactorial and could be attributed to
local oxidative stress, local activation of the renin-angiotensin
system and inﬂammation induced by intermittent hypoxia
[51,52]. Denervation of the carotid body could normalize the
elevated blood pressure induced by intermittent hypoxia in animals [53,54].
In OSA, neurohumoral activation, namely the circulating renin
angiotensin aldosterone system (RAAS), together with increased
oxidative stress may underlie atrial structural and electrical
remodeling [55,56]. The RAAS has been shown to play a relevant
role for the development of a structural atrial remodeling under
different pathophysiological conditions [27]. In a pig model for OSA,
RAAS activation was mainly driven by increased sympathetic activation, as it was almost completely attenuated by renal sympathetic denervation [18,30].

Fig. 4. Atrial arrhythmogenic mechanisms during chronic/repetitive obstructive respiratory events.
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Effect of hypertension and obesity on structural remodeling
OSA is considered an etiological factor in the development of
hypertension and in the evolution of drug resistant hypertension
[57,58]. In a sheep model, chronically elevated blood pressure was
associated with signiﬁcant atrial electrical and structural remodeling characterized by local conduction disturbances, shortening of
atrial wavelength, and increased occurrence of AF, atrial myocyte
hypertrophy and myolysis, increased atrial collagen and apoptosis
[59]. In another sheep model with induced “one-kidney, one-clip”
hypertension, increased blood pressure was associated with early
and progressive changes in atrial remodeling [60]. In spontaneously
hypertensive rats hypertension was associated with the development of a substrate for atrial tachyarrhythmia involving left atrial
ﬁbrosis without changes in the atrial effective refractory period [61].
Obesity and the metabolic syndrome, both prevalent in OSA
patients, may be associated with the development of AF by systemic changes related to these conditions [62]. There is a 3e8%
higher risk of new AF-onset with each unit increase in body mass
index, and this association is independent of other cardiovascular
risk factors like lipid levels, blood pressure or diabetes [62]. Pericardial fat is associated with occurrence of AF, persistence of AF, left
atrial enlargement, and bad outcomes of PVI [63]. Additionally,
obesity results in progressive atrial structural and electrical
remodeling. In sheep, following a high-calorie diet, obesity was
associated with atrial electro-structural remodeling, increased
atrial size and changes in conduction, histology, and expression of
proﬁbrotic mediators. These changes were associated with spontaneous and more persistent AF episodes [64]. Whether OSA can
result in arrhythmogenic structural changes in the atrium
completely independent of concomitant risk factors like for
example hypertension and obesity is unclear.
Treatment of obstructive sleep apnea
The gold standard therapy for OSA is continuous positive airway
pressure ventilation (CPAP), which splints the upper airway and
maintains upper airway patency, thus alleviating obstructive respiratory events [65].
Modulation of neurohumoral activation by CPAP in OSA
In hypertensive patients, nocturnal CPAP decreases sympathetic
trafﬁc in OSA, interestingly not just during night but also during
daytime [66]. In patients with heart failure and OSA, short-term
CPAP improved myocardial sympathetic nerve function, but overall did not affect energetics suggesting improved cardiac efﬁciency
[67]. Different studies provided evidence that continuous positive
airway pressure (CPAP) therapy in OSA reduces 24 h urinary catecholamine excretion as well as plasma norepinephrine levels,
consistent with a reduction in sympathetic nerve activity [68,69].
Baroreﬂex sensitivity, an established index of cardiac sympathovagal balance, is depressed in patients with OSA and four weeks
of CPAP therapy increased baroreﬂex sensitivity by 24% [69]. CPAP
therapy has been shown to decrease both inﬂammation and
oxidative stress levels in airways of OSA-patients. Also, this treatment helps to decrease systemic oxidative stress levels in serum
[70]. Additionally, CPAP therapy was associated with improved
renal hemodynamics and down-regulation of activity of the reninangiotensin system [71].
CPAP and cardiac remodeling
In patients with moderate-to-severe obstructive sleep apnea,
three months of CPAP therapy lowers blood pressure and partially
reverses metabolic abnormalities [72]. By contrast, nocturnal
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supplemental oxygen did not result in a signiﬁcant reduction in
blood pressure [72,73]. Inhibition of increased central sympathetic
vasoconstrictor outﬂow may be one mechanism by which
nocturnal CPAP reduces awake blood pressure and heart rate in
heart failure patients with moderate to severe OSA. Efﬁcient
treatment of OSA was associated with improved left ventricular
diastolic function and left atrial passive emptying, but not left atrial
structural variables in OSA patients [74,75]. Both systolic and diastolic abnormalities in patients with OSA can be reversed as early as
after three months of CPAP therapy, with progressive improvement
in cardiovascular remodeling over one year [76]. Additionally, CPAP
therapy provided more homogenous conduction through atria in
patients with OSA [77].
CPAP, PVI and electrical cardioversion of atrial ﬁbrillation
Although PVI has been established as an effective treatment for
AF, some patients experience conduction recurrence across a previously disconnected pulmonary vein. Sauer et al. characterized
this group and concluded that acute return of pulmonary vein
conduction is more likely after successful PVI in patients who are
elderly, hypertensive, with nonparoxysmal AF, a large left atrium,
and sleep apnea [78]. Recent meta-analysis determined that OSA
patients have a 25% greater AF recurrence rate after PVI [79]. OSA
was the strongest predictor of recurrent AF after PVI, associated
with a threefold increase in the probability of recurrence [79e83].
In a larger study (n ¼ 426) [82], CPAP therapy in patients with OSA
and AF undergoing pulmonary vein isolation was associated with a
higher AF-free survival rate (71.9% vs. 36.7% in untreated patients)
and almost similar to a group of patients without OSA. Interestingly,
the effect of CPAP in patients without PVI was comparable to the
effect of pulmonary vein isolation in CPAP non-user OSA patients
[82]. The proportion of patients who were free of AF without drug
treatment or repeated PVI procedures was also signiﬁcantly higher
in CPAP users versus non-users [82].
Compared to non-OSA patients, OSA-patients not treated with
CPAP had an enhanced prevalence of non-pulmonary vein antrum
triggers and posterior wall ﬁring (31% vs. 19%), possibly a reﬂection
of electrical and structural remodeling of the atria [16]. Not using
CPAP in addition to having non-pulmonary vein triggers strongly
predicted PVI-failure (hazard ratio, 8.81) [16].
A prospective analysis by Kanagala et al. [10] demonstrated that
patients with OSA have a higher recurrence rate of AF after initial
successful cardioversion than patients without OSA. Interestingly,
patients who showed obstructive respiratory events during sedation for electrical cardioversion had a higher relapse rate of AF
during one week after electrical cardioversion compared to patients
without obstructive respiratory events during sedation [31].
Non-CPAP interventions
The effects of alternative treatment strategies for OSA on AF, like
weight loss, cessation of drinking or other non-CPAP interventions
have not been investigated.
Central sleep apnea
Central sleep apnea (CSA) is rarely found in the general population. However it is a common sleep disordered breathing pattern
seen in patients with chronic heart failure, with a prevalence of
25e40% [84]. The prevalence of CSA appears to increase as the
severity of heart failure increases, and the severity of CSA seems to
mirror cardiac dysfunction [85]. Adaptive servo ventilation is
currently the most effective treatment option for CSA. The prevalence of CSA in patients with AF is not well described and few data
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are currently available. One study has reported a high proportion of
CSA (79%) in a group of pacemaker recipients with permanent AF
[86]; this was probably a result of a high rate of heart failure and
depressed left ventricular ejection function in this study population. Another study in AF patients with normal left ventricular
function showed prevalence rates of 31% for CSA and 43% for OSA
[87]. Future studies are needed to clarify mechanisms responsible
for AF in CSA and whether adaptive servo ventilation is helpful to
prevent AF and to improve symptoms and decrease mortality in
heart failure AF-patients.

[2]

[3]

[4]

[5]

Conclusion
OSA creates a complex substrate for AF. In addition to the
development of a structural remodeling, acute obstructive respiratory events result in acute arrhythmogenic electrophysiological
changes contributing critically to the development of an arrhythmogenic substrate during night. These conditions likely are
responsible for increased recurrence rate of AF following cardioversion or PVI. Effective prevention of obstructive respiratory
events by CPAP therapy reduces sympatho-vagal activation and
recurrence of AF. OSA-associated factors should be considered
during the development of future antiarrhythmic pharmacologic
and interventional treatment strategies for AF. First available randomized controlled trials suggest that patients with OSA should be
given special consideration when they are being evaluated for PVI
as OSA-treatment improves ablation results. Future larger clinical
randomized controlled trials are needed to further support and
conﬁrm these ﬁndings and to implement the treatment of OSA as a
relevant antiarrhythmic strategy in the heart rhythm guidelines.

[6]
[7]
[8]

*[9]

[10]

*[11]

[12]

[13]

[14]

Practice points
1) In patients with atrial fibrillation the prevalence of sleep
apnea (AHI > 15) is 40e50%
2) Sleep apnea limits efficacy of antiarrhythmic treatment
strategies.
3) Efficient treatment of sleep apnea reduces AF-recurrence
after electrical cardioversion and pulmonary vein
isolation.

*[15]

*[16]

[17]
[18]

[19]

Research agenda

[20]

1) Does treatment of sleep apnea improve outcome in AFpatients?
2) Can adaptive servo ventilation improve managment in
AF-patients with heart failure?

[21]
*[22]

[23]

Conﬂict of interest

[24]

None.

[25]

References

[26]

[1] Kirchhof P, Bax J, Blomstrom-Lundquist C, Calkins H, Camm AJ, Cappato R,
et al. Early and comprehensive management of atrial ﬁbrillation: executive
[27]
* The most important references are denoted by an asterisk.

summary of the proceedings from the 2nd AFNET-EHRA consensus conference “research perspectives in AF.” Eur Heart J 2009;30:2969e77.
Stewart S, Hart CL, Hole DJ, McMurray JJ. Population prevalence, incidence
and predictors of atrial ﬁbrillation in the Renfrew/Paisley study. Heart
2001;86:516e21.
Stewart S, Hart CL, Hole DJ, McMurray JJ. A population-based study of the
longterm risks associated with atrial ﬁbrillation: 20-year follow-up of the
Renfrew/Paisley study. Am J Med 2002;113:359e64.
Fuster V, Ryden LE, Cannom DS, Crijns HJ, Curtis AB, Ellenbogen KA, et al. CN TFoPG. ACC/AHA/ESC 2006 guidelines for the management of patients with
atrial ﬁbrillation-executive summary: a report of the American College of
Cardiology/American Heart Association task force on Practice guidelines and
the European Society of Cardiology. Eur Heart J 2006;27:1979e2030.
Miyasaka Y, Barnes ME, Gersh BJ, Cha SS, Bailey KR, Abhayaratna WP, et al.
Secular trends in incidence of atrial ﬁbrillation in Olmsted County, Minnesota, 1980 to 2000, and implications on the projections for future prevalence.
Circulation 2006;114:119e25.
Wolf PA, Abbott RD, Kannel WB. Atrial ﬁbrillation as an independent risk
factor for stroke: the Framingham Study. Stroke 1991;22:983e8.
Hart RG, Halperin JL. Atrial ﬁbrillation and stroke: concepts and controversies. Stroke 2001;32:803e8.
Bornstein NM, Aronovich BD, Karepov VG, Gur AY, Treves TA, Oved M, et al.
The Tel Aviv stroke Registry. 3600 consecutive patients. Stroke 1996;27:
1770e3.
Schoonderwoerd BA, Smit MD, Pen L, Van Gelder IC. New risk factors for
atrial ﬁbrillation: causes of 'not-so-lone atrial ﬁbrillation'. Europace 2008;10:
668e73.
Kanagala R, Murali NS, Friedman PA, Ammash NM, Gersh BJ, Ballman KV,
et al. Obstructive sleep apnea and the recurrence of atrial ﬁbrillation. Circulation 2003;107:2589e94.
Gami AS, Hodge DO, Herges RM, Olson EJ, Nykodym J, Kara T, et al.
Obstructive sleep apnea, obesity, and the risk of incident atrial ﬁbrillation.
J Am Coll Cardiol 2007;49:565e71.
Yaranov DM, Smyrlis A, Usatii N, Butler A, Petrini JR, Mendez J, et al. Effect of
obstructive sleep apnea on frequency of stroke in patients with atrial ﬁbrillation. Am J Cardiol 2015;115:461e5.
Stevenson IH, Teichtahl H, Cunnington D, Ciavarella S, Gordon I, Kalman JM.
Prevalence of sleep disordered breathing in paroxysmal and persistent atrial
ﬁbrillation patients with normal left ventricular function. Eur Heart J
2008;29:1662e9.
Albuquerque FN, Calvin AD, Sert Kuniyoshi FH, Konecny T, Lopez-Jimenez F,
Pressman GS, et al. Sleep-disordered breathing and excessive daytime
sleepiness in patients with atrial ﬁbrillation. Chest 2012;141:967e73.
Monahan K, Brewster J, Wang L, Parvez B, Goyal S, Roden DM, 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;110:369e72.
Patel D, Mohanty P, Di Biase L, Shaheen M, Lewis WR, Quan K, 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;3:445e51.
Kasai T, Bradley TD. Obstructive sleep apnea and heart failure: pathophysiologic and therapeutic implications. J Am Coll Cardiol 2011;57:119e27.
Linz D, Mahfoud F, Linz B, Hohl M, Schirmer SH, Wirth KJ, et al. Effect of
obstructive respiratory events on blood pressure and renal perfusion in a pig
model for sleep apnea. Am J Hypertens 2014;27:1293e300.
Parish JM, Somers VK. Obstructive sleep apnea and cardiovascular disease.
Mayo Clin Proc 2004;79:1036e46.
Monahan K, Storfer-Isser A, Mehra R, Shahar E, Mittleman M, Rottman J, et al.
Triggering of nocturnal arrhythmias by sleep-disordered breathing events.
J Am Coll Cardiol 2009;54:1797e804.
Kohler M, Stradling JR. Mechanisms of vascular damage in obstructive sleep
apnea. Nat Rev Cardiol 2010;7:677e85.
€hm M, Wirth K. Negative tracheal
Linz D, Schotten U, Neuberger HR, Bo
pressure during obstructive respiratory events promotes atrial ﬁbrillation by
vagal activation. Heart Rhythm 2011;8:1436e43.
Orban M, Bruce CJ, Pressman GS, Leinveber P, Romero-Corral A, Korinek J,
et al. Dynamic changes of left ventricular performance and left atrial volume
induced by the mueller maneuver in healthy young adults and implications
for obstructive sleep apnea, atrial ﬁbrillation, and heart failure. Am J Cardiol
2008;102:1557e61.
Ravelli F, Allessie M. Effects of atrial dilatation on refractory period and
vulnerability to atrial ﬁbrillation in the isolated Langendorff-perfused rabbit
heart. Circulation 1997;96:1686e95.
Eijsbouts SC, Majidi M, van Zandvoort M, Allessie MA. Effects of acute atrial
dilation on heterogeneity in conduction in the isolated rabbit heart.
J Cardiovasc Electrophysiol 2003;14:269e78.
Walters TE, Lee G, Spence S, Larobina M, Atkinson V, Antippa P, et al.
Acute atrial stretch results in conduction slowing and complex signals at the
pulmonary vein to left atrial junction: insights into the mechanism of pulmonary vein arrhythmogenesis. Circ Arrhythm Electrophysiol 2014;7:
1189e97.
Schotten U, Verheule S, Kirchhof P, Goette A. Pathophysiological
mechanisms of atrial ﬁbrillation: a translational appraisal. Physiol Rev
2011;91:265e325.

Please cite this article in press as: Linz D, et al., Atrial arrhythmogenesis in obstructive sleep apnea: Therapeutic implications, Sleep Medicine
Reviews (2015), http://dx.doi.org/10.1016/j.smrv.2015.03.003

D. Linz et al. / Sleep Medicine Reviews xxx (2015) 1e8
[28] Linz D, Mahfoud F, Schotten U, Ukena C, Neuberger HR, Wirth K, et al.
Renal sympathetic denervation suppresses postapneic blood pressure rises
and atrial ﬁbrillation in a model for sleep apnea. Hypertension 2012;60:
172e8.
€hm M, Wirth K. Combined blockade of
[29] Linz D, Schotten U, Neuberger HR, Bo
early and late activated atrial potassium currents suppresses atrial ﬁbrillation
in a pig model of obstructive apnea. Heart Rhythm 2011;8:1933e9.
[30] Linz D, Hohl M, Nickel A, Mahfoud F, Wagner M, Ewen S, et al. Effect of renal
denervation on neurohumoral activation triggering atrial ﬁbrillation in
obstructive sleep apnea. Hypertension 2013;62:767e74.
€hm M.
[31] Linz D, Hohl M, Ukena C, Mahfoud F, Wirth K, Neuberger HR, Bo
Obstructive respiratory events increase premature atrial contractions after
cardioversion.
Eur
Respir
J
2015.
http://dx.doi.org/10.1183/
09031936.00175714. ERJ-01757-2014.R1.
[32] Iwasaki YK, Shi Y, Benito B, Gillis MA, Mizuno K, Tardif JC, et al. Determinants
of atrial ﬁbrillation in an animal model of obesity and acute obstructive sleep
apnea. Heart Rhythm 2012;9:1409e16.
[33] Stevenson IH, Roberts-Thomson KC, Kistler PM, Edwards GA, Spence S,
Sanders P, et al. Atrial electrophysiology is altered by acute hypercapnia but
not hypoxemia: implications for promotion of atrial ﬁbrillation in pulmonary
disease and sleep apnea. Heart Rhythm 2010;7:1263e70.
[34] Lammers WJ, Kirchhof C, Bonke FI, Allessie MA. Vulnerability of rabbit atrium
to reentry by hypoxia. Role of inhomogeneity in conduction and wavelength.
Am J Physiol 1992;262:H47e55.
[35] Lin YK, Lai MS, Chen YC, Cheng CC, Huang JH, Chen SA, et al. Hypoxia and
reoxygenation modulate the arrhythmogenic activity of the pulmonary vein
and atrium. Clin Sci (Lond) 2012;122:121e32.
*[36] Somers VK, Dyken ME, Mark AL, Abboud FM. Sympathetic-nerve activity
during sleep in normal subjects. N Engl J Med 1993;328:303e7.
[37] Heusser K, Dzamonja G, Breskovic T, Steinback CD, Diedrich A, Tank J, et al.
Sympathetic and cardiovascular responses to glossopharyngeal insufﬂation
in trained apnea divers. J Appl Physiol 2010;109:1728e35.
[38] Somers VK, Dyken ME, Skinner JL. Autonomic and hemodynamic responses
and interactions during the Mueller maneuver in humans. J Auton Nerv Syst
1993;44:253e9.
€ hm M. Atrial autonomic
*[39] Linz D, Ukena C, Mahfoud F, Neuberger HR, Bo
innervation: a target for interventional antiarrhythmic therapy? J Am Coll
Cardiol 2014;63:215e24.
[40] Linz D, van Hunnik A, Ukena C, Ewen S, Mahfoud F, Schirmer SH, et al. Renal
denervation: effects on atrial electrophysiology and arrhythmias. Clin Res
Cardiol 2014;103:765e74.
[41] Ghias M, Scherlag BJ, Lu Z, Niu G, Moers A, Jackman WM, et al. The role of
ganglionated plexi in apnea-related atrial ﬁbrillation. J Am Coll Cardiol
2009;54:2075e83.
[42] Hering D, Lambert EA, Marusic P, Walton AS, Krum H, Lambert GW, et al.
Substantial reduction in single sympathetic nerve ﬁring after renal denervation in patients with resistant hypertension. Hypertension 2013;61:
457e64.
[43] Gao M, Zhang L, Scherlag BJ, Huang B, Stavrakis S, Hou YM, et al. Low-level
vagosympathetic trunk stimulation inhibits atrial ﬁbrillation in a rabbit
model of obstructive sleep apnea. Heart Rhythm 2015;12:818e24. http://
dx.doi.org/10.1016/j.hrthm.2014.12.024.
*[44] Dimitri H, Ng M, Brooks AG, Kuklik P, Stiles MK, Lau DH, et al. Atrial
remodeling in obstructive sleep apnea: implications for atrial ﬁbrillation.
Heart Rhythm 2011;9:321e7.
[45] Yagmur J, Yetkin O, Cansel M, Acikgoz N, Ermis N, Karakus Y, et al. Assessment of atrial electromechanical delay and inﬂuential factors in patients with
obstructive sleep apnea. Sleep Breath 2012;16:83e8.
*[46] Iwasaki YK, Kato T, Xiong F, Shi YF, Naud P, Maguy A, et al. Atrial ﬁbrillation
promotion with long-term repetitive obstructive sleep apnea in a rat model.
J Am Coll Cardiol 2014;64:2013e23.
[47] Ohga E, Tomita T, Wada H, Yamamoto H, Nagase T, Ouchi Y. Effects of
obstructive sleep apnea on circulating ICAM-1, IL-8, and MCP-1. J Appl Physiol
2003;94:179e84.
[48] Shamsuzzaman AS, Winnicki M, Lanfranchi P, Wolk R, Kara T, Accurso V, et al.
Elevated C-reactive protein in patients with obstructive sleep apnea. Circulation 2002;105:2462e4.
[49] Rey S, Del Rio R, Alcayaga J, Iturriaga R. Chronic intermittent hypoxia enhances cat chemosensory and ventilatory responses to hypoxia. J Physiol
2004;560:577e86.
[50] Narkiewicz K, van de Borne PJH, Pesek CA, Dyken ME, Montano N,
Somers VK. Selective potentiation of peripheral chemoreﬂex sensitivity in
obstructive sleep apnea. Circulation 1999;99:1183e9.
[51] del Rio R, Moya EA, Parga MJ, Madrid C, Iturriaga R. Carotid body inﬂammation and cardiorespiratory alterations in intermittent hypoxia. Eur Respir J
2012;39:1492e500.
[52] Lam SY, Liu Y, Ng KM, Liong EC, Tipoe GL, Leung PS, et al. Upregulation of a
local renin-angiotensin system in the rat carotid body during chronic intermittent hypoxia. Exp Physiol 2014;99:220e31.
[53] Fletcher EC, Lesske J, Behm R, Miller III CC, Stauss H, Unger T. Carotid chemoreceptors, systemic blood pressure, and chronic episodic hypoxia
mimicking sleep apnea. J Appl Physiology 1992;72:1978e84.
[54] Fletcher EC, Lesske J, Qian W, Miller III CC, Unger T. Repetitive, episodic
hypoxia causes diurnal elevation of blood pressure in rats. Hypertension
1992;19:555e61.

7

[55] Møller DS, Lind P, Strunge B, Pedersen EB. Abnormal vasoactive hormones
and 24-hour blood pressure in obstructive sleep apnea. Am J Hypertens
2003;16:274e80.
[56] Mancuso M, Bonanni E, LoGerfo A, Orsucci D, Maestri M, Chico L, et al.
Oxidative stress biomarkers in patients with untreated obstructive sleep
apnea syndrome. Sleep Med 2012;13:632e6.
[57] Peppard PE, Young T, Palta M, Skatrud J. Prospective study of the association
between sleep-disordered breathing and hypertension. N Engl J Med
2000;342:1378e84.
[58] Logan AG, Perlikowski SM, Mente A, Tisler A, Tkacova R, Niroumand M, et al.
High prevalence of unrecognized sleep apnoea in drug-resistant hypertension. J Hypertens 2001;19:2271e7.
[59] Kistler PM, Sanders P, Dodic M, Spence SJ, Samuel CS, Zhao C, et al. Atrial
electrical and structural abnormalities in an ovine model of chronic blood
pressure elevation after prenatal corticosteroid exposure: implications for
development of atrial ﬁbrillation. Eur Heart J 2006;27:3045e56.
[60] Lau DH, Mackenzie L, Kelly DJ, Psaltis PJ, Brooks AG, Worthington M, et al.
Hypertension and atrial ﬁbrillation: evidence of progressive atrial remodeling with electrostructural correlate in a conscious chronically instrumented
ovine model. Heart Rhythm 2010;7:1282e90.
[61] Choisy SC, Arberry LA, Hancox JC, James AF. Increased susceptibility to atrial
tachyarrhythmia in spontaneously hypertensive rat hearts. Hypertension
2007;49:498e505.
[62] Dublin S, French B, Glazer NL, Wiggins KL, Lumley T, Psaty BM, et al. Risk of
new-onset atrial ﬁbrillation in relation to body mass index. Arch Intern Med
2006;166:2322e8.
[63] Wong CX, Abed HS, Molaee P, Nelson AJ, Brooks AG, Sharma G, et al. Pericardial fat is associated with atrial ﬁbrillation severity and ablation outcome.
J Am Coll Cardiol 2011;57:1745e51.
[64] Abed HS, Samuel CS, Lau DH, Kelly DJ, Royce SG, Alasady M, et al. Obesity
results in progressive atrial structural and electrical remodeling: Implications
for atrial ﬁbrillation. Heart Rhythm 2013;10:90e100.
[65] Sullivan CE, Issa FG, Berthon-Jones M, Eves L. Reversal of obstructive sleep
apnoea by continuous positive airway pressure applied through the nares.
Lancet 1981;1:862e5.
[66] Narkiewicz K, Kato M, Phillips BG, Pesek CA, Davison DE, Somers VK.
Nocturnal continuous positive airway pressure decreases daytime sympathetic trafﬁc in obstructive sleep apnea. Circulation 1999;100:2332e5.
[67] Hall AB, Ziadi MC, Leech JA, Chen SY, Burwash IG, Renaud J, et al. Effects of
short-term continuous positive airway pressure on myocardial sympathetic
nerve function and energetics in patients with heart failure and obstructive
sleep apnea: a randomized study. Circulation 2014;130:892e901.
[68] Mills PJ, Kennedy BP, Loredo JS, Dimsdale JE, Ziegler MG. Effects of nasal
continuous positive airway pressure and oxygen supplementation on
norepinephrine kinetics and cardiovascular responses in obstructive sleep
apnea. J Appl Physiol 2006;100:343e8.
[69] Kohler M, Pepperell JCT, Casadei B, Craig S, Crosthwaite N, Stradling JR, et al.
CPAP and measures of cardiovascular risk in males with OSAS. Eur Respir J
2008;32:1488e96.
€
[70] Karamanlı H, Ozol
D, Ugur KS, Yıldırım Z, Armutçu F, Bozkurt B, et al. Inﬂuence of CPAP treatment on airway and systemic inﬂammation in OSAS
patients. Sleep Breath 2014;18:251e6.
[71] Nicholl DD, Hanly PJ, Poulin MJ, Handley GB, Hemmelgarn BR, Sola DY, et al.
Evaluation of CPAP therapy on renin-angiotensin system activity in
obstructive sleep apnea. Am J Respir Crit Care Med 2014;190:572e80.
[72] Sharma SK, Agrawal S, Damodaran D, Sreenivas V, Kadhiravan T, Lakshmy R,
et al. CPAP for the metabolic syndrome in patients with obstructive sleep
apnea. N Engl J Med 2011;365:2277e86.
[73] Gottlieb DJ, Punjabi NM, Mehra R, Patel SR, Quan SF, Babineau DC, et al.
Redline S.CPAP versus oxygen in obstructive sleep apnea. N Engl J Med
2014;3702:2276e85.
[74] Oliveira W, Campos O, Cintra F, Matos L, Vieira ML, Rollim B, et al. Impact of
continuous positive airway pressure treatment on left atrial volume and
function in patients with obstructive sleep apnoea assessed by real-time
three-dimensional echocardiography. Heart 2009;95:1872e8.
[75] Colish J, Walker JR, Elmayergi N, Almutairi S, Alharbi F, Lytwyn M, et al.
Obstructive sleep apnea: effects of continuous positive airway pressure on
cardiac remodeling as assessed by cardiac biomarkers, echocardiography,
and cardiac MRI. Chest 2012;141:674e81.
[76] Butt M, Dwivedi G, Shantsila A, Khair OA, Lip GY. Left ventricular systolic and
diastolic function in obstructive sleep apnea: impact of continuous positive
airway pressure therapy. Circ Heart Fail 2012;5:226e33.
[77] Bayir PT, Demirkan B, Bayir O, Duyuler S, Firat H, Güray U, et al. Impact of
continuous positive airway pressure therapy on atrial electromechanical
delay and P-wave dispersion in patients with obstructive sleep apnea. Ann
Noninvasive Electrocardiol 2014;19:226e33.
[78] 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;3:1024e8.
[79] Ng CY, Liu T, Shehata M, Stevens S, Chugh SS, Wang X. Meta-analysis of
obstructive sleep apnea as predictor of atrial ﬁbrillation recurrence after
catheter ablation. Am J Cardiol 2011;108:47e51.
[80] Li L, Wang ZW, Li J, Ge X, Guo LZ, Wang Y, et al. Efﬁcacy of catheter ablation of
atrial ﬁbrillation in patients with obstructive sleep apnoea with and without

Please cite this article in press as: Linz D, et al., Atrial arrhythmogenesis in obstructive sleep apnea: Therapeutic implications, Sleep Medicine
Reviews (2015), http://dx.doi.org/10.1016/j.smrv.2015.03.003

8

D. Linz et al. / Sleep Medicine Reviews xxx (2015) 1e8

continuous positive airway pressure treatment: a meta-analysis of observational studies. Europace 2014;16:1309e14.
[81] Jongnarangsin K, Chugh A, Good E, Mukerji S, Dey S, Crawford T, et al. Body
mass index, obstructive sleep apnea, and outcomes of catheter ablation of
atrial ﬁbrillation. J Cardiovasc Electrophysiol 2008;19:668e72.
*[82] Fein AS, Shvilkin A, Shah D, Haffajee CI, Das S, Kumar K, et al. Treatment of
obstructive sleep apnea reduces the risk of atrial ﬁbrillation recurrence after
catheter ablation. J Am Coll Cardiol 2013;62:300e5.
[83] Szymanski FM, Filipiak KJ, Platek AE, Hrynkiewicz-Szymanska A,
Kotkowski M, Kozluk E, et al. Presence and severity of obstructive sleep
apnea and remote outcomes of atrial ﬁbrillation ablations - a long-term
prospective, cross-sectional cohort study. Sleep Breath 2015. http://
dx.doi.org/10.1007/s11325-014-1102-x [Epub ahead of print].

[84] Levy LM, Pepin J-L, Tamisier R, Neuder Y, Baguet J-P, Javaheri S. Prevalence
and impact of central sleep apnea in heart failure. Sleep Med Clin 2007;2:
615e21.
[85] Bitter T, Faber L, Hering D, Langer C, Horstotte D, Oldenburg O. Sleep-disordered breathing in heart failure with normal left ventricular ejection fraction.
Eur J Heart Fail 2009;11:602e8.
[86] Bitter T, Langer C, Vogt J, Lange M, Horstkotte D, Oldenburg O. Sleep-disordered breathing in patients with atrial ﬁbrillation and normal systolic left
ventricular function. Dtsch Arztebl Int 2009;106:164e70.
[87] Bordier P, Maurice-Tison S, Ramana NK. Overdrive ventricular pacing in
pacemaker recipients with permanent atrial ﬁbrillation and sleep apnea.
J Clin Sleep Med 2012;8:257e64.

Please cite this article in press as: Linz D, et al., Atrial arrhythmogenesis in obstructive sleep apnea: Therapeutic implications, Sleep Medicine
Reviews (2015), http://dx.doi.org/10.1016/j.smrv.2015.03.003

