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Abstract
Impact Statement

This comprehensive review elucidates the close rela-
tionship between the presence of obstructive sleep
apnea and atrial fibrillation incidence and recurrence.
It reviews their common and dependent etiologies
and modifiable variables that will impact the preven-
tion and management strategies of atrial fibrillation.

Atrialfibrillation is the most common cardiac arrhythmia with its prevalence expected
to increase to 12.1 million people in the United States by 2030. Chronic underlying
conditions that affect the heart and lungs predispose patients to develop atrial
fibrillation. Obstructive sleep apnea is strongly associated with atrial fibrillation.
Several pathophysiological mechanisms have been proposed to elucidate this
relationship which includes electrophysiological substrate modification and the
contribution of the autonomic nervous system. In this comprehensive review, we
highlight important relationships and plausible causality between obstructive sleep

apnea and atrial fibrillation which will improve our understanding in the evaluation,
management, and prevention of atrial fibrillation. This is the most updated comprehensive review of the relationship between

obstructive sleep apnea and atrial fibrillation.
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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhyth-
mia. It is expected to affect 12.1 million people in the United
States by 2030.12 Chronic underlying conditions that affect
the heart and lungs predispose patients to develop AF, par-
ticularly coronary artery disease, valvular disease, heart fail-
ure, pulmonary hypertension, and obstructive sleep apnea
(OSA). AF is associated with increased incidence of thrombo-
embolic events, cerebrovascular events, and hospitalizations.

OSA is a common respiratory illness that is strongly
associated with AF3# with incidence of AF 88% higher in
patients with OSA.5 In a study of 2911 males, participants
with greater severity of sleep-disordered breathing (SDB)
had increased odds of AF (odds ratio [OR]=2.15, 95% con-
fidence interval [CI], 1.12-1.82), and the severity of hypoxia
was associated with complex ventricular ectopy (P < 0.001).6
Furthermore, the prevalence of AF in OSA patient is likely
an underestimate, given that many patients with AF have
undiagnosed OSA. Certain predictors such as plasma vis-
fatin concentration are associated with the diagnosis of OSA
in patients with AE” In rat model, cumulative exposure to
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transient OSA-related conditions increases AF susceptibility.?
There is a correlation between OSA and increased cardi-
oembolic risk of a cerebrovascular accident in patients with
AF?10 this is even greater when there are increased indices
of hypoxia during sleep.!!

Several pathophysiological mechanisms have been pro-
posed to elucidate the development of AF in OSA, which
include hypoxia-induced arrhythmogenesis, structural
remodeling, autonomic imbalance, and SDB and arrhythmo-
genesis.'?13 This is summarized in Figure 1. Some studies
have proposed that the current treatment of OSA via reoxy-
genation promotes conduction abnormalities, resulting in AF
vulnerability. This review of the link between OSA and AF
will discuss the current proposed pathophysiological mecha-
nisms associated with the occurrence of AF in OSA, preva-
lence of AF in OSA, role of ablative therapy in untreated
OSA, and current treatment modalities for AF.

Hypoxia-induced arrhythmogenesis

Several mechanisms by which hypoxia induces a propensity
toward arrhythmogenesis have been proposed. Studies in
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Figure 1. Pathophysiological mechanisms causing atrial fibrillation in patients
with obstructive sleep apnea.

animals and humans have been performed and suggest that
hypoxia induces expression of factors that contribute to struc-
tural remodeling and conduction abnormalities. For patients
investigated for OSA, there is an association of nocturnal
hypoxemia and pulse rate variability, which are independent
predictors of incidental AF.!* Hypoxic conditions created by
OSA favor the upregulation of hypoxia-induced factor-1a
(HIF-1a), which is the transcription factor of hypoxic-induced
vascular endothelial growth factor (VEGF). HIF-1a/VEGF
both share a potential role in the increased expression of
matrix metalloproteinase-9 (MMP-9), particularly in patients
with paroxysmal/persistent AF, thus suggesting a possible
significant role in atrial structural remodeling.!>'” However,
an emerging theory has been proposed that the Warburg
effect, a form of tumor cell metabolism under hypoxic con-
ditions, plays a significant role in transcription of HIF-1a
leading to increased expression of VEGF and upregulation
of inflammatory cells, resulting in the progression of AF
through fibrosis and development conduction abnormali-
ties.!8 In other studies, hypoxia contributed to alterations in
cardiac conduction via shortening action potentials, prolon-
gation, and heterogeneity of refractory periods, early after-
depolarizations, and increased pulmonary vein (PV) firings.
However, the correction of the hypoxia resulted in increased
vulnerability to AF." In a study by Lin et al.,?” hypoxia short-
ened the action potential duration and reduced PV firing, but
reoxygenation induced PV burst firings. In another study,
hydrogen peroxide caused increased PV burst firings and
early afterdepolarizations, suggesting that oxidative stress
favors PV arrhythmogenesis.?! Connexin-43 is a major gap
junction protein with expression reversibly reduced by
hypoxia with increased correlation of AF in rats, and inter-
estingly, cardiac sympathetic denervation which increases
the connexin-43 expression in these hypoxic mouse models
reduces AF occurrence.??

Stretch-induced structural remodeling

Structural remodeling of the atria in OSA-causing AF has
been previously investigated. Intrathoracic pressure shifts,
because of repetitive apnea episodes, is a proposed mecha-
nism of structural remodeling, leading to atrial dilation and
remodeling near the PV.2> Negative tracheal pressures, up to
—100mbar, were shown to shorten atrial effective refractory
period (AERP) and enhance susceptibility to AF in anesthe-
tized pigs.?* Moreover, OSA is a risk factor for diastolic dys-
function, which also contributes to manifestations of AF by
interfering with cardiac structure. In a study assessing how
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obesity promotes AF in rats, obstructive apnea-induced AF
due to diastolic dysfunction in obese rats compared to lean
rats, suggesting another arrhythmogenic substrate for AF.%

Atrial fibrosis is the primary substrate for the develop-
ment of AF.2627 The long-term effects of repeated apnea
phases demonstrated increased duration of AF in chronic
OSA rats compared to control rats, inducibility in 82.4%
(P <0.05) of chronic AF rats, and significant conduction
slowing.?® This study was one of the initial studies to intro-
duce the role connexin-43 may have in conduction abnor-
malities. Recurrent apneas promote atrial fibrosis via local
and systemic inflammation (IL-6) and selective reduction
in collagen degradation (MMP-2).28 Furthermore, it has
been proposed that the organization of interstitial colla-
gen rather than the amount of collagen present seems to
contribute to changes in conduction velocity. Krul et al in
2015 investigated conduction velocities in 35 left atrial (LA)
appendages during pulmonary vein isolation (PVI) for AF
and concluded that the thickness of the collagen fibrils was
associated with increased longitudinal conduction velocities
and activation times.?” Other studies show these findings
in the left atrium are not similar for the right atrium where
no observable histological differences in human right atrial
tissue was seen for individuals at high or low risk of OSA.30
OSA causes fibrosis in the atrium which was seen by late
gadolinium enhancement technique of cardiac magnetic
resonance, and this was an independently associated pre-
dictor of AF in patients with OSA. 3!

Autonomic imbalance

Autonomic changes have been implicated in the develop-
ment of AF. Alterations in sympathetic tone during apnea
episodes stimulate sympathetic activation via chemorecep-
tors and/or decreased parasympathetic tone that has been
demonstrated through impaired vagal input, diminished
baroreflex sensitivity, and impairment of the parasympa-
thetic components of heart rate variability.3?

Severe intermittent hypoxemia, acidosis, and hypercap-
nia can result in sympathetic activation leading to heart rate
and blood pressure elevation.'” Conversely, hypoxemia in
setting of apnea can also trigger a vagal response® and the
negative intrathoracic pressure stimulates the parasympa-
thetic nervous system.3* The ANS imbalance may precipitate
electrical changes in the atrium that predisposes to AF.1%

A study reported that there was increased sympathetic
activity, in the form of blood pressure elevation, in patients
with OSA during wakefulness and during sleep; however,
the use of CPAP improved these findings.3

Since then, many studies have investigated the associa-
tion between OSA and hypertension, which is a known risk
factor for AF possibly through stretch-induced changes con-
tributing to diastolic dysfunction.?-3 The neural activity of
the left stellate ganglion was enhanced in OSA compared
to control dog model and this was thought to accelerate LA
neural remodeling to increase AF.40 Superior left ganglionic
plexus ablation was shown to suppress AF in chronic OSA
mouse model by inhibition of its sympathovagal hyper-
activity.*! Low-level vagus nerve stimulation has also been
shown to suppress acute OSA and suppressing AF.#



SDB events and arrhythmogenesis

SDB is defined by repeated episodes of apnea and hypo-
pnea during slumber® and has been shown to increase the
risk of AF incidence.** In addition, studies have revealed a
temporal association between nocturnal AF episodes and
individual apneic events.#>4 One mechanism of apnea-
related arrhythmogenesis involves the wide fluctuations
of intrathoracic pressures during airway obstruction. More
specifically, inspiratory effort on the collapsed upper air-
way during sleep generates negative intrathoracic pressures
resulting in wider atrial transmural pressure gradients and
atrial wall distension.*>4¢ Orban et al simulated this phenom-
enon using the Mueller maneuver (inhalation with mouth
and nostrils closed) in 20 healthy adults and demonstrated
a decrease in LA volume during the maneuver with a sub-
sequent compensatory increase above baseline following
release.*” Over time, continual obstructive events cause
recurrent atrial wall stretching and can result in structural
and functional atrial remodeling.*® Furthermore, atrial dila-
tation has been shown to further promote electrophysiologic
changes. This was demonstrated by Linz et al who applied
negative tracheal pressure during tracheal occlusion in pigs
and observed shortened atrial refractory periods with ampli-
fied AF inducibility.* Large, prospective studies have also
shown increased risk of new-onset AF in patients with larger
LA diameters.#5

During an apneic episode, upper airway obstruction
impairs gas exchange and leads to hypoxia, an independent
risk factor for AF incidence.** Upon resolution of obstruction,
reoxygenation ensues and may result in cardiac structural
oxidative injury due to reactive oxygen species®! which are
associated with arrhythmogenesis.5? In addition, Stevenson
et al studied the electrophysiologic effects of episodic
hypoxia and hypercapnia using sheep under autonomic
blockade. Hypercapnia resulted in prolongation of the AERP
and increased right atrial conduction times; the propensity
for AF was notably decreased during hypercapnia likely by
its effect on the refractory period. However, upon restor-
ing eucapnia, an increase in AF susceptibility was observed
as the AERP had recovered while atrial conduction time
remained slow for 2h following normalization of blood gas
levels.'

Overall, the pathophysiologic interplay between AF
and SDB is best described by the changes in intrathoracic
pressure, hypoxia, and hypercapnia thereby promot-
ing atrial structural and electrical remodeling and thus
arrhythmogenesis.

Prevalence of comorbid OSA and AF

Publications of the relationship between OSA and cardiac
arrhythmias date to 1983. Guilleminault et al observed 400
patients with OSA under 24h electrocardiogram (ECG)
monitoring and demonstrated resolution of some arrhyth-
mias following tracheostomy.® Since that time, studies have
continually indicated a robust association between OSA and
AFE?5456 The Sleep Heart Health Study reported four times
higher risk of AF in patients with severe OSA as compared
to those without OSA (adjusted odds ratio: 4.02; 95% CI,
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1.03-15.74).%5 In addition, a retrospective analysis of 3542
adults with no prior AF history demonstrated several strong
predictors of AF incidence, including BMI, OSA, and OSA
severity.# The probability of AF recurrence following abla-
tion is threefold higher in those with OSA.5” Another study
revealed that the odds of OSA were doubled in those with AF
even after risk factor adjustment.® Furthermore, in a study
involving 150 patients with AF, 74% of patients demon-
strated SDB with 42.7% having OSA.% In conclusion, while
the mechanisms of association between OSA and AF are
complex, multiple studies have demonstrated the increased
prevalence of comorbid OSA and AF.

Relation of OSA and AF to congestive
heart failure

Congestive heart failure (CHF) is associated with OSA and
AF. They have similar risk factors, such as hypertension,
advanced age, and obesity. OSA affects CHF by compromis-
ing filling and emptying of the left ventricle by intrathoracic
pressure variation and by sympathetic stimulation.®® The
increased venous and extravascular fluid volume leads to
SDB disorder which includes OSA.%* Current recommenda-
tion suggests CPAP therapy improves CHF in patients with
OSA diagnoses.®?

CHEF plays a major role in the etiology and morbidity of
AF. CHF over time could lead to atrial remodeling through
direct atrial enlargement from increased ventricular vol-
ume and pressure and indirectly through substrates, such
as the reactive oxygen species from CHF and SDB.% These
atrial changes increase the probability of AF occurrence.
CHF increases the risk of stroke in AF. AF can directly lead
to worsening of CHF symptoms by eliminating the atrial
contraction component of left ventricular filling and lead
to short-term and long-term worsening of ventricular myo-
cardial function due to tachycardia from rapid ventricular
response. A holistic management of CHF, OSA, AF, and
their modifiable risk factors is essential to optimize each
individual condition. In addition to monitoring body fluid
content for CHF management, and detection of cardiac
arrhythmias, such as AF, some cardiac implantable elec-
tronic devices have algorithms to detect advanced OSA®%
which could aid in detection and management of sleep
apnea.

The relationship of therapy of
OSA and AF

Diagnosing and treating OSA is an important part of the
workup prior to considering catheter-based PVI for the treat-
ment of AF.%56¢ One meta-analysis showed a 25% overall
greater risk of AF recurrence with patients with OSA com-
pared to patients without OSA.% Although a study showed
no statistically significant reduction in the burden of AF
with CPAP therapy,®” most other studies showed a correla-
tion with therapy for OSA associated with AF recurrence
with an increase in AF recurrence after catheter ablation for
untreated OSA® and a decrease in AF recurrence after PVI
for patients treated with CPAP.% Additional studies showed
a positive correlation with treatment of OSA with CPAP and
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a reduction in recurrence of AF, irrespective of patient under-
going PVI.70

The Sauer Heart Rhythm study”! looked more into issues
with the actual procedure itself. Specifically, the effective-
ness of PVI for the treatment of AF and the possibility of
recurrence of PV conduction post procedure due to acute
PV reconnection and the associated long-term clinical out-
comes. The study showed acute return of PV conduction
after a successful ablation occurred more in the older popu-
lations, patients with non-paroxysmal AF, hypertension, a
large atrium, and OSA and less dependent on the power
and duration of the energy delivered, or even the specific
catheter tip used during the procedure (4 vs 8 mm catheter).

There is a reduced risk of AF recurrence after PVI for
patients with OSA who use CPAP for at least greater than
4h a night.”? The study showed that patients with OSA have
increased blood pressures, pulmonary artery pressures, right
ventricular volumes, LA sizes, and left ventricular masses,
all of which improved following CPAP treatment. The lower
blood pressure, ventricular mass, and left atrium size follow-
ing treatment decreased the risk of AF recurrence after PVI.”
There is limited benefit for patients with OSA going through
PVI for AF if not treated with CPAP.”

Other risk factors for AF recurrence within a 12-month
period include early recurrence of AF, defined as recurrent
AF within 0- to 3-month blanking period, and an LA diam-
eter of greater than 40 mm.”> OSA continues to be identified
as a risk factor for the persistent AF group undergoing cry-
oballoon ablation.

Cardiac arrhythmias can be decreased after three months
of CPAP therapy for patients with untreated OSA, with the
severity of OSA being correlated to the prevalence of cardiac
arrhythmias.” Weight control, in addition to CPAP com-
pliance and early AF intervention, reduces the risk of AF
recurrence in OSA patients.” One of the risk factors for OSA
is obesity and weight loss can temporarily reduce AF bur-
den.”® Ongoing weight loss can be associated with a signifi-
cant reduction of AF prevalence and the actual maintenance
of sinus rhythm.”® OSA needs to be diagnosed and treated
for patients with AF. History-taking with various stand-
ard OSA symptoms and demographic questionnaires (such
as Epworth Sleepiness Scale, Berlin Questionnaire, Sleep
Apnea Clinical Score, STOP-Bang, MOODS, and OSA50) is
known to have accuracy in screening for OSA in those who
would need more specific sleep study testing in the general
population, but the accuracy of this is reduced in those with
cardiac conditions, such as AF. These questionnaires will
be a good starting point to identify patients with AF who
have OSA but more objective test, such as the home sleep
apnea testing, is encouraged for those with AF to rule out
OSA.77-80 Metoprolol has been shown to prevent AF in ani-
mal models with chronic OSA by inhibiting atrial structural,
sympathetic nervous and metabolic remodeling?!8? studies
to demonstrate this effect in humans will be valuable. OSA
has been associated with increased incidence of extra-PV
triggers of AF, and elimination of these triggers reduces
arrhythmia recurrence.®® A strong association exists between
OSA and cardiovascular conditions including AF,# in which
prompt diagnosis and management of OSA lead to better
outcomes.
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Conclusions

The link between OSA and AF is a combination of sympa-
thetic and parasympathetic drivers and electrophysiologic
substrate modification. This strong relationship includes
common etiologies, increased prevalence of AF in patients
with untreated OSA, and improved prognosis when OSA
is treated independent of PVI therapy for AE. These factors
should be strongly considered in patients with risk factors of
OSA presenting with an initial episode or recurrence of AE.
For patients who have an unacceptable burden of AF episodes
despite repeat ablations and antiarrhythmic therapy, diag-
nosis and management of OSA should be optimized before
further rhythm control or proceeding to other measures of
control, such as invasive neuromodulation or atrioventricular
node ablation with permanent pacemaker implantation.
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