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Precipitating factors and chronic diseases associated with atrial fibrillation (AF) are detailed in the liter-
ature. Emerging evidence over the last several decades suggests a potential causal relationship between
central sleep apnea (CSA) and AF. Mechanisms including apnea-induced hypoxia with intermittent arou-
sal, fluctuating levels of carbon dioxide, enhanced sympathetic/neurohormonal activation and oxidative
stress causing inflammation have been implicated as etiologic causes of AF within this subpopulation.
CSA affects the efficacy of pharmacologic and catheter-based antiarrhythmic treatments, which is why
treating CSA prior to these interventions may lead to lower rates of AF. Subsequently, a reduction in
the AF burden with transvenous phrenic nerve stimulation (TPNS) has become a topic of interest. The pre-
sent review describes the relationship between these conditions, pathophysiologic mechanisms implicat-
ing the role of CSA in development of AF, and emerging therapeutic interventions.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Atrial fibrillation (AF) is the most common sustained arrhyth-
mia [1]. It is associated with increased morbidity and mortality
due to stroke, thromboembolic events, and heart failure (HF) [1].
By the year 2050, it is projected to affect 15.9 million people, sig-
nificantly influencing healthcare expenditures [2].

Further contributing to the epidemic, sleep apnea has been
associated with higher rates of AF recurrence following cardiover-
sion and ablation [3–6]. However, much of this data is based on
studies analyzing the association of obstructive sleep apnea
(OSA) and AF [3–6]. While the link between central sleep apnea
(CSA) and AF is not as well studied in the literature, evidence has
been emerging on the topic over the last decade [7,8]. The associ-
ation of CSA and AF suggests CSA may be a marker of abnormal
autonomic function, respiratory chemoreflex sensitivity, and car-
diac function [9]. It has been hypothesized that CSA may have an
acute beneficial effect, but the pathophysiology discussed below
makes it unlikely that this is beneficial chronically [10]. Recogniz-
ing sleep health as a potential modifiable risk factor and coordinat-
ing early treatment strategies is fundamental to cardiovascular
(CV) health.

This review details the association between CSA and AF, the
pathophysiologic mechanisms behind AF occurrence in patients
with CSA and provides an update of therapeutic interventions for
patients with CSA and AF.
2. Central sleep apnea: Definition and diagnosis

CSA is characterized by diminished or absent respiratory effort
during sleep, resulting in repetitive periods of insufficient ventila-
tion and compromised gas exchange that cause individuals to
experience oxygen desaturation and daytime somnolence
[9,11,12]. Compared to OSA where hypoventilation occurs due to
physical obstruction in the upper airways, CSA occurs because of
a problem in the brain stem where signals are not transmitted
effectively to the muscles of respiration, including the diaphragm
[3,13–15]. In some cases of CSA, individuals may experience
recurrent central apneas, lasting greater than 10 s, with a
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crescendo-decrescendo breathing pattern during sleep
[9,11,12,16]. It is important to recognize that the two disorders
can co-exist and patients may exhibit characteristics of both cen-
tral and obstructive sleep apnea also known as complex or mixed
sleep apnea [17]. The diagnostic criteria for CSA varies according
to the type of CSA: primary (idiopathic) CSA, Cheyne-Stokes respi-
ration (CSR), CSA due to high altitude periodic breathing or
hypoventilation-related CSA due to a medical condition, drug or
substance. Generally, the diagnosis requires evidence of recurrent
central apneas via the gold standard diagnostic test, polysomnog-
raphy, symptoms or signs of disrupted sleep, and exclusion of
alternative diagnoses [18] (Table 1).

3. Central sleep apnea as a risk factor for atrial fibrillation

Several studies have confirmed the increased incidence of AF in
CSA patients (Table 2) [7,8,19–25]. Javaheri et al. were one of the
first to observe the increased prevalence of AF in patients with
HF and sleep apnea [19]. These findings prompted more in depth
studies analyzing the different sleep apnea subtypes including
CSA. Although additional studies are needed, CSA was shown to
be an independent risk factor for AF in the Sleep Heart Health
Study [20]. In an analysis conducted by Tung et al., CSA demon-
strated double the risk for AF (OR 2.06, 95% CI 1.23–3.44,
p = 0.0057) in an unselected population without clinical signs of
sleep-disordered breathing (SDB) [20]. Sin et al. analyzed risk fac-
tors for CSA and OSA in men and women with congestive heart fail-
ure (CHF) and demonstrated a strong association between CSA and
AF in patients with CHF; however, Leung et al. revealed that the
strong association between AF and CSA was not confined to
patients with CHF, but also occurs in patients with idiopathic
CSA [19,22]. Mehra et al. evaluated nocturnal arrhythmias in older
men with SDB and found that while OSA and hypoxia were
strongly associated with complex ventricular ectopy (CVE), CSA
was most strongly associated with AF [25]. Grimm et al. further
confirmed a strong correlation between AF and severe CSA [7].

4. Pathophysiological mechanisms implicating central sleep
apnea in atrial fibrillation occurrence

Previous studies have documented the high prevalence of AF in
patients with OSA; however, few studies have delved into the
arrhythmogenic effects of CSA. Below we review the pathophysiol-
ogy of the disease that result in similar fluctuations seen in OSA.

4.1. CSA as a marker for cardiac dysfunction

CSA adversely affects CV function by causing tissue hypoxia,
sleep arousal, and activation of the sympathetic nervous system.
There is emerging evidence implicating that CSA may be a marker
of underlying cardiac dysfunction and even an independent patho-
logic factor, increasing the risk of death [21,23,26,27]. The preva-
lence of CSA in patients with AF is less well defined in
comparison to OSA; however, it has been identified more fre-
quently in patients with HFrEF [28]. Potential mechanisms of AF
occurrence in CSA patients are summarized in Fig. 1.

4.2. Changes in blood and sympathovagal imbalance

Intermittent fluctuations in PaCO2 levels and periodic arousals,
typically lasting 30–60 s, may be greater in CSA than OSA, predis-
posing patients to arrhythmogenic structural and electrical remod-
eling resulting from sympathetic overactivation [21,29]. There are
two forms of CSA: (1) hypercapnic genotype, where PaCO2 levels
are elevated and (2) hypocapnic genotype, where PaCO2 levels
are low to normal [30]. PaCO2 levels are elevated in CSA secondary
to hypoventilation syndrome when there is a reduction in respira-
tory drive from chemoreceptor insensitivity. Respiratory drive is
further suppressed at the onset of sleep with chemosensitivity
depression resulting in increased PaCO2 levels and PaCO2 thresh-
old for apnea [30,31]. PaCO2 levels are low to normal in CSA sec-
ondary to medical conditions that increase respiratory drive (i.e.
CHF) or idiopathic CSA, which is associated with increased
chemosensitivity [32,33]. Arousal events in patients with HF may
precipitate an abrupt increase in respiratory drive that forces
PaCO2 to drop and trigger central apneas through a vagally medi-
ated mechanism of hypersensitivity to PaCO2 levels [30,34]. These
changes in CO2 levels and chemoreceptor sensitivity have been
linked to autonomic nervous system dysregulation and concomi-
tant electrical remodeling predisposing to AF [35–37].

Paroxysms of AF occurring after isolated apneic events may
result from transient tachycardia-induced LV dysfunction and dias-
tolic dysfunction that stems from a reduced cardiac output and
increased pulmonary vascular pressure. These changes can result
in ventilatory instability as seen in CSA [38]. Repeated pulmonary
vagal stimulation during sympathetic activation increases the risk
of AF by shortening the atrial refractory period and decreasing the
threshold of fibrillation, predisposing individuals to focal atrial fir-
ing [39,40].

4.3. Cardiac remodeling

Electrical, contractile and structural remodeling play a crucial
role in the pathogenesis of AF [41]. Specifically, atrial mechanical
and electrical features of CSA may be responsible for the incidence
of AF given a significantly lower left atrial reservoir, conduit, and
contractile phasic function observed primarily in HFrEF patients
with CSA compared to OSA [41]. As mentioned previously, fluctu-
ating levels of CO2 and intermittent arousal are suggested risk fac-
tors for electrical and structural remodeling. Hyperventilation-
induced hypocapnia has been associated with a shorter effective
refractory period, but not conduction time, making more patients
prone to fibrillation [41].

CSA patients have been noted to have increased concentrations
of plasma and urinary norepinephrine and epinephrine which has
been associated with LV dysfunction [29]. Irwin et al. analyzed the
effect of sleep disturbances on catecholamine levels in humans and
found that partial night sleep deprivation and nocturnal arousal
was associated with significant increases in catecholamine levels
[42]. Subsequently, enhancing sympathoadrenal activity increases
the risk for CV disorders through a combination of transient hemo-
dynamic, vasoconstrictive, and prothrombotic processes that are
thought to increase the risk of plaque disruption, thrombosis and
LV dysfunction [43,44].

Abnormal myocardial mechanics evolve during disease progres-
sion in the HF continuum from Stage A to D generating a proar-
rhythmic state [45,46]. Bitter et al., investigated the prevalence
and type of SDB in patients with AF and normal systolic LV func-
tion. Patients with AF had a high prevalence of OSA (43%) and
CSA/CSR (31%). Furthermore, patients with CSA/CSR had a higher
pulmonary artery pressure, higher apnea-hypopnea index (AHI),
a greater LA diameter, and a lower capillary blood pCO2 than
patients with OSA [47]. As CSR is highly prevalent amid individuals
with CHF, treatment should focus on underlying mechanisms by
which CHF increases loop gain and promotes unstable breathing
[48]. Floras and colleagues have recently speculated a mechanism
whereby increased cardiac output triggered by atrial overdrive
pacing result in reductions in lung to chemoreceptor circulation
time and LV filling pressure. This would improve upper airway
patency and stabilize breathing by reducing the loop gain and pre-
venting hyperventilation that initiates CSA [49].



Table 1
Diagnostic criteria for central sleep Apnea.

Primary Central Sleep Apnea:

Criteria A-D must be met
A. The presence of one or more of the following:

a. Sleepiness
b. Insomnia (difficulty initiating or maintaining sleep)
c. Awakening with short of breath
d. Snoring
e. Witnessed apneas

B. PSG reveals all of the following:
a. �5 central apneas and/or central hypopneas per hour of sleep
b. The total number of central apneas and/or central hypopneas is > 50 percent of the total number of apneas and hypopneas.
c. No evidence of CSB

C. There is no evidence of daytime or nocturnal hypoventilation
D. The disorder is not better explained by another current sleep disorder, medical or neurological disorder, medication use, or substance use disorder.

CSA with Cheyne-Stokes breathing:
A + B + (C or D) satisfy the criteria

A. PSG reveals all of the following:

� �5 central apneas and/or central hypopneas per hour of sleep
� The ventilation pattern meets criteria for Cheyne-Stokes breathing: at least three consecutive central apneas and/or

central hypopneas separated by crescendo-decrescendo breathing with a cycle length of at least 40 s
� The total number of central apneas and/or central hypopneas is > 50 percent of the total number of apneas and hypopneas.

B. The disorder is not better explained by another current sleep disorder, medication use (i.e, opioids), or substance use disorder.
C. The presence of one or more of the following:

� Sleepiness
� Insomnia (difficulty initiating or maintaining sleep)
� Awakening with short of breath
� Snoring
� Witnessed apneas

D. The breathing pattern is associated with atrial fibrillation/flutter, congestive heart failure, or a neurological disorder.
CSA due to high altitude periodic breathing:

Criteria A-D must be met:
A. Recent ascent to a high altitude (typically at least 2500 m, although some individuals may exhibit at of 1500 m).
B. The patient reports sleepiness, awakening with shortness of breath, snoring, witnessed apneas, or insomnia (difficulty initiating or

maintaining sleep, frequent awakenings, or nonrestorative sleep).
C. Symptoms are clinically attributable to high-altitude periodic breathing or PSG, if performed, reveals recurrent central apneas or hypopneas

primarily during non-rapid eye movement (NREM) sleep at a frequency of � 5 per hour.
D. The disorder is not better explained by another current sleep disorder, medical or neurological disorder, medication use (eg, narcotics),

or substance use disorder.
CSA due to a medication or substance:

Criteria A-D must be met:
A. The patient is taking an opioid or other respiratory depressant
B. The patient reports sleepiness, awakening with shortness of breath, snoring, witnessed apneas, or insomnia (difficulty initiating

or maintaining sleep, frequent awakenings, or nonrestorative sleep).
C. PSG reveals all of the following:

a. �5 central apneas and/or central hypopneas per hour of sleep
b. The total number of central apneas and/or central hypopneas is > 50 percent of the total number of apneas and hypopneas.
c. No evidence of CSB

D. The disorder is not better explained by another current sleep disorder.
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4.4. Heart failure and CSA

CSA is present in 25–40% of patients with chronic heart failure
(HF) [27]. Arrhythmias in SDB have a higher prevalence in patients
with HF, and are associated with increased morbidity and mortal-
ity and deterioration in quality of life [27,50,51]. Furthermore, sev-
eral studies have reported a higher incidence of AF and reduced
systolic LV-function in CSA patients compared to OSA patients
[23]. CSA leads to marked activation of the sympathetic system,
promoting adverse CV effects and further impairment of cardiac
function [30]. Whether CSA is a reflection of HF severity or an inde-
pendent pathological effect in HF is unclear; however, it is clear
that CSA is concomitantly found in patients with advanced systolic
dysfunction [16,23,29]. The mechanism behind LV dysfunction is
mentioned above; however right ventricular (RV) function may
also be affected in CSA. One of the major factors of RV systolic func-
tion is pulmonary artery pressure [52]. Severe pulmonary arterial
hypertension is often seen in patients with sleep apnea and noctur-
nal desaturation which can result in further impairment of RV
function [50]. This is important because RV dysfunction is a strong
predictor for developing AF in patients with acutely decompen-
sated systolic HF and may lead to worse outcomes when combined
with LV dysfunction [53].
5. Oxidative stress, inflammation, and neurohumoral activation

Inflammation in patients with chronic HF is associated with
adverse outcomes [54–56]. High-sensitivity C-reactive protein (hs-
CRP) is an established risk factor for coronary artery disease and
has beenused as a biomarker of inflammation given its effect on vas-
cular endothelium [57]. Currently, there is limited evidence regard-
ing potential inflammatory response to CSA; however, some studies
have investigated the relationship [54–63]. While the exact patho-
physiological mechanism is poorly understood, similar to OSA, CSA
presents with ventilation arrests resulting in intermittent episodes
of hypoxia and insufficient sleep. These mechanisms may link CSA
to elevated inflammatory markers by triggering CRP biosynthesis



Table 2
Summary of studies investigating risk of atrial fibrillation in central sleep apnea.

Investigator Population Methods of diagnosis for CSA Results

Sin et al.
(1999)

N = 450
Patient with CHF

PSG Patients with CSA were older and had a higher prevalence of AF compared to those
with OSA or no SDB (P < 0.05). AF is an independent risk factor for CSA but not for OSA.
(OR 4.13; 95% CI 1.53 to 11.14)

Leung et al.
(2005)

N = 67
Patients with idiopathic CSA

PSG The prevalence of AF in patients with idiopathic CSA (27%) was 16-fold higher than in
the OSA group (1.7%) and 8-fold higher than in the no-SDB group (3.3%). (P < 0.001).

Oldenburg
et al
(2007)

N = 700
Stable patients with NYHA
class � II and impaired
LVEF � 40%

Cardiorespiratory
polygraphy (Embletta,
Medcare, Island)

The severity of of SDB was significantly worse in CSA patients than OSA patients based
on AHI (30.2/h vs. 18.5/h)
The prevalence of AF was higher in CSA (35%) than in OSA (21%) and no SDB (14%).

Schulz et al.
(2007)

N = 203 1). Stardust II system: for
polygraphy
2) Pressure cannula3)
Plethysmographic belt

AF and lower PCO2 was more often seen in patients with CSR.

Mehra et al.
(2009)

N = 2911
Older men

PSG Increasing SDB severity defined by RDI quartile in unadjusted analyses noted an
increasing percentage of AF. CSA was more strongly associated with AF (OR: 2.69; 95%
CI, 1.61–4.47)

Grimm
et al.
(2015)

N = 267
Patient with LVEF � 50%

PSG Multivariate analysis revealed a significant association between AF and severe CSA
(odds ratio [OR]: 5.21; 95% confidence interval [CI]: 1.67–16.27, P = 0.01)

May et al.
(2016)

N = 843
Older men without prevalent
AF

PSG Central sleep apnea (odds
ratio [OR], 2.58; 95%CI, 1.18–5.66) and CSR with CSA (OR, 2.27; 95%
CI, 1.13–4.56), but not OSA or hypoxemia, predicted
Incidence of AF.

Tung et al.
(2017)

N = 2912
Patients without a history of AF
in the SHHS

PSG CSA was a predictor of incident AF in all adjusted models and associated with a 2- to 3-
fold increased odds of developing AF (central apnea index � 5 odds ratio [OR], 3.00,
1.40–6.44; Cheyne–Stokes respiration OR, 1.83, 0.95–3.54; CSA or Cheyne–Stokes
respiration OR, 2.00, 1.16–3.44).

CHF = congestive heart failure; PSG = polysomnography; CSA = central sleep apnea; OSA = obstructive sleep apnea; AF = atrial fibrillation; SDB = sleep-disordered breathing;
OR = odds ratio; CI = confidence interval; NYHA = New York Heart Association; LVEF = left ventricular ejection fraction; AHI: Apnea hypopnea index; CSR = Cheyne-Stokes
respiration; RDI = Respiratory disturbance index; SHHS = Sleep Heart Health Study.

Fig. 1. Potential pathophysiological mechanisms implicating atrial fibrillation in central sleep apnea patients. The black solid arrows represent the key components related to
unstable breathing and central apnea/hypopnea during sleep.
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and hepatic CRP release via two main pathways: (1) elevated cate-
cholamine levels caused by sympathetic overactivity and/or (2) ele-
vated serum levels of inflammatory cytokines (principally IL-6)
caused by reactive oxygen metabolites due to oxidative stress
[60,62–69]. Oxidative stress has been involved with structural and
electrical remodeling of the heart likely contributing to initiation
and perpetuation of AF [3,70,71]. Schmalgemeier et al. conducted
one of the largest studies to date demonstrating a significant corre-
lation between levels of CRP as a marker of inflammation and LVEF
reflecting severity of HF, and between CRP and AF [54,61–63].

In addition, there are other mechanisms that may contribute to
the negative prognostic impact of CSA, such as a neurohumoral
activation [22]. Atrial oxidative stress may drive the sympathetic
system to activate the renin-angiotensin aldosterone system
(RAAS) which is involved in myocardial fibrosis in hypertensive
heart disease, HF, myocardial injury, and cardiomyopathy. Angio-
tensin II stimulates collagen synthesis, while mitogen-activated
protein kinases (MAPK) are essential mediators of Angiotensin II
effects on tissue structure. Ultimately, activation of MAPK and
excessive collagen deposition may promote arrhythmogenic atrial
structural remodeling [3,72–74].
6. Therapeutic options

Initial management of CSA should begin with assessing, screen-
ing and identifying comorbidities such as hypertension, heart fail-
ure and diabetes and target modifiable risk factors such as HF, rate
or rhythm control of AF or elimination of medications. As discussed
earlier, underlying CSA in HF results in low cardiac output, elevated
sympathetic activation, and pulmonary congestion. Sympathetic
overactivity in the setting of pulmonary congestion leads to hyper-
ventilation that result in a decline in PaCO2 below apneic thresh-
old. Patients will develop an episodic breathing pattern from the
low cardiac output and delay of PaCO2 reaching the respiratory
control center. Consequently, several investigators consider CSA
to be a compensatory response to advanced HF [10,75,76]. Olden-
burg and colleagues agree that CSA could initially have short-term
beneficial compensatory outcomes; however, long-term effects are
detrimental and cause chronic insult to the CV system that result in
progressive LV dysfunction [77].

Bitter and colleagues reported 29% of patients with drug refrac-
tory and symptomatic AF who had been referred for ablation pro-
cedures had CSA or moderate-to severe OSA documented [78].
Guidelines recognize SDB as a clinical risk factor for AF and better
management of SBD should allow the effectiveness of antiarrhyth-
mic treatment to be optimized [79]. Currently, the severity scale
for CSA is the same as OSA: Normal AHI < 5 per hour; mild AHI
5–14 events per hour; moderate AHI 15–30 events per hour; sev-
ere AHI > 30 events per hour [47]. Symptomatic management is
used for mild CSA, while more invasive and expensive therapies
may be used in moderate to severe CSA (i.e. ASV and PNS). Fig. 2
is our proposed treatment scheme based on current options avail-
able for CSA. Furthermore, beneficial effects and outcomes of dif-
ferent therapies can be found in Table 3. It is important to note
that low oxygen level is a risk factor for development of AF; there-
fore, primary treatment for AF in patients with CSA includes
reversing the underlying cause.
6.1. Continuous positive airway pressure (CPAP)

CPAP has traditionally been the first-line therapy for symp-
tomatic patients with hyperventilation-related CSA seen in condi-
tions such as HF. It may diminish the frequency of central apnea by
preventing pharyngeal narrowing that can result in greater nega-
tive airway pressure triggering hyperpnea, hypocapnia and further
episodes of central apnea [80]. CPAP therapy has been associated
with improved sympathetic overactivity and down-regulation of
RAAS caused by periodic arousals and fluctuating levels of PaCO2.
Furthermore, there is evidence that CPAP therapy may reduce
plasma norepinephrine levels along with 24-hour urinary cate-
cholamine excretion consistent with a reduction in sympathetic
nerve activity [3]. This can ultimately prevent or reverse structural
changes associated with SDB that predispose patients to develop-
ing AF.

In patients with CSA-CSR, CPAP therapy has indicated improve-
ment in cardiac function; yet its effect on mortality benefit is
inconclusive. Currently, The Canadian Prospective Continuous Pos-
itive Airway Pressure (CANPAP) trial is the largest study evaluating
CSA concomitant with HF, revealing CPAP’s association with
improved nocturnal oxygenation, diminished norepinephrine
levels, recovery of systolic function, and increased exercise toler-
ance with a six-minute walk test. However, patients had a mean
AHI of 19 events per hour and no morbidity or mortality benefit
with the use of CPAP [81,82]. In a post hoc analysis by Arzt et al.,
HF patients treated early with CPAP and with significant reduction
in AHI to < 15 events per hour, had improvement in LVEF and
transplant-free survival [82].

A metaanalysis by Shukla et al. analyzed a large OSA population
and determined that patients receiving CPAP had a 40% reduction
of AF recurrence after catheter ablation or cardioversion [83]. Sim-
ilar mechanisms are expected in CSA although data is lacking.

Increasingly, home medical devices such as CPAP machines
provide long-term patient monitoring that have detected AF
induced CSA in patients requiring a CPAP for previously diag-
nosed OSA [84]. Although studies are lacking on treatment
options, many have identified a relationship between CSA and AF
[7,9,20,22,25,38,57,84]. Risk factor management has emerged as
a critical component of AF treatment; however, gaining insight into
the role of CSA in patients with AF is the key to development of AF
prevention strategies.

6.2. Supplemental oxygen

Patients with hyperventilation-related CSA who experience
hypoxemia during sleep may benefit from supplemental oxygen
by preventing hyperventilation that may result in central apneas
[81].

6.3. Bilevel positive airway pressure (Bi-PAP)

Bi-PAP is an alternative therapy option to consider in patients
with hypercapnic CSA associated with hypoventilation and no
response to CPAP or oxygen supplementation. It aims to normalize
the AHI with a high inspiratory PAP to expiratory PAP difference
increasing ventilation through tidal volume augmentation [81].
In addition to reinforcing the spontaneous breaths, a back-up res-
piratory rate is required when managing CSA because an increased
tidal volume can lead to worsened hyperventilation, hypocapnia,
and CSA [85,86].

6.4. Adaptive servo-ventilation (ASV)

6.4.1. Patients with EF > 45%
Adaptive servo ventilation (ASV) is a form of positive airway

pressure that remains a therapy option for patients with
hyperventilation-related CSA and HF with preserved EF. Servo-
controlled inspiratory pressure is delivered over expiratory posi-
tive airway pressure based on the detection of apneas during sleep
[87]. Several small studies have demonstrated an improvement of
AHI by a mean of 30 events per hour resulting in improved symp-
toms related to disrupted sleep, LVEF, exercise capacity, and



Fig. 2. Recommended management of central sleep apnea based on etiology.

6 A.M. Sanchez et al. / IJC Heart & Vasculature 30 (2020) 100527
arrhythmic events in patients with implanted cardioverter-
defibrillator devices [81,88–90]. Most recently, a substudy from
the CAT-HF trial by Piccini et al. demonstrated proof of concept
that ASV combined with optimized medical therapy (OMT) led to
a reduction in AF, ventricular tachycardia and ventricular fibrilla-
tion events in comparison to OMT alone [91].

6.4.2. Patients with EF � 45%
Further studies are needed to better assess management

options in patients with CSA and HFrEF intolerant to CPAP. Despite
improvement in LVEF and normalization of AHI in all patients, the
use of ASV in the treatment of HFrEF associated CSA that is moder-
ate to severe is discouraged based on an increased risk of cardiac
mortality [85,92].

Cowie et al. investigated the effects of ASV in patients with
HFrEF and CSA. Despite effective control in SDB, patients had an
increase in all-cause and CV mortality with the use of ASV. The
authors postulated that CSA may be a compensatory mechanism
in patients with HF; diminishing the compensatory adaptive
response with ASV could lead to unfavorable outcomes in HF
patients [87]. Interestingly, Kihara et al. wrote a correspondence
piece, discussing their contradictory results found in the
SAVIOUR-C (Study of the Effects of Adaptive Servo-ventilation
Therapy on Cardiac Function and Remodeling in Patients with
Chronic Heart Failure trial). Patients who received ASV had
significant improvement in quality of life and New York Heart
Association (NYHA) functional class III HF to class II HF [90]. The
difference may lie in servo-ventillation settings. Kihara et al. main-
tained airway pressure at or below default levels while Cowie et al.
manually increased inspiratory PAP and expiratory PAP to suppress
sleep apnea [87,90]. It is plausible that higher increases in positive
airway pressure may reduce cardiac output, induce reflex sympa-
thetic hyperactivity and as seen with Cowie et al. precipitate
adverse events.

6.5. Pharmacological therapy

Respiratory stimulants such as acetazolamide or theophylline
may benefit patients who did not tolerate or benefit from PAP or
supplemental oxygen.

6.5.1. Acetazolamide
Acetazolamide stimulates respiration and decreases frequency

of central apneas by provoking mild metabolic acidosis. This med-
ication has been studied in patients with hyperventilation-related
CSA and reduced AHI while improving sleep quality and daytime
fatigue in short term studies [93,94].

6.5.2. Theophylline
Theophylline, another respiratory stimulant studied in patients

with Cheyne Stokes-CSA breathing, has reduced the number of
central apnea and hypopnea episodes along with duration of



Table 3
Beneficial effects of different therapies for CSA on AF outcomes.

Therapy Beneficial Effect Outcomes

CPAP Diminish frequency of periodic arousals seen with apneic episodes resulting in:
� Improved nocturnal oxygenation
� Improved sympathetic overactivity
� Down-regulation of RAAS
� Diminished catecholamine levels
� Early detection of AF induced CSA in patients requiring a CPAP for previously
diagnosed OSA due to long-term patient monitoring
All the above thought to be involved in the pathophysiology of AF induced by CSA

� Significantly ; the recurrence of AF
� � 50% ; in AHI
� Improved LVEF
� No mortality benefit

Supplemental
Oxygen

� Decreases hypoxic drive and thus weakens the hyperventilatory response
according to change in PaCO2

� Overall very well tolerated
Diminishing hypoxic episodes may prevent electrical and structural cardiac
remodeling that potentially predisposes patients to AF

� �50% ;in AHI
� Nomortality benefit, yet shows improvement in quality of life

Bi-PAP � Good alternative therapy for patients with hypoventilation CSA and no
response to CPAP or oxygen supplementation.

� Normalize AHI by increasing ventilation through tidal volume augmentation
As mentioned with CPAP therapy, improvement in nocturnal oxygenation by nor-
malizing AHI can diminish the risk of AF

� When used with a high IPAP-to-EPAP difference, may worsen
CSA by lowering the PaCO2

ASV � May be beneficial in patients with hyperventilation-related CSA (especially
those with CSB-CSA) and HF with preserved EF.

� The acute use of ASV is effective on CSA by increasing oxygen saturation and
reducing heart rate and heart rate variability

� ASV combined with OMT has demonstrated a reduction in arrhythmias,
including AF when compared to OMT alone.

� Better tolerated by patients compared to PAP as the continuous pressure of
the machine can be highly irritating for some patients.

� The delivery of inspiratory pressure over expiratory pressure allows for sub-
stantial improvement of AHI ultimately reducing the risk for arrhythmias
such as AF
Caution: ASV in HFrEF associated with moderate-severe CSA has been linked to
increased risk of all-cause and cardiac mortality

� Decreased AHI
� Decreased hypoxia
� Increase in all-cause and cardiovascular mortality in patients
with HFrEF

Respiratory
Stimulants

� May be beneficial in patients with hyperventilation-related CSA intolerant to
PAP machines or supplemental oxygen

� Stimulates respiration and decreases frequency of central apnea by provoking
metabolic acidosis
Improved nocturnal oxygenation by decreasing the number of central apnea and
hypopnea episodes can result in less arrhythmias by mechanisms shown in Fig. 1

� Approximate 40–70% ; in AHI
� ; Daytime sleepiness and fatigue
� Limited benefits on cardiac function and sleeping architecture

Phrenic nerve
stimulation

� May be an option for patients with symptomatic CSA who fail or are intolerant
to CPAP and/or other therapies.

� Attain diaphragmatic contraction similar to normal breathing by delivering
transvenous stimulation to the phrenic nerve
Improves quality of life and sleep in patients with CSA and AF regardless of heart
failure status

� >50% Reduction in AHI
� Long-term safety under investigation (Safety and efficacy
through 36 months has been published)Decreased daytime
sleepiness

� Improved Quality of Life
� Decreased arousals and improved REM sleep

CSA = Central sleep apnea; AF = Atrial fibrillation; CPAP = Continuous positive airway pressure; RAAS = Renin angiotensin aldosterone system; OSA = Obstructive sleep apnea;
Bi-PAP = Bilevel positive airway pressure; AHI = apnea-hypopnea index; ASV = Adaptive sero-ventilation; PNS = Phrenic Nerve stimulation
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oxygen desaturation during nocturnal sleep [94]. Patients with
other types of hyperventilation-related CSA have not been evalu-
ated using Theophylline. Neither Theophylline nor Acetazolamide
have been studied in patients with hypoventilation-related CSA.

6.6. Phrenic nerve stimulation

Phrenic nerve stimulation (PNS) is a new FDA approved therapy
for CSA that uses transvenous phrenic nerve stimulation (TPNS) to
restore normal breathing patterns during sleep by contracting the
diaphragm and stabilizing gas exchange. The remedē system
(Respicardia Inc, Minnetonka, MN, USA) is a fully implantable sys-
tem that results in bilateral diaphragmatic activation during epi-
sodes of central apnea. Studies have shown promising results
leading to FDA approval in October of 2017 for moderate to severe
CSA.

Zang et al. first demonstrated the safety and efficiency of phre-
nic nerve stimulation to treat CSA-CSR in patients with HF [95].
Oldenberg et al. proved a 55% reduction in AHI after 3 months of
therapy in patients with CSA and HF (22.4 ± 13.6 episodes vs 49.
5 ± 14.6). Efficacy was maintained at 6 months and 6% of serious
adverse events were related to device, implantation procedure, or
therapy. No lead dislodgements were reported [96]. Jagielski
et al. evaluated long-term outcomes of CSA patients treated with
chronic nocturnal PNS. Results were consistent with those
observed in the pilot study with sustained improvement in AHI,
sleep parameters and quality of life after 12 months [97]. Costanzo
et al. found a significant reduction in severity of CSA with improve-
ments in sleep parameters, oxygenation and quality of life by phre-
nic stimulation [98]. The most recent study published by Fox et al.
evaluated sleep metrics and safety in patients from the remedē
System Pivotal Trial at 24 months and 36 months. The results con-
firmed long-term safety and sustained improvement in sleep met-
rics from PNS in patients with moderate to severe CSA [99].

Currently, PNS is being used in patients with symptomatic CSA
who fail or do not tolerate CPAP or other therapies. Adverse events
related to the device or procedure are representative of early expe-
rience with the implantation technique, technology and tools
available [100]. These studies demonstrate that CSA can be treated
successfully with phrenic pacing. Augostini et al. demonstrated the
safety of PNS and observed an improvement in sleep and quality of
life in CSA patients with AF regardless of HF status following
6 months of PNS therapy [101]. By directly stimulating the phrenic
nerve, improvements in cardiac symptoms, sympathetic surges,
and patient reported outcomes can be achieved with a more natu-
ral breathing pattern.



8 A.M. Sanchez et al. / IJC Heart & Vasculature 30 (2020) 100527
7. Conclusion

CSA is known to cause a number of physiologic stressors,
including hypoxia and sympathetic nervous system activation
associated with poor CV outcomes. The association between CSA
and atrial arrhythmias has been supported by several small studies
of patients initially referred for evaluation of treatment of heart
disease or sleep disorders. Recognizing sleep health as a potential
modifiable CV risk factor, emphasizes the potential usefulness in
screening patients with AF for CSA. While there is increasing evi-
dence that CSA exists independent of symptomatic HF, the mecha-
nisms triggering CSA are likely common to both AF and HF. Initial
management should focus on optimization of all co-morbidities;
nevertheless, effective prevention of central respiratory events sta-
bilizes gas exchange, reduces sympathovagal activation and may
even prevent or reverse structural changes associated with central
breathing disturbances that predispose to AF. While this has been
demonstrated in OSA, there is a clear lack of evidence on the effi-
cacy of treating CSA on AF burden and therefore we anticipate an
improvement. This is an area for future research and could be of
particular interest in patients with or without HF, who have a high
incidence of both CSA and AF.
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