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ABSTRACT 
The majority of patients with heart failure (HF) have sleep disordered breathing (SDB) – with central (rather than obstructive) sleep apnea becoming the predominant form in those with more severe disease. Cyclical apnea and hypopneas are associated with sleep disturbance, hypoxemia, hemodynamic changes, and sympathetic activation. Such patients have a worse prognosis than those without SDB. Mask-based therapies of positive airway pressure targeted at SDB can improve measures of sleep quality and partially normalize the sleep and respiratory physiology, but recent randomized trials of cardiovascular outcomes in central sleep apnea in chronic HF with reduced ejection fraction have been neutral or suggested the possibility of harm, likely from increased sudden death. Further randomised outcome studies are required to determine whether mask-based treatment is appropriate for patients with chronic HFrEF and obstructive sleep apnoea; for those with heart failure with preserved ejection fraction; and for those with decompensated heart failure.  New therapies for sleep apnea – such as implantable phrenic nerve stimulators – also require robust assessment. No longer can the surrogate endpoints of improvement in respiratory and sleep metrics be taken as adequate therapeutic outcome measures in patients with HF and sleep apnoea.
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Sleep disordered breathing (SDB) is common in patients with heart failure (HF), and is  associated with frequent episodic hypoxemia, sympathetic nervous system activation, intrathoracic pressure swings, and sleep fragmentation. 
The two major types of SDB are obstructive sleep apnoea (OSA) and central sleep apnoea (CSA). In OSA there is pharyngeal collapse during sleep with consequent upper airway obstruction.1 Obesity, a short neck and retrognathism predispose to OSA. Rostral fluid shift during sleep, leading to pharyngeal edema, may exacerbate the obstructive tendency.2 In CSA, the underlying abnormality is in the brainstem respiratory centres, with a periodic reduction or cessation of respiratory effort: a modest rise in PaCO2 results in inappropriate hyperventilation,3 driving PaCO2 below the apnoeic threshold causing apnea (complete pause in breathing) or hypopnea (partial reduction in airflow). PaCO2 subsequently rises, and the cycle is repeated. This homeostatic overshoot is exacerbated by the prolonged alveolar-brainstem circulation time seen in more severe HF. In addition, pulmonary congestion stimulates pulmonary J receptors, triggering hyperventilation. A particular form of CSA is a periodic pattern of hyperventilation followed by hypoventilation, termed Cheyne-Stokes Respiration [CSR]. A tendency to progress from OSA to CSA over the course of the night has been observed in HF, likely secondary to progressive pulmonary congestion. 4
Much of the evidence for the benefit of treatment of SDB comes from observational datasets or small randomized trials in non-HF patients. More recently, larger randomized trials have cast doubt on whether mask-based treatment of SDB does improve cardiovascular outcome (in both HF and non-HF populations)(Table 1).
EPIDEMIOLOGY

OSA is as an independent risk factor for the development of HF,5 with more impact in men than in women.6  Prospective data suggest a 2.6 fold increase in the incidence of coronary heart disease and (self-reported) HF, after adjustment for age, sex, body mass index and smoking.7 

SDB is common in HF, with prevalence rates of 50-75%8,9 in both HF-rEF10 or HF-pEF,11-13 SDB is also common in acute HF, with reported prevalences of 44-97%.14,15 CSA prevalence increases as NYHA Class deteriorates, 8,11 and the severity  of CSA/CSR  also mirrors underlying cardiac dysfunction.16 
A large HFrEF registry recently reported a strong association between SDB (detected by a 2-channel screening device with nasal flow and pulse oximetry) and obesity, male sex, atrial fibrillation, age and poorer LV systolic function.17 Risk factors for CSA in HF patients referred to a sleep laboratory include male sex (OR = 3.5), atrial fibrillation (OR = 4.1), age >60 years (OR = 2.4), and resting hypocapnia ([PCO2] <38 mm Hg during wakefulness; OR = 4.3).18  

CSA is independently associated with a worse prognosis in chronic HF.19 CSA in  decompensated HF patients is usually severe, and has been shown to be a predictor of hospital readmission and mortality.20
Although effective HF treatment may improve CSA,21 patients who have CSA/CSR despite such therapy (including cardiac resynchronization)22 have a poorer prognosis than those who do not. Likewise, OSA is independently associated with a worse prognosis in HF,23 even in those who are receiving optimal HF therapy.22 

PATHOPHYSIOLOGICAL ABNORMALITIES IN SDB 

SDB is associated with many pathophysiological abnormalities (Central Figure), including alterations in intrathoracic pressure (particularly in OSA),24-26 intermittent hypoxemia and associated inflammation and reoxygenation injury,27-31 sympathetic nervous system activation,32-34 sleep reduction and fragmentation35 (also triggering inflammation),36,37 cardiac remodeling,39-42 metabolic dysregulation,43-45 and endothelial dysfunction.46
THE BENEFIT OF SDB TREATMENT IN HF 
General Medical Optimisation

Optimal medical management of HF, including the use of evidence-based treatment  such as diuretics to relieve congestion and neurohormonal antagonists,47-49 is likely to improve SDB.50 Cardiac resynchronisation therapy significantly improves CSA (but not OSA). 51 Patients with advanced HF undergoing circulatory support or heart transplantation have been reported to show marked improvement in their CSA.52 

Lifestyle Measures
Weight loss reduces the severity of SDB in obese patients with OSA,53 although few studies are likely to have included patients with HF. Patients in whom SDB occurs in a supine sleep position may benefit from ‘positional therapy’ (using a wedge or sewing a pocket filled with tennis balls on the back of a pyjama shirt).54 Alcohol, sedatives, narcotics, and muscle relaxants should be avoided, as they may exacerbate the tendency for upper airway collapse. 
 Oral Appliances
Oral appliances extend the dimensions of the airway and may be effective in select patients with OSA and retrognathism, particularly if the SDB is mild, or positional.55  There is no specific evidence for their use in HF.
Oxygen Therapy for CSA/CSR

Oxygen therapy reduces CSA severity and nocturnal norepinephrine levels and apnea-associated hypoxemia over time frames ranging from 1 night to 1 month,56 Meta-analysis of the results from 97 patients in the CHF-HOT trials demonstrated a modest decrease in SDB and an improvement in LV ejection fraction (36.1 ± 11.8 to 46.3 ± 16.2% p=0.014) in those with severe CSA  treated with home oxygen at 3l/min via an oxygen concentrator, at least out to 12 weeks.57 There was also an improvement in mean NYHA Class. The impact on prognosis is unknown. 

Positive Airway Pressure
A) Obstructive sleep apnea
Positive airway pressure (PAP) therapy delivered through a nasal (or nasal-oral) mask stabilizes the upper airway and is the standard treatment for SDB associated with daytime sleepiness in the non-HF population.58,59 There are a variety of different treatment modalities, including continuous positive airway pressure therapy (CPAP).60 Potential beneficial cardiac effects include increased intrathoracic pressure, reduced LV pre- and after-load, and reduced transmural cardiac pressure gradients. 
Adherence with CPAP therapy is variable, but even among non-sleepy patients over 60% are regularly using this therapy for at least 4 hours per night after 4 years.61 Adherence is improved by patient education, careful mask selection, and supportive management of nasal congestion/dryness. 

In a randomised controlled trial of 55 patients with HF and OSA, nocturnal CPAP for 3 months improved LV ejection fraction and reduced urinary noradrenalin excretion.62 Even one night of CPAP may lower systolic blood pressure, reduce heart rate and improve LV end-systolic diameter in those with OSA and HF.63 CPAP improved right ventricular function, left ventricular mass and pulmonary hypertension after 3 months of treatment, and these improvements persisted at 1 year.64 An observational study of CPAP versus medical therapy for 88 patients with HF and moderate-to-severe OSA demonstrated a significantly higher rate of hospitalisation or death in the non-CPAP group (HR 2.0) compared to those treated with CPAP.65 Patients who were not compliant with CPAP had a higher risk. Two other large registry studies found similar results.66,67 
The 2010 Heart Failure Society of America guidelines recommend screening for SDB, and CPAP therapy in those with confirmed OSA.47 The 2013 ACCF/AHA guidelines states that treating OSA with CPAP in patients with HF does have benefit.48 The 2016 ESC guidelines state that nocturnal oxygen supplementation or mask-based therapy may be considered to treat nocturnal hypoxemia in OSA, but noted that these interventions had not been prospectively shown to be beneficial on major outcomes in HFrEF.49 Additionally, the ESC guideline states that ASV is not recommended in patients with HFrEF and predominantly CSA  on the basis of an increase in both all-cause and cardiovascular mortality in SERVE-HF, a randomised controlled trial discussed further below.68 Further data will emerge from a randomised trial of adaptive servoventilation in patients with HFrEF and either predominantly OSA or CSA (ADVENT-HF)69
B) Central sleep apnea

Although it does not trigger inspiration during central apnea, CPAP improves CSA/CSR by increasing functional residual capacity (and, as a result, oxygen stores), decreasing blood volume in the lungs and upper airway when lying down, and reducing  hyperventilation via a direct effect on the paravasal J-receptors of the lung. CPAP also reduces pre- and after-load and cardiac transmural pressure. 
Early (small) trials of CPAP in CSA with HF demonstrated an improvement in SDB, reduced daytime plasma natriuretic peptide and catecholamine concentrations and improved LV ejection fraction.70-72 A larger randomised trial (the CANPAP study) was designed to evaluate the effect of CPAP on transplant-free survival in patients with CSA and HF.73 This trial was stopped early after 258 patients had been randomised and followed up for over 2 years. CPAP improved the SDB, LV ejection fraction (2.2±5.4% vs. 0.4±5.3%, p=0.02), 6-minute walk test distance and reduced plasma noradrenaline concentrations, but this did not translate into improved survival. Post-hoc subgroup analysis suggested that there might be survival advantage in those in whom the apnoea-hypopnoea index was supressed to <15/hr.74 

ASV has been shown to be the most effective mask-based intervention for controlling SDB in patients with HF.75 ASV increases inspiratory support during hypopnea, withdraws support during hyperventilation, provides mandatory breaths during apnea and generates background PAP. It is therefore effective in both CSA and OSA and can suppress complex sleep apnoea.76  

In small randomized trials, ASV treatment of CSA/CSR has been reported to improve SDB, reduce plasma natriuretic peptide concentrations, urinary catecholamine release, and LV end-systolic diameter, and increase 6-min walk distance and LV ejection fraction, associated with improved NYHA class.77,78
A larger randomised trial, SERVE-HF, was undertaken to assess the impact of ASV on hospitalisation, life-saving cardiovascular intervention (heart transplantation, LV assist device implantation or life-saving shock) or death in those with HF and CSA.68 1325 patients with a LV ejection fraction ≤ 45% and moderate-to-severe (predominantly) CSA were enrolled. ASV was highly efficacious at reducing SDB, but there was no difference in the primary endpoint between the two groups, and a significantly higher overall mortality in those treated with ASV (Table 1), despite only around 50% of patients using ASV for ≥4  hours per night, and 17% crossover to active therapy. A comprehensive time-dependent on-treatment analysis confirmed the increase in CV mortality associated with ASV usage.79 There was no differences in plasma natriuretic peptide concentration, 6-minute walk test or health related quality of life between the two randomised groups, out to 12 months.80 The excess mortality was driven by an increase in sudden death, particularly in those with very low ejection fraction and predominant CSR pattern of CSA, with no difference in deaths from pump failure or HF decompensation admissions. 81 Various explanations have been proposed, including: chance; a direct toxic effect of PAP on patients with poor LV function and a low pulmonary capillary wedge pressure; that CSA may be at least partially adaptive for patients with severe HF; or that treatment of CSA by ASV during the night may lead to a rebound sympathetic reactivation during the day. Further data will emerge from the subgroup of patients with predominantly CSA in the ADVENT-HF Study.69 
CSA is found in the majority of patients with acute decompensated HF, is usually severe and is associated with an increased risk of readmission and mortality.82 A randomized trial of ASV in patients with decompensated HF (HFrEF or HFpEF) and SDB (OSA or CSA) was initiated, but was terminated early after the results of SERVE-HF became available. With only 126 patient randomized, there was no difference in a composite global rank score at 6 months. 83 
Another area of interest is the use of ASV in patients with HFpEF and CSA/CSR. Early results suggest that ASV can improve cardiac diastolic function and decrease natriuretic peptide concentrations in such patients.84,85 No adequately powered randomized trial has been undertaken. Pre-specified subgroup analysis of CAT-HF (acute decompensated HF) suggested a positive effect of ASV in patients with HFpEF (but not HFrEF)83 – but this requires prospective confirmation. 
“Experimental” therapies for SDB
A) Phrenic nerve stimulation

Implantable phrenic nerve stimulation is a new approach to the treatment of CSA/ CSR. Respiration is sensed by thoracic impedance with unilateral phrenic nerve stimulation levels set with the aim of providing smooth diaphragmatic contraction similar to normal respiratory movement during the scheduled hours of sleep, with a reduction in central apneic events, oxygen desaturation index and improved quality of life. Data from a randomized trial of 151 patients (not all with HF) suggests that it it improves central respiratory events by about 50%.86 Device or procedure-related serious adverse events occurred in around 10% of patients, predominantly due to lead displacement. 
B) Hypoglossal nerve stimulation

For those with OSA, a device which stimulates the hypoglossal nerve in response to apnea and hypopnea can be implanted. An uncontrolled study has shown a significant mean reduction of 68% in AHI over 12 months in those treated with this stimulator.87 The impact on cardiovascular outcomes is not known, nor has it been studied systematically in patients with HF.
C) Acetazolamide
Two small trials of acetazolamide have been reported to reduce AHI and improve oxygen saturation in HF and CSA, which may be due its respiratory stimulating properties as well as a diuretic action.88,89 A slightly larger  (n=85) randomized study is underway (NCT01377987). Whether furosemide achieves the same effect is unknown, although reduction in pulmonary congestion might be expected to lessen CSA by reducing pulmonary J-receptor stimulation.
Future Directions

The initial therapeutic imperative for the treatment of SDB was to improve daytime sleepiness in patients with OSA (and not heart failure). CPAP therapy (if tolerated) is highly effective for this purpose. However, effects beyond sleepiness and quality of life are less robustly demonstrated. A recent randomized trial in 2717 patients with OSA and underlying coronary artery disease or a previous cerebrovascular event (but not heart failure at the time of randomization) showed no effect on any of the CV endpoints.90 In the HF population (who tend to be less likely to be sleepy even if they have OSA) there is currently no adequately powered CV outcome study in OSA. In due course, ADVENT will provide data on this point, at least for patients with HFrEF. There are also no randomized trial data to suggest that treating OSA in patients with HF will reduce the incidence or burden of arrhythmia (atrial or ventricular). 
The surprise result of a 34% increased CV mortality in SERVE-HF68 (after the neutral results of the much smaller CANPAP study73), suggest that we do not adequately understand the association between CSA and CV risk, and/or the potentially harmful effects of PAP in patients with HFrEF. If CSA is in some way adaptive for some patients, then abolishing this adaptation may be harmful. Alternatively, if it is the positive pressure that is harmful, then other methods of control (such as phrenic nerve stimulation) may be beneficial. This requires appropriately-sized randomized trials in addition to more basic physiological research.
HFpEF, and acute HF, remain understudied. SDB is highly prevalent in these populations, and is a marker of increased risk – but we do not have data to suggest that targeting treatment for SDB in these patients will result in improved outcome. CAT-HF provides a signal that there may be benefit in HFpEF when PAP is started at the time of hospitalization,83 but this requires prospective confirmation. Since there have been no new evidence-based therapies for these groups of patients in decades, the unmet need is substantial. 

Aside from treatment benefit, worsening SDB may indicate worsening HF, and with the increased availability of SDB monitoring devices91,92 this may facilitate earlier detection of decompensation, triggering interventions that may reduce the need for urgent hospitalization.

CONCLUSIONS 
SDB is common in HF, and is a marker of risk, but there is a lack of robust evidence that treatment targeted at the SDB is beneficial. Indeed, the evidence suggests that for CSA in HFrEF, there may be harm from applying PAP to ameliorate the CSA. HF patients tend not to be sleepy, even when they have SDB, and in the absence of this symptom, there does not currently appear to be a strong therapeutic imperative to treat this condition. Further randomized trial evidence will help identify where the CV benefit (if any) may lie. It is clear that improvement in respiratory and sleep metrics cannot be taken as adequate therapeutic outcome measures in patients with HF and SDB. There is an urgent need for further physiological and randomized clinical outcome trial research in this field. In the meantime we should focus on optimally treating the HF.
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Table 1.  Key randomized trials of positive airway pressure treatment of sleep disordered breathing that were powered for cardiovascular endpoints.
	Acronym
	Publication year
	N
	Population
	Intervention
	Primary endpoint(s)
	Results

	CAN-PAP73
	2005
	258 (stopped early because of low recruitment rate and first interim analysis suggesting harm)
	Chronic HFrEF and CSA
	CPAP 
	Heart transplantation free survival
	Neutral (P=0.54)

	SERVE-HF68
	2015
	1325
	Chronic HFrEF and CSA
	ASV
	Death from any cause, lifesaving CV intervention, or unplanned hospitalization for heart failure
	Neutral (P=0.10) but both all-cause mortality and CV mortality increased in ASV arm (HR 1.13 [P=0.01], and 1.34 [P=0.006], respectively)

	SAVE90
	2016
	2717
	OSA and coronary or cerebrovascular disease  (not HF)
	CPAP
	Death from CV causes, myocardial infarction, stroke or hospitalisation for unstable angina, HF or transient ischaemic attack
	Neutral (P=0.34)

	CAT-HF83
	2017
	126 (stopped early after SERVE-HF results released)
	Hospitalized HF (HFrEF or HFpEF) and SDB (OSA or CSA)
	ASV
	Composite global rank score (death, CV hospitalizations and percent changes in 6-minute walk distance)
	Neutral (P=0.92)

	ADVENT-HF69
	Recruiting
	Estimated >800
	Chronic HFrEF and SDB (OSA or CSA)
	ASV
	All-cause mortality, first hospitalization for CV diseases, new-onset AF/flutter requiring anticoagulation but not hospitalization, or ICD shock not requiring hospitalization
	Awaited


Key: ASV: servo-assisted ventilation; CPAP: continuous positive airway pressure; CSA: central sleep apnea; CV: cardiovascular; HF: heart failure; HFpEF: heart failure with preserved ejection fraction; HFrEF: heart failure with reduced ejection fraction; HR: hazard ratio; ICD: implantable cardioverter defibrillator; OSA: obstructive sleep apnea. 
