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Part One: OSA
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Sleep-disordered breathing (SDB), including OSA and central sleep apnea, is highly prevalentin
patients with heart failure (HF). Multiple studies have reported this high prevalence in
asymptomatic as well as symptomatic patients with reduced left ventricular ejection fraction
(HFrEF), as well as in those with HF with preserved ejection fraction.

The acute pathobiologic consequences of OSA, including exaggerated sympathetic activity,
oxidative stress, and inflammation, eventually could lead to progressive left ventricular
dysfunction, repeated hospitalization, and excessive mortality. Large numbers of observational
studies and a few small randomized controlled trials have shown improvement in various car-
diovascular consequences of SDB with treatment. There are no long-term randomized controlled
trials to show improved survival of patients with HF and treatment of OSA. One trial of positive
airway pressure treatment of OSA included patients with HF and showed no improvement in
clinical outcomes. However, any conclusions derived from this trial must take into account several
important pitfalls that have been extensively discussed in the literature. With the role of positive
airway pressure as the sole therapy for SDB in HF increasingly questioned, a critical examination of
long-accepted concepts in this field is needed. The objective of this review was to incorporate
recent advances in the field into a phenotype-based approach to the management of OSA in HF.
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Heart failure (HF) is a major and growing
global public health problem affecting an
estimated 26 million people worldwide.' Tt is
a progressive and highly prevalent disorder,
associated with substantial morbidity,

mortality, and economic cost. Patients with
HF frequently experience worsening
symptoms of dyspnea and fatigue, resulting
in exercise intolerance and hospitalization.”
HF is the most frequent cause of

ABBREVIATIONS: AHI = apnea-hypopnea index; CSA = central sleep
apnea; HF = heart failure; HFrEF = heart failure with reduced ejection
fraction; LG = loop gain; PAP = positive airway pressure; RCT =
randomized controlled trial; SDB = sleep-disordered breathing
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hospitalization in US Medicare beneficiaries,’
accounting for > 1 million admissions annually
representing 1% to 2% of all hospitalizations.* The
economic impact of HF is profound, with the total costs
of HF estimated to increase from $31 billion in 2012 to
$70 billion in 2030 in the United States alone.” These
observations underscore the need to identify and treat
CHEF and its associated comorbidities, which also
contribute to disease burden.

In this regard, multiple comorbidities have been identified
in patients with HF, including sleep-disordered breathing
(SDB). Although many of the comorbidities have been
recognized and targeted for therapy for many years, SDB
has generally been overlooked as a target for diagnosis and
treatment, even though both forms of SDB, OSA and
central sleep apnea (CSA), are highly prevalent in both
forms of HF, namely HF with reduced ejection fraction
(HFrEF) and HF with preserved ejection fraction.’
Although OSA and CSA differ in pathophysiology, they
share similar adverse sleep consequences common to
SDB, including hypoxia/reoxygenation, marked swings in
Paco,, and recurrent arousals.

In this review, the first of the series, we discuss the
relationships between HF and OSA; in the

second part, we discuss the characteristics peculiar
to CSA.

Prevalence, Clinical Presentation, and
Consequences of OSA in HF

The high prevalence of SDB in individuals with both
HFrEF and HF with preserved ejection fraction is well
established” and is summarized in Figure 1. In terms of
the clinical presentation of OSA, there are important
differences between its presentation in the general
population and that in patients with HF. These are
discussed in detail in e-Appendix 1. Briefly, sleepiness,
an important symptom of OSA in the general
population, is not an established presentation of OSA in
patients with HF. In these patients, there is dissociation
between patient-reported sleepiness and objectively
measured sleepiness.” The underreporting of sleepiness
likely contributes to the underrecognition of OSA in HF.

e-Appendix 1 contains a detailed discussion of the
immediate effects (e-Fig 1) and the cardiovascular
consequences of HF OSA in HF. It is important to
note that large cohort studies from the United States
have shown that OSA is independently associated with
excess rehospitalization and premature mortality.” " In
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Figure 1 - Prevalence of moderate to severe sleep apnea (AHI = 15 events per hour) in asymptomatic LVSD or LVDD, HFpEF or HFrEF, ADHF, and
ACPE. ACPE = acute cardiogenic pulmonary edema; ADHF = acutely decompensated heart failure; AHI = apnea-hypopnea index; CSA = central
sleep apnea; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; LVDD = left ventricular
diastolic dysfunction; LVSD = left ventricular systolic dysfunction. Reprinted with permission of Elsevier from Javaheri et al.”
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Figure 2 - Impact of sleep apnea on survival in heart failure (HF).
Survival of patients with HF treated for sleep apnea (n = 258) and
patients with HF not tested or treated for sleep apnea (n = 30,065).
Kaplan-Meier survival curves adjusted according to age, sex, and
Charlson Comorbidity Index. (Reprinted with permission of Am J Respir
Crit Care Med. from Javaheri et al'!)

contrast, those patients with HF who were treated with
CPAP had improved survival (Fig 2).

Treatment of OSA in HF

Therapy of OSA with CPAP is considered the treatment
of choice. Unfortunately, a significant number of
patients with OSA reject CPAP, either initially or in the
long term. Given the unacceptably low adherence to
CPAP, identification of alternative treatment approaches
is critical. Improved understanding of the
pathophysiology of OSA in recent years provides an
opportunity for an approach to individualizing therapies
based on subpopulations and mechanisms.” This
approach has been considered for OSA in the general
population. The following sections describe a
phenotype-based therapeutic approach to OSA in HF.

Pathophysiologic Phenotypes of OSA and Their
Therapeutic Implications

OSA is a heterogeneous disorder with both anatomic
and nonanatomic mechanisms, either singularly or in
combination, contributing to upper airway occlusion via
upper airway dilator muscle relaxation, the ultimate
common pathway. Several endotypic/phenotypic traits
(Fig 3) have been identified in patients with OSA in the
general population, with each phenotype being a target
for a specific therapy.'>"” These include high loop gain
(LG), a condition that can occur in the feedback control
system of breathing that promotes system instability;
reduced pharyngeal dilator muscle activity during sleep;
an anatomically narrow pharyngeal airway; and a low
respiratory arousal threshold leading to recurrent
awakenings. These traits have been best studied in

High loop gain Poor pharyngeal
muscle response
Small,
collapsible Low arousal
” threshold
upper airway
A,
OSA CPAP works in the laboratory

but is associated with poor
long-term adherence
(efficacy and effectiveness)

Figure 3 — The various phenotypic/endotypic traits of OSA. (Courtesy of
Dr David White, with permission.)

individuals with OSA and no known HF. However,
results from these investigations can be informative with
respect to the pathogenesis and treatment of SDB in HF.

Increased LG and Chemical Chemosensitivity in OSA:
LG is a measure of the sensitivity of a negative feedback
system to changes in the controlled variables. When this
concept is applied to the respiratory system, it defines
the magnitude of the change in respiratory drive in
response to a given disturbance (eg, a minor decrease in
ventilation).'* Thus, in the case of excessive LG, a minor
decrease in ventilation (and thus a minor increase in
Paco,, the controlled variable) will result in an excessive
increase in ventilatory drive and ventilation (which may
suction the upper airway muscles inward, causing
pharyngeal closure, particularly in the presence of
predisposing anatomy) and a consequent fall in Paco,.
The latter results in an exaggerated reduction in
ventilatory drive and ventilation, even an apnea, if it
drops below the apneic threshold Pco,, collectively
contributing to an increase in Paco,. The ventilatory
control system is unstable and oscillates between periods
of excessive ventilatory drive and periods of abnormally
low, or even absent, output. The other component of
respiratory control instability is increased LG below
eupnea reflected in the difference between eupneic Paco,
and the apnea threshold, also known as the CO, reserve.
A low CO, reserve makes it more likely that the
ventilatory overshoot will bring the Paco, to the apnea
threshold precipitating central apnea.

The role of exaggerated LG in the pathogenesis of CSA
has been well established.'>'® Younes et al'” showed that
increased LG contributes to the severity of OSA. It is not
clear whether the high LG is the result of a genetic
predisposition or is the consequence of severe OSA
itself. To address this question, we measured hypoxic
and hypercapnic ventilatory responses of the immediate
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family members of hypercapnic or normocapnic
patients with OSA."® There were no differences in
chemical sensitivity to hypoxia or hypercapnia in the
family members, suggesting that diminished
chemosensitivity in patients with OSA was an acquired
rather than an inherited trait. Interestingly, in a follow-
up study, Loewen et al'” arrived at a similar conclusion
by showing that in patients with severe OSA, increased
drive declined after treatment of OSA with CPAP. We
suggest that, regardless of the time course as to when
high LG is acquired, its presence could contribute to
worsening SDB and be a therapeutic target.

20,21 22,23

Two medications, oxygen and acetazolamide,
have been used to treat OSA (without HF). Both were
previously used to treat CSA associated with HF.”**
Acetazolamide reduces LG by decreasing the plant gain
but increases CO, chemosensitivity; the cumulative
effect of these opposing tendencies determines
responsiveness. Edwards et al”® performed detailed
physiological measurements in 13 patients with OSA
who received acetazolamide at 500 mg bid for 1 week.
LG was reduced significantly in association with
reduction in the non-rapid-eye-movement sleep apnea-
hypopnea index (AHI) with a modest correlation
between reductions in LG and AHI. Interestingly,
increased carbonic anhydrase activity is reportedly
associated with severity of OSA and related
hypoxemia.”® As noted earlier, severe OSA is the form
associated with increased LG. Based on the
aforementioned studies, it is conceivable that
acetazolamide may be most effective in the severe OSA
subgroup, and a trial in OSA/HF is warranted,
potentially with triple effects: decreasing plant gain;
being a mild diuretic; and moving the alkalotic pH
toward normal values, further improving periodic
breathing."”

The other drug therapy that downregulates LG is
oxygen, which has been studied extensively in HFrEF
patients with CSA. There are few studies on the use of
oxygen to treat OSA patients without HF.”>*' In a recent
study,”” 36 patients with severe OSA (average AHI 57
events per hour) completed two nights of
polysomnography on supplemental oxygen (40%)

vs sham (air). OSA traits were quantified from the air-
night polysomnography. Nine of 36 patients (25%)
responded to supplemental oxygen (AHI decreased from
59 to 12 events per hour of sleep).

It remains to be determined whether acetazolamide,
oxygen, or their combination could effectively treat

OSA in patients with HF and elevated LG. Given that
patients with both HF and OSA are frequently not
reporting hypersomnolence and do not experience
symptomatic improvement with positive airway
pressure (PAP) (and consequently exhibit poor
adherence), a pharmaceutical solution may represent
an attractive alternative.

Reduced Pharyngeal Dilator Muscle Tone and OSA:
In patients with dilator muscle activity insufficient to
maintain an open airway while asleep, hypoglossal nerve
stimulation is currently somewhat popular as the target
of therapy. This approach has been used to treat OSA in
the general population, in PAP-intolerant subjects, or in
those who refuse PAP. In one such study,” the mean
AHI decreased from 32 £ 12 events per hour to 15 £ 16
events per hour following 12 months of hypoglossal
stimulation. The study most likely included responsive
and nonresponsive patients given the substantial
variability in AHI response at 12 months. Patients were
not preselected based on poor dilator muscle activity. It
may be hypothesized that screening for this trait could
allow for the prediction of suitable candidates; further
studies are required to examine this strategy. Two of the
patients in the aforementioned trial had HF, but whether
either of them was a treatment success or failure was not
reported. Given the overall risk of anesthesia and
implantation in HF, it would be important to treat only
the OSA phenotype that would be most responsive to
stimulation.

In addition to hypoglossal nerve stimulation, treatment
of OSA with noradrenergic agonists represents another
therapeutic approach, as noradrenergic withdrawal is
believed to be the main cause of pharyngeal hypotonia in
non-rapid-eye-movement sleep.””*’
their potential cardiotoxicity,”" tricyclic antidepressant
use in the HF population is not warranted.

However, in view of

Anatomically Narrow Airway: Oral appliances have
been used to treat OSA both in the general population
and in patients with HF, usually without screening for
any particular anatomic compromise. In a preliminary
observational study of 25 patients with HF, Eskafi*?
showed that AHI decreased nearly 50% after 4 to

6 weeks of therapy. Eskafi et al’” also evaluated oral
appliances in a small controlled study in patients with
HF and found that the range of AHI response varied
from a decrease of two to 34 events per hour, suggesting
that, just as for OSA in the general population, some
patients with HF are responsive and some are
nonresponsive to this therapeutic modality. A large trial
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in patients with HF and well-characterized OSA, likely
limited to those with anatomically narrow upper airway,
is warranted.

Low Respiratory Arousal Threshold: Proponents of
this counterintuitive treatment modality theorize that, if
arousal from sleep could be delayed (e-Fig 1), dilator
muscles of the upper airway will eventually be recruited,
thus opening the upper airway while the patient remains
asleep, finally reestablishing sustained normal breathing.
This idea has been tested in patients with OSA but
without HF. Two different hypnotic agents, trazodone
and eszopiclone, have been tested with limited

34,35
Success.

If eventually a very effective drug is found,
inherent in this approach is the virtual certainty that
obstructive events would lengthen, resulting in greater
degrees of negative swings in intrathoracic/juxta-cardiac
pressure, hypoxemia, hypercapnia, and respiratory
acidosis such that adverse cardiovascular consequences,
including arrhythmias, could ensue. Moreover, these
more profound derangements in gas exchange and acid/
base status may well promote excessive hyperventilation
once the upper airway does finally open, although, if the
drug happens to also downregulate chemical ventilatory
response, it could attenuate postapnea hyperventilation.
We must emphasize, however, that the effects of
benzodiazepines on ventilatory response are variable.’
Overall, our concern is that a drug-induced prolonged
arousal trait could be converted into an equally
undesirable high LG trait. It can be anticipated that such
an approach could be particularly hazardous in patients
with cardiovascular disorders such as HF.

Therapies Targeting More Than One Pathway of
OSA

Exercise and OSA: Exercise has been shown to improve
OSA in the general population.”” We recently performed
a controlled trial® in which 65 subjects with OSA/
HFrEF were randomized to one of four arms: usual
guideline-based care alone, or that combined with either
exercise only, CPAP plus exercise, or CPAP alone. After
3 months of follow-up, the mean AHI did not change
significantly in the usual care group, decreased in the
exercise group (28 to 18), and decreased significantly
more in the CPAP group (32 to 8) and in the exercise
plus CPAP group (25 to 10). Importantly, both exercise
and CPAP improved subjective excessive daytime
sleepiness, quality of life, and New York Heart
Association functional class. The reduction in AHI in
patients with HF in the exercise arm (a 35% reduction)
is consistent with a study by Ueno et al’” utilizing a

similar supervised exercise protocol in a comparable
group of patients with HF and OSA. These two studies
lend support to a treatment strategy involving either
exercise alone or exercise plus PAP that would have a
salutary effect on OSA in HF and improve the quality of
life of these patients. Consistent with the results of these
2 polysomnographic studies are studies showing that, in
patients with HF, exercise and cardiac rehabilitation
programs (which inevitably involve programmed

- - . . : 38,40
exercise) attenuate exertional oscillatory ventilation.

The mechanism by which exercise improves OSA is
likely multifactorial. Possible pathways include factors
such as weight loss, decreasing lower extremity edema
and consequent cephalad fluid translocation when the
patient reclines for sleep,”’ or stabilization of ventilatory
control. Exercise stabilizes ventilatory control both in
animal models of HF*” and in human experiments. In a
study in man, Tomita et al** showed that
postmyocardial infarction exercise training
downregulates the hypercapnic ventilatory response,
attenuating LG, which should decrease the probability of
developing apnea during sleep.

Compared with systemic exercise with pleotropic effects
on sleep apnea, oropharyngeal exercise likely exerts a
local effect in maintaining airway patency”’ during sleep.

PAP Devices for Treatment of OSA: PAP devices,
including CPAP and bilevel PAP, remain the most
effective treatment option for OSA both in the general
population and in patients with HF. Although
acceptance and long-term adherence remain
problematic, there is no dispute that, when used, PAP
therapy suppresses OSA. In addition to elimination of
the upper airway obstruction, the positive end-
expiratory pressure has multiple physiological effects
relevant to the patients with HF (as discussed in the
following sections).

PAP has been used extensively for the treatment of
respiratory failure due to decompensated HF and
pulmonary edema.”* In these patients, PAP improves
gas exchange, increases left ventricular ejection fraction,
and reduces left ventricular filling pressure.”> In one
study, a few hours of CPAP administration reduced
myocardial muscle energy consumption without
decreasing cardiac contractile efficiency.”® Furthermore,
CPAP reduced respiratory and cardiac muscle work load
within < 2 h of administration.”” An important effect of
CPAP in patients with a failing heart is the increase in
the intrathoracic pressure and subsequent reduction

in the transmural cardiac pressure gradient resulting in
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reduced myocardial work load and myocardial oxygen
consumption.”®*” However, a potential adverse effect
associated with excessive increases in intrathoracic
pressure is a reduction in venous return and right
ventricular preload, plus an increase in right ventricular
afterload as lung volume is increased. Such
hemodynamic consequences of PAP therapy,
particularly with added inspiratory pressure support
(with bilevel and adaptive servo-ventilation), could be
deleterious if the right ventricle is preload dependent
and is facing increased afterload due to existing
pulmonary hypertension.

One small randomized controlled trial (RCT) evaluated
the effect of CPAP for the treatment of OSA during
hospitalization for decompensated HF. in this setting,
CPAP improved discharge left ventricular ejection
fraction in patients with HFrEF.”’ Other small studies
evaluated the effect of CPAP in the treatment of OSA in
patients with stable HF. CPAP was found to improve

sympathetic overactivity,”"”

including cardiac
sympathetic tone and energetics, cardiac vagal tone,”
and cardiac afterload.”” In two small RCTs, several
weeks of treatment with CPAP in patients with HFrEF
and severe OSA resulted in improvement in left
ventricular ejection fraction.” In large observational
cohort studies, patients with HF who were treated for

SDB had improved survival™'" (Fig 3).

These aforementioned studies provided support for the
safety and effectiveness of CPAP in patients with HF
and OSA. Only more recently has a large RCT
evaluated the effect of treating OSA with CPAP on
cardiovascular events. The Sleep Apnea Cardiovascular
Endpoints (SAVE) study conducted an international,
multicenter, randomized trial that evaluated whether
CPAP prevented major cardiovascular events in
patients with OSA.”® The study randomly assigned
2,717 patients between ages 45 and 75 years with
moderate to severe OSA and coronary or
cerebrovascular disease to receive CPAP plus usual care
or usual care alone. After a mean follow up of 3.7 years,
there was no significant effect on prevention of
cardiovascular events. We have emphasized”” a
number of limitations to the SAVE trial that may have
affected the results; for example, inclusion of a number
of nonsleepy patients with OSA who may have been
less likely to benefit from the CPAP effect on OSA-
related cardiovascular outcomes. We also noted the low
average adherence to CPAP of 3.3 h per night, which
may be insufficient to improve cardiovascular
outcomes. As it relates to the current review, SAVE

excluded patients with HF in New York Heart
Association functional class III and IV, and enrolled
only those in class I and II.

Practical Implications and Multimodality Treatment
Strategies

In the preceding section, we individually considered the
mechanisms implicated in the pathogenesis of OSA with
or without HF, and illustrated lessons learned for
possible treatment strategies ranging from OSA without
HEF to OSA with HF. We justify this extensive discussion
of non-PAP therapeutic approaches because adherence
to PAP is commonly inadequate in patients with HF. In
the future, personalized therapy for OSA in HF based on
endotype/phenotype may achieve a place in the
treatment paradigm for OSA in HF, obviating the
difficulties in achieving PAP adherence. Clearly, only
limited data are available concerning the phenotypes/
endotypes of OSA in HF, and treatment not involving
PAP remains speculative. At present, PAP therapy is the
mainstay of treatment for OSA patients with or without
HF with its known limitations.

In this context, it is important for the clinician to
determine the treatment target, especially when non-
PAP approaches are considered. PAP devices can
generally normalize the AHI into a range well below 5
events per hour. However, given that most trials
reported < 4 h of use per night, the patient experiences
the benefit of treatment only for one-half of the night. If
an alternative approach that is tolerated for most of the
sleep time can achieve a reduction in AHI into the mild
rage (< 15 events per hour), the patient may then have a
better overall reduction in AHI and desaturation burden
than with PAP. Another consideration in the treatment
of OSA, and SDB in general, in the HF population is
achieving a decrease in oxygen saturation time < 90%, a
parameter that was shown to correlate with excess
mortality in patients with HFrEF.”® Examples of
combination phenotype-based therapies include any
mixture of weight reduction, supine preclusion, oral
appliance, oxygen, hypoglossal stimulation, and
acetazolamide. Figure 4 summarizes the phenotype-
directed approach to treatment.

Conclusions and Future Directions

Acute and chronic pathophysiologic consequences of
OSA in the setting of HF are well known. Data from
multiple observational studies show that OSA is
associated with rehospitalization and mortality. Thus
far, there is no adequately powered RCT evaluating
CPAP, the most effective therapy for OSA, in patients
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Figure 4 — A conceptual approach to phenotype-guided treatment for OSA in patients with heart failure. PAP = positive airway pressure.

with HF. Because patients with HF do not report
sleepiness at the same rate as patients without HF, there
should be less ethical concern regarding randomization
to receive either CPAP or usual care. However, lack of
subjective sleepiness will likely be associated with limited
symptomatic improvement with CPAP, consequently
contributing to poor adherence. One alternative is to
randomize only eligible subjects, defined as those who
used sham CPAP at least 5 h per night for several weeks.
Use of alternative comparative therapies such as an oral
appliance vs CPAP may fail to answer the ultimate
question; that is, whether OSA is a cause of
rehospitalization and mortality.

RCTs to evaluate the effect of therapy based on OSA
phenotypes are needed. An example would be an RCT
with an oral appliance in subjects with the phenotype of
narrow upper airway anatomy. Pilot studies with oxygen
and acetazolamide vs placebo for OSA/HF patients with
high LG, compared with low LG, would be a reasonable
next step as proof of concept. Meanwhile, in the absence
of large RCT's showing clinically significant
improvement in morbidity and mortality of patients
with HF treated for OSA, what should the clinicians do
in everyday practice? We heartily concur that evidence-
based medicine is the most important source to guide
therapy of any disorder. The available data do not
provide any guidance on the best course of action in
these patients. An approach that incorporates the

phenotype-guided therapy is likely to be the next
direction of this field. Thus far, clinicians are left to
make individual decisions based on best judgment in a
certain clinical scenario.
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