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Abstract
Sleep-disordered breathing (SDB) is a common comorbidity of heart failure (HF), which disrupts sleep. Indeed, patients with
heart failure (HF) generally have quantitatively and qualitatively disturbed sleep. Central sleep apnea (CSA) is a unique feature of
SDB in HF patients. CSA is likely a consequence, rather than a cause of HF, and results in further deterioration in cardiovascular
function, consequently increasing morbidity and mortality. However, effects of treatment for CSA remain to be elucidated. This
review article will highlight pathogenesis and pathophysiology of CSA and its management in patients with HF.
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Introduction

Patients with heart failure (HF) generally sleep less; total sleep
time assessed by polysomnography among patients with HF is
shorter by 1 to 1.5 h compared with a community sample of
subjects without HF [1]. In addition to quantitative sleep is-
sues, patients with HF are likely to have impaired sleep quality
because of coexisting sleep-disordered breathing (SDB) [1, 2].
In HF, SDB is regarded as one of the common non-cardiac
comorbidities that adversely affect clinical outcomes [3].
Actually, in patients with HF, prevalence of SDB, including
either obstructive or central sleep apnea (OSA or CSA, respec-
tively), is approximately 50% [4], and CSA is much more
frequently observed in the general population (Fig. 1) [5, 6].
These findings imply that CSA is not just a coexisting

condition in patients with HF, but instead appears to be sec-
ondary to HF. Risk factors for CSA include male sex, elderly,
coexisting atrial fibrillation (AF), increased left ventricular
(LV) filling pressure and LV chamber size, enhanced
chemosensitivity, low arterial partial pressure of carbon diox-
ide (PaCO2) level, and use of diuretics [4, 5]. In patients with
HF, CSA typically manifests Cheyne–Stokes breathing (CSB)
pattern (i.e., CSA-CSB) [2, 8]. CSB is a form of periodic
breathing characterized by a crescendo-decrescendo pattern
of hyperpnea, followed by central apnea or hypopnea (cycle
lengths of ≥ 40 s) [9]. In patients with HF, CSA generally
accompanies CSB and thus, CSA-CSB is treated as BCSA^
in this chapter.

Pathogenesis and Pathophysiology of CSA
in HF

An important pathogenetic factor of CSA in HF patients is
respiratory control system instability, which is associated with
hypocapnia and increased chemosensitivity. In HF patients
with CSA, PaCO2 levels are lower than in those without
CSA, either when awake or asleep [10]. Such hypocapnia
results from chronic hyperventilation through pulmonary va-
gal irritant receptor stimulation caused by pulmonary conges-
tion [11] and increased chemosensitivity [12], in association
with sympathetic overactivation in HF [13, 14]. Indeed, HF
patients with CSA have greater pulmonary capillary wedge
pressures, compared with those without CSA [6]. In addition,
increased peripheral and central chemosensitivity contributes
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to promoting hyperventilation and hypocapnia [12]. In HF
patients with hypocapnia, the eupneic PaCO2 level borders
on the apnea threshold. When PaCO2 decreases below apnea
threshold because of a rise in the apnea threshold during tran-
sition from wakefulness to sleep, or because of an acute in-
crease in ventilation that is triggered by a spontaneous arousal,
CSA ensues [1, 4]. Apnea persists until PaCO2 rises above the
apnea threshold, when ventilation will resume. However, ven-
tilatory overshoot occurs and PaCO2 will fall below the apnea
threshold again in association with both arousal during the
ventilatory phase and increased chemosensitivity [1]. This cy-
cle of ventilatory overshoot and undershoot characterizes the
CSB pattern. The cycle length of the CSB pattern is in pro-
portion to lung-to-chemoreceptor circulation time and in in-
verse proportion to cardiac output, owing to the delayed trans-
mission of change in arterial blood gas to chemoreceptors
[15], thereby forming the crescendo-decrescendo pattern of
tidal volume during hyperpnea [4].

Systemic fluid retention and related pulmonary congestion
in association with HF may induce or worsen CSA. Kasai and
colleagues [16] reported that in patients with HF, there is a
significant relationship between CSA and sodium intake,
which can cause fluid retention; the greater the sodium intake,
the greater the severity of CSA. It is well known that in pa-
tients with HF, an increase in venous return while recumbent
at night worsens pulmonary congestion. This may contribute
to the pathogenesis of CSA. Yumino and colleagues [17] re-
ported that severity of CSA and the apnea-hypopnea index

(AHI) were correlated with the overnight reduction in leg fluid
volume in men with HF. Kasai et al. [18] demonstrated that in
men with HF, rostral fluid shift with shock trousers immedi-
ately induced hyperventilation and lower PaCO2 level. It is
therefore likely that a portion of leg fluid was redistributed
into the lungs and caused pulmonary congestion that stimu-
lated pulmonary vagal irritant receptors to elicit reflex hyper-
ventilation and precipitate CSA [19]. CSA is triggered by
pulmonary congestion and is associated with decreased cardi-
ac output; therefore, other cardiac diseases (e.g., AF, brady-
cardia, mitral regurgitation [MR]) that can cause pulmonary
congestion and decreased cardiac output can also cause CSA.

Patients with HF and CSA have impaired cerebral blood
flow responses to CO2, and this impaired cerebrovascular
reactivity to CO2 may play some role in the pathogenesis
of CSA by contributing to respiratory control system insta-
bility [20]. Normally, arterial hypocapnia causes cerebral
vasoconstriction, limits cerebral blood flow, and consequent-
ly attenuates hypocapnic signals to the central chemorecep-
tor. Thus, ventilatory inhibition in response to hypocapnia
will be diminished. However, in HF patients with CSA,
since cerebral blood flow responses to CO2 are impaired,
the central chemoreceptor will be exposed to greater
hypocapnic signals than normal. Consequently, ventilatory
undershoot is more likely to develop, leading to central ap-
nea [20]. During central apnea, systemic PaCO2 will rise and
cerebral vasodilatation will occur. However, since the vaso-
dilatation response to arterial PaCO2 is also impaired, HF
patients with CSA are likely to have ventilatory overshoot at
apnea termination [20].

In patients with HF, metabolic alkalosis in association with
use of diuretics can cause a decrease in the gap between pre-
vailing and apneic threshold PaCO2 and contribute to respira-
tory control system instability [4, 21]. Diuretics are widely
used for the treatment of both acute and chronic HF; however,
a fourth of patients with cardiovascular disease develop met-
abolic alkalosis in association with diuretic use [22]. In pa-
tients with HF, use of diuretics is a risk factor for CSA in either
acute or chronic phase [5, 23].

Upper airway (UA) instability may also play a role in the
pathogenesis of CSA. It was reported that UA collapse was
observed at the onset and end of some central apneas [24, 25],
probably due to inactivation of the UA dilator muscles in
association with attenuation of central respiratory drive [26,
27]. If UA resistance increases as ventilation decreases during
the decrescendo phase of hyperpnea in the CSB pattern, this
may contribute to ventilatory undershoot [4, 27]. Conversely,
if UA resistance decreases as ventilation increases during the
crescendo phase of hyperpnea in the CSB pattern, this may
contribute to ventilatory overshoot and increase the likelihood
of post-hyperventilation central apnea [4, 27]. Several factors,
such as low functional residual capacity and hypoxia, may
further contribute to the pathogenesis of CSA [4].

Fig. 1 Prevalence of SDB in general population and in patients with HF.
Prevalence of SDB (AHI cutoff of ≥ 15), either OSA or CSA, is much
greater in patients with HF [5] comparedwith general population [6, 7]. In
particular, greater prevalence of CSA in HF patients is obvious. *Note
prevalence of OSA and CSA in general population was reconstructed by
data from two different reports due to a lack of CSA prevalence in one
report [6] and a lack of OSA prevalence based on AHI cutoff of ≥ 15 in
the other report [7]. AHI, apnea-hypopnea index; CSA, central sleep
apnea; HF, heart failure; OSA, obstructive sleep apnea; SDB, sleep-
disordered breathing
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Although CSA is more likely a consequence, rather than a
cause of HF, CSA has the capacity to initiate a vicious cycle
that could cause further deterioration in cardiovascular func-
tion through several pathophysiologic mechanisms. During
central apnea, the absence of lung inflation eliminates reflex
inhibition of central sympathetic nerve traffic arising from
pulmonary stretch receptors, and as a result, sympathetic
nerve activity (SNA) is enhanced. This effect summates with
apnea-related intermittent hypoxia and with arousals to cause
cyclical surges in sympathetic nerve activity and cause net
increase in overnight SNA [28]. In addition, the adverse ef-
fects of CSA on SNA may persist into wakefulness. Indeed,
muscle SNA during wakefulness is greater in HF patients with
CSA than in those without CSA [29]. Furthermore, ventricular
arrhythmias are more common in HF patients with CSA than
those in without CSA in association with increased SNA [30].
In patients with HF, elevated levels of inflammatory mediators
are known to have an adverse impact on cardiovascular func-
tion [31] and consequently are independently associated with
worse clinical outcomes [32]. A recent study suggested that in
patients with HF, severity of CSA is independently correlated
with the level of C-reactive protein (CRP) [33]. Furthermore,
another study demonstrated that in HF patients, severity of
CSA was associated with prevalence of atrial fibrillation and
sinus pauses during the night, and that severity of CSA and
elevated CRP levels were independently associated with the
prevalence of non-sustained ventricular tachycardia during
either night or daytime hours [34]. Indeed, several reports
demonstrated that patients with either acute or chronic HF
and CSA had a greater risk of morbidity and mortality com-
pared with those without CSA [35, 36].

Management of CSA in HF

Optimization of HF Condition

Optimization of HF treatment should be prioritized because
CSA improves as HF improves [11]. Indeed, specific drug
therapy for HF such as angiotensin-converting enzyme
(ACE) inhibitors, beta blockers, and diuretics may alleviate
CSA [37, 38]. In addition, overdrive pacing and cardiac
resynchronization therapy are also associated with alleviation
of CSA through increased cardiac output [39, 40]. Cardiac
rehabilitation may improve CSA [41], although one study
found no significant change in the AHI [42], possibly due to
differences in the duration or in the exercise program.
Similarly, LV assist device implantation may or may not im-
prove CSA [43]. These conflicting results may be explained
by differences in the duration of follow-up and in the type of
device. Nevertheless, cardiac transplantation was shown to
improve CSA in patients with HF [44, 45].

Treatments for CSA

Respiratory Stimulants

Theophylline, a respiratory and cardiac stimulant, can im-
prove CSA by stimulating central respiratory drive and possi-
bly by augmenting cardiac contractility [46]. However, its
clinical utility and actual use in HF patients are limited be-
cause it is arrhythmogenic. Acetazolamide is also a respiratory
stimulant and causes metabolic acidosis. In a double-blind
crossover study, Javaheri et al. [47] demonstrated that a single
dose of acetazolamide before sleep reduced both the severity
of CSA by 38% and CSA-related daytime symptoms. Another
double-blind crossover study demonstrated reduction of CSA
severity by 52% but also demonstrated an increase in the
hypercapnic ventilatory response that inhibits improvement
of CSA and consequently results in incomplete resolution of
CSA [48]. Moreover, long-term safety and efficacy of acet-
azolamide remain to be elucidated. Raising PaCO2 level
above the apneic threshold either through carbon dioxide in-
halation or adding dead space abolishes CSA instantaneously
in patients with HF [49]. On the other hand, raising PaCO2

may cause increase in SNA [50]; in addition, whether raising
PaCO2 improves cardiovascular outcomes in HF patients re-
mains unknown. Therefore, raising PaCO2 either by carbon
dioxide inhalation or by adding dead space cannot be recom-
mended as a treatment for CSA in patients with HF. Real-time
dynamic carbon dioxide administration during CSA has al-
most completely alleviated or eliminated oscillations in end-
tidal CO2 levels and ventilation [51], which might imply a
novel approach for CSA.

Respiratory Depressants

The effects of respiratory depressants such as benzodiazepines
on CSA in patients with HF have been demonstrated in short-
term trials. These trials aimed for the suppression of
arousability and ventilatory overshoot, and consequently
showed that benzodiazepines would prevent CSA following
hyperventilation. Although various benzodiazepines did re-
duce the frequency of arousals, there was no obvious reduc-
tion in CSA severity [52].

Supplemental Oxygen

Supplemental oxygen during sleep reduces the AHI [53], plas-
ma B-type natriuretic peptide (BNP) levels [54], and SNA
[55] and increases exercise capacity [56] in HF patients with
CSA. However, no randomized controlled trials showed im-
provement in left ventricular ejection fraction (LVEF) or long-
term clinical outcomes [57]. In addition, supplemental oxygen
has no advantage over either continuous positive airway pres-
sure (CPAP) or adaptive servo-ventilation (ASV) [58–60]. In
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patients with HF, OSAmay coexist with CSA and supplemen-
tal oxygen is not effective for OSA, instead prolonging ob-
structive respiratory events due to lack of desaturation stimuli
for arousals that will contribute to the termination of respira-
tory events (Fig. 2).

Phrenic Nerve Stimulation

Recently, the effect of phrenic nerve stimulation (PNS) has
been investigated as a novel treatment for CSA [61]. For
PNS, a unilateral transvenous lead was generally used. In
early studies, acute positive effects of PNS on reduction in
the AHI, central apnea index, arousal index, and oxygen
desaturation index have been shown [62]. Improvements in
quality of life in addition to similar positive chronic effects on
sleep study parameters (e.g., approximately 50% reduction in
the AHI) were reported in a 3-month follow-up study [61] and
a 12-month follow-up study [63], and more reduction in the
AHI (80%) was observed in a longer (4 years) follow-up study
[64]. A randomized controlled trial (RCT) to determine the
effects of CSA suppression by PNS on cardiac function or
cardiovascular morbidity and mortality is warranted to con-
firm long-term efficacy.

Continuous Positive Airway Pressure

Several reports suggest that CPAP can suppress CSA, possibly
through cardiac unloading [2, 8, 65]. In systolic HF patients
with high LV filling pressure (i.e., ≥ 12 mmHg), CPAP of 5 to
10 cm H2O acutely augments cardiac output, but in patients
with low LV filling pressure (i.e., < 12 mmHg), it reduces

cardiac output [66]. Since pathogenesis of CSA is associated
with pulmonary congestion and increased LV filling pressures
[11], limited venous return, reduced LV preload, reduced LV
transmural pressure, and afterload in association with increas-
ing intrathoracic pressure using CPAP can reduce LV filling
pressure, improve pulmonary congestion, and consequently
suppress CSA [2, 8, 65]. Indeed, approximately 50% of pa-
tients with systolic HF and CSA showed that CPAP sup-
pressed CSA [67–69]. However, the effects of CPAP on
CSA suppression have not been consistent [66, 70, 71]. This
could be explained by the differences in study subjects and
how CPAP was applied. The fact that HF patients with a high
LV filling pressure [71], those with non-ischemic etiology
[72], those without AF [73], and those with MR and dilated
LV chamber size [74] may have greater hemodynamic benefit
suggests that effective CSA suppression by CPAP can be ob-
served in such patient populations [67–69]. In addition, if
CPAP was applied acutely and at low pressure, CSAwas not
alleviated. [66] On the other hand, if CPAP were gradually
initiated with higher pressure levels, the AHI was sufficiently
reduced [66]. Alleviation of CSA by CPAP was accompanied
by an increase in the PaCO2 [75], a reduction in SNA [28], and
improvements in cardiopulmonary function, including in-
creases in the LVEF [76], inspiratory muscle strength [77],
reduction in functional MR, and daytime plasma atrial natri-
uretic peptide concentration [78]. In a small RCT in HF pa-
tients with and without CSA, CPAP had no effect on either the
LVEF or the composite of mortality and cardiac transplanta-
tion in those without CSA [79]. In those with CSA, CPAP
improved the LVEF at 3 months and showed a trend toward
a reduced event rate (P = 0.059, median follow-up period,

Fig. 2 Representative raw wave form of polysomnography under oxygen
inhalation in HF patients with coexisting OSA and CSA. There are
prolonged obstructive apneas with minimal desaturation. ECG,

e l ec t roca rd iog ram; EEG, e l e c t roencepha log ram; EMG,
electromyogram; EOG, electrooculogram; L, left; R, right; SO2,
oxyhemoglobin saturation
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2.2 years). In particular, a sub-group of patients who were
compliant with CPAP had a significant reduction in the event
rate. The Canadian Continuous Positive Airway Pressure for
Treatment of Central Sleep Apnea in Heart Failure (CANPAP)
trial sought to determine whether CPAP would improve CSA,
morbidity, mortality, and cardiovascular function in systolic
HF patients with CSA [80]. The CANPAP trial, which includ-
ed 130 patients in a control group and 128 patients in a CPAP-
treated group, reproduced previous findings that CPAP atten-
uates CSA, improves the LVEF, and lowers SNA [80].
However, there were no significant differences in transplant-
free survival between the two groups during the mean follow-
up duration of 2 years [80]. Since suppression of CSA itself
appears to be one means by which CPAP could improve car-
diovascular outcomes, and since there might be some patients
whose CSA cannot be suppressed by CPAP, a post hoc anal-
ysis of the CANPAP trial was carried out [69]; it showed that
patients whose AHI was suppressed below 15 by CPAP at
3 months have a significantly better transplant-free survival
rate compared with control groups and that patients whose
AHI was not sufficiently suppressed by CPAP at 3 months
(i.e., ≥ 15) have similar or even worse transplant-free survival
rates compared with control groups (Table 1). These observa-
tions do not support routine use of CPAP for patients with
systolic HF and CSA, but confirm that CSA might be a ther-
apeutic target in patients with systolic HF and CSA, and imply
that if CSAwere suppressed sufficiently by CPAP (i.e., AHI <
15), CPAP could be the first option. On the other hand, it was
suggested that other forms of positive airway pressure that can
suppress CSA more effectively than CPAP may provide ben-
eficial effects in patients whose CSAwas not suppressed suf-
ficiently or in the broader spectrum of these patient
populations.

Adaptive Servo-ventilation

Adaptive servo-ventilation (ASV) is an advanced mode of bi-
level positive airway pressure developed for the treatment of
CSB with CSA in patients with HF [81]. ASV devices auto-
matically provide changing pressure support for each inspira-
tion, ranging from a preset minimum level to a preset maxi-
mum level, to maintain moving target ventilation determined
by the patient’s current breathing, in addition to back-up ven-
tilation with variable respiratory rates. Recent ASV devices
provide changing levels of positive pressure during expiration
that are sufficient to prevent upper airway (UA) collapse [82].

Several RCTs investigated effects of CSA treatment using
ASV on cardiac function [83–86]. Pepperell and colleagues
[83] showed that in patients with systolic HF and CSA, noc-
turnal urinary metadrenaline and daytime BNP concentrations
were reduced significantly more by therapeutic than by sub-
therapeutic ASV. Philippe and colleagues [84] showed that as
compared with CPAP, ASV showed better nightly usage of the
positive airway pressure devices and greater improvement of
LVEF in patients with systolic HF and CSA. On the other
hand, Fietze and colleagues [85] showed that treatment of
CSA with bi-level positive airway pressure improved LVEF
more than that with ASV, although the difference in the degree
of improvement between two positive airway pressure devices
was not significant. Nevertheless, in patients with systolic HF
and CSA that is non-responsive to CPAP, changing the mode
of the device from CPAP to ASV reduces AHI more and
improves cardiac function, compared with remaining in
CPAP mode [86] (Table 2).

Patients with HF and CSA often have coexisting OSA.
Since ASV can prevent UA collapse by altering the expiratory
pressure levels in addition to suppressing CSA, ASV can be a

Table 1 Summary of RCTs investigating effects of CSA treatment by CPAP on cardiovascular outcomes in patients with CHF

Author, year Design Duration Outcomes

Naughton, 1995 [28] RCT 1 month Plasma and urine norepinephrine↓, LVEF↑, NYHA class↓

Naughton, 1995 [76] RCT 3 months LVEF↑, NYHA class↓, improve quality of life

Granton, 1996 [77] RCT 3 months Maximal inspiratory pressure↑, LVEF↑, NYHA class↓

Tkacova, 1997 [78] RCT 3 months Mitral regurgitant fraction↓, plasma atrial natriuretic
peptide↓, LVEF↑, NYHA class↓

Sin, 2000 [79] Subgroup analysis of RCT 2.2 years (median) Better transplant-free survival in CPAP group.

Bradley, 2005 [80] RCT (multicenter) 2 years (mean) No difference in transplant-free survival.
Plasma norepinephrine↓, LVEF↑, distance in a 6-min

walk test↑ in CPAP group.

Arzt 2007 [69] Post hoc analysis of RCT (multicenter) 23 months (mean) LVEF↑, better transplant-free survival in patients whose
AHI on CPAP < 15 compared with control subjects.
Lower death and hospitalization risk in CPAP group

RCT, randomized controlled trial;CSA, central sleep apnea;CPAP, continuous positive airway pressure;CHF, chronic heart failure; LVEF, left ventricular
ejection fraction; NYHA, New York Heart Association
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therapeutic option for coexisting CSA and OSA, including
either OSA or CSA. Several RCTs have assessed the effects
of ASV on cardiac function in HF patients with coexisting
CSA and OSA [88–91] (Table 3). Two studies compared pa-
tients with CPAP to those with ASV and another two studies
compared patients without ASV to those with ASV among
those with either systolic or diastolic HF. Kasai et al. [88]
reported that ASV significantly reduced AHImore completely
and significantly increased LVEF at 3 months, compared with
CPAP in patients with systolic HF. Randerath et al. [89] re-
ported that in patients with diastolic HF, ASV reduced AHI

and BNP levels more at 12 months compared with those with
CPAP, whereas there were no significant differences in exer-
cise performance and cardiac function. Briner and colleagues
[90] reported that in patients with systolic HF, BNP levels
decreased significantly more in patients with ASVat 3 months
compared with those without ASV. Yoshihisa and colleagues
[91] demonstrated significant improvements in diastolic func-
tion, BNP levels, and event-free survival (against composite
of cardiac death and worsening HF) in patients with diastolic
HF. We should note that the studies by Randerath and
Yoshihisa included patients with diastolic HF and follow-up

Table 3 Summary of RCTs
investigating effects of CSA and
coexisting OSA treatment by
ASVon cardiovascular outcomes
in patients with CHF

Author, year Design Duration Outcomes

Kasai, 2010 [88] RCT

CPAP

f-ASV

3 months LVEF increased more in ASV group

Quality of life↑

Randerath, 2012 [89] RCT

CPAP

f-ASV

12 months Greater decrease of BNP in f-ASV group

No difference in LVEF, exercise capacity

Yoshihisa, 2013 [91] RCT

Control

v-ASV

6 months Improvement in diastolic dysfunction (E/e’ ↓),

CAVI↓, BNP↓, and NYHA class↓

Better event-free survival in ASV group

Birner, 2014 [90] RCT

Control

f-ASV

3 months No significant improvement in diastolic dysfunction

O’Connor, 2017 [92]

BCAT-HF^

RCT

Control

v-ASV

6 months No significant improvement in cardiovascular outcomes

RCT, randomized controlled trial; CSA, central sleep apnea; OSA, obstructive sleep apnea; ASV, adaptive servo
ventilation; CHF, chronic heart failure; LVEF, left ventricular ejection fraction; BNP, B-type natriuretic peptide; f-
ASV, flow-targeted ASV; v-ASV, volume-targeted ASV

Table 2 Summary of RCTs
investigating effects of CSA
treatment by ASVon
cardiovascular outcomes in
patients with CHF

Author, year Design Duration Outcomes

Pepperell, 2003
[83]

RCT

Subtherapeutic

Therapeutic

1 month Plasma BNP↓, urinary metadrenaline↓

No difference in LVEF

Philippe, 2006 [84] RCT

CPAP

ASV

6 months LVEF increased more in ASV group

Quality of life↑

Fietze, 2008 [85] RCT

Bi-level PAP

ASV

1.5 months LVEF increased more in the bi-level PAP group

Kasai, 2013 [86] RCT

CPAP mode

ASV mode

3 months LVEF increased more in ASV mode group

Cowie, 2015 [87]

BSERVE-HF^

RCT

Control

f-ASV

31 months

(median)

All-cause mortality↑, cardiovascular mortality↑,

No difference in LVEF, chamber size, plasma NT-pro
BNP

RCT, randomized controlled trial; CSA, central sleep apnea; ASV, adaptive servo ventilation; CHF, chronic heart
failure; BNP, B-type natriuretic peptide; LVEF, left ventricular ejection fraction; bi-level PAP, bi-level positive
airway pressure; NT-pro BNP, N-terminal pro B-type natriuretic peptide
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duration was longer, whereas the studies by Kasai and Birner
included only patients with systolic HF and follow-up dura-
tion was relatively shorter (i.e., 3 months). Moreover, residual
AHI on ASV was higher than 10/h and more patients with
ischemic etiology were enrolled more in studies conducted by
Randerath and colleagues and by Birner and colleagues, com-
pared with those by Kasai and by Yoshihisa. The study by
Kasai and colleagues also showed a significant correlation
between the nightly usage of devices whether ASVor CPAP
and the increase in LVEF; the longer the nightly usage, the
greater the increase in LVEF [88]. This finding indicates that
maintenance of better adherence to devices is more important
for improvement of cardiac function than the type of device
that is used.

Nevertheless, the effects of ASV treatment for CSA on
morbidity and mortality in patients with HF were further
investigated in two multicenter RCTs. In the Treatment
of Predominant Central Sleep Apnoea by Adaptive Servo
Ventilation in Patients With Heart Failure (SERVE-HF)
[93], 1325 patients with symptomatic HF and LVEF ≤
45% and those with predominant CSA (AHI ≥ 15 with >
50% central events and a central AHI ≥ 10) were random-
ly assigned to groups with or without ASV. The primary
endpoint (composite of all-cause death, cardiac trans-
plantation or implantation of ventricular assist device,
resuscitation, and unplanned hospitalization of worsen-
ing of HF) did not differ significantly across two groups
(hazard ratio [HR], 1.13; 0.97 to 1.31; P = 0.10).
However, surprisingly, secondary endpoints, all-cause
and cardiovascular mortalities, were significantly worse
in patients with ASV compared with the control group
(HR for all-cause death, 1.28; 1.06 to 1.55; P = 0.01;
and HR for cardiovascular death, 1.34; 1.09 to 1.65;
P = 0.006). Further analysis [94] reported that cardiovas-
cular death occurred mainly without previous hospital
admission. To facilitate understanding of mechanisms
underlying the increased risk of all-cause and cardiovas-
cular mortality randomized to the ASV group in the
SERVE-HF trial, on-treatment analysis was carried out
[95] and showed results similar to those of the original
intention-to-treat analysis. It is thought that some aspects
of CSB may be benefic ia l , possibly through the
hyperventilation-related swings in intrathoracic pressure
(normally, − 120 to + 120 mmHg) that act as an addition-
al cardiac pump [96]. Thus, the elimination of CSA by
ASV in the SERVE-HF trial may remove a compensatory
mechanism and consequently adversely affect clinical
outcomes. A recent study reported that HF patients have
two subtypes of CSA-CSB, i.e., a positive pattern during
hyperpnea, in which end-expiratory lung volume remains
at or above functional residual capacity, and a negative
pattern, in which it falls below functional residual capac-
ity, and that HF patients with a negative CSB pattern have

worse cardiac function compared with those with a pos-
itive pattern [97]. Greater positive expiratory pressure
during hyperpnea is likely generated during the negative
CSB pattern and might support stroke volume in patients
with worse cardiac function, indicating that a negative
CSB pattern should not be eliminated by ASV whereas
a positive CSB pattern may be. However, since the
SERVE-HF trial had a substantial number of patients
with nonadherence to the study protocol (approximately
29% of the patients in the ASV group either discontinued
use of the trial device or never used it), and since 17% of
the patients in the control group crossed over to positive
airway pressure therapy, results from even on-treatment
analysis should be interpreted with caution. A substudy
of the SERVE-HF trial [98] showed no significant differ-
ences in changes of either systolic or diastolic function
on echocardiography and on cardiac magnetic resonance
imaging. N-terminal pro BNP concentration was de-
creased but values were similar at 12 months. Other car-
diac, renal, and inflammatory biomarkers were also not
significantly different. These findings from the substudy
at least suggest that the negative results of SERVE-HF
may not be attributed to adverse remodeling or worsen-
ing of HF conditions expressed by biomarkers.

Another RCT focusing on the effects of ASV treatment for
SDB in hospitalized patients following acute decompensated
HF (ADHF), the Cardiovascular Outcomes with Minute
Ventilation-Targeted Adaptive Servo-Ventilation Therapy in
Heart Failure (CAT-HF) [92], has been terminated earlier than
planned due to negative impact of SERVE-HF study on mor-
tality and because only 126 of 215 planned patients were
randomized [87]. Primary endpoint (hierarchy of death, car-
diovascular hospitalizations, and percent change of 6-min
walk distance) at 6 months was not significantly different
between ASVand control groups. However, prespecified sub-
group analysis implied a positive effect of ASV in hospitalized
patients following ADHF with preserved LVEF. Study power
was quite limited for identifying differential effects of ASV in
hospitalized patients following ADHF with preserved LVEF,
but these findings generate further hypotheses and additional
studies are warranted in this population.

One ongoing large-scale RCT is A Multi-Centre,
Randomized Study to Assess the Effects of Adaptive Servo
Ventilation on Survival and Frequency of Cardiovascular
Hospital Admissions in Patients with Heart Failure and
Sleep Apnea (ADVENT-HF) [99]. In the ADVENT-HF study,
a newer ASV device from a different manufacturer provides
automated expiratory pressure levels and pressure settings are
determined by a core laboratory with strict ASV titration.
Importantly, in the ADVENT-HF trial, frequent contact of
subjects to ensure their adherence to the ASV device and
frequent monitoring against safety concerns are provided
throughout the study periods. In addition, the ADVENT-HF
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trial included patients with predominant OSA in addition to
those with predominant CSA, which covers a wide spectrum
of HF patients with SDB and thus, seems to be more practical.
Since there are no large-scale RCTs investigating the effect of
OSA treatment on long-term clinical outcomes in patients
with HF, results from the ADVENT-HF trial will be quite
important. Until then, treatment of CSAwith ASV in patients
with HF should not be routinely recommended, especially
when aiming to improve long-term clinical outcomes.

Conclusion

In patients with HF, although the pathogenesis of CSA is
multifactorial, pulmonary congestion plays a central role.
Although HF patients with CSA, whether hospitalized follow-
ing ADHF or with chronic HF, have poor clinical outcomes,
effective suppression of CSA with CPAP or ASV is at least
beneficial for improving cardiovascular function in the short
term; however, it remains to be elucidated whether CSA is just
an epiphenomenon, perhaps related to progression of HF, or a
causal contributor to worse prognosis. Therefore, we still need
further RCTs in order to assess whether CSA can be a thera-
peutic target and whether the type of positive airway pressure
affects clinical outcomes. Positive result from an ongoing
RCT, the ADVENT-HF trial, may dramatically change strat-
egy for SDB in patients with HF. In addition, in the meantime,
studies investigating long-term effects of other treatments for
CSA such as acetazolamide, phrenic nerve stimulation, and
prevention of rostral fluid shift can also be conducted.
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