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Abstract: Obstructive sleep apnea (OSA) is associated with cardiovascular risk factors,
cardiovascular diseases, and increased mortality. Epidemiological studies have established these
associations, and there are now numerous experimental and clinical studies which have provided
information on the possible underlying mechanisms. Mechanistic proof-of-concept studies with
surrogate endpoints have been performed to demonstrate that treatment of OSA by continuous
positive airway pressure (CPAP) has the potential to reverse or at least to attenuate not only
OSA but also the adverse cardiovascular effects associated with OSA. However, no randomized
studies have been performed to demonstrate that treatment of OSA by CPAP improves clinical
outcomes in patients with cardiovascular risk factors and/or established cardiovascular disease
and concomitant OSA. In the present review, we summarize the current knowledge on the role of
OSA as a potential cardiovascular risk factor, the impact of OSA on cardiac function, the role
of OSA as a modifier of the course of cardiovascular diseases such as coronary artery disease,
atrial fibrillation, and heart failure, and the insights from studies evaluating the impact of CPAP
therapy on the cardiovascular features associated with OSA.

Keywords: obstructive sleep apnea, cardiovascular, risk, heart failure, atrial fibrillation,
hypertension

Introduction
Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder which is
caused by recurrent collapse of the upper airway during sleep, leading to intermittent
airway obstruction and absence of airflow despite respiratory efforts of the diaphragm
against the occluded pharynx, which results in recurrent cycles of hypoxemia and
arousals, and thus sleep fragmentation. Patients with OSA, therefore, suffer from
poor sleep quality, increased daytime sleepiness, reduced quality of life, depression,
reduced vigilance, and patients are at increased risk of motor vehicle accidents.! Apart
from this, there is now strong evidence of an association between the presence and
severity of OSA and an increased risk of cardiovascular diseases.>® In the present
review, we summarize and critically discuss the current knowledge on the role of
OSA as a cardiovascular risk factor, the impact of OSA on cardiac function, the role
of OSA as a modifier of the course of cardiovascular diseases such as coronary artery
disease, atrial fibrillation (AF), and heart failure (HF), and the insights from studies
evaluating the impact of continuous positive airway pressure (CPAP) therapy on the
cardiovascular features associated with OSA.

This is a narrative review based on a PubMed search using the search term “sleep
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apn(o)ea” combined with “cardiovascular disease”, “cardiovascular risk”, “hypertension”,
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“diabetes”, “left ventricular hypertrophy”, “left ventricular
diastolic function”, “heart failure”, “coronary artery disease”,
and “atrial fibrillation”. Original and review articles were con-
sidered, and the bibliography of identified articles was screened
for other relevant articles. Only articles published in English

until September 2015 were considered.

Definition

OSA is diagnosed based on a sleep study (polysomnography
or polygraphy) where the number of apneas and hypopneas is
assessed to calculate the apnea—hypopnea index (AHI), that
is, the number of apneas and hypopneas per hour of sleep.
An apnea is defined as absence of airflow (reduction to less
than 10% of baseline for =10 seconds), and a hypopnea is
defined as a reduction in airflow by =30% of baseline for
=10 seconds and is accompanied by a =3% decrease in
oxygen saturation or an arousal.* According to the most recent
consensus, the event is obstructive if any of the following
criteria are met: 1) there is snoring during the event; b) there
is increased inspiratory flattening of the nasal pressure wave-
form; and/or c) there is associated paradoxical motion of the
chest and abdominal respiratory inductance plethysmography
excursions.* The event is central if none of these criteria are
met. An AHI of less than five events per hour of sleep is
considered to be normal. OSA is mild if AHI is between 5
and 15 h™', moderate if it is between 15 and 30 h™!, and severe
if AHI is >30 h™l. An OSA syndrome is present if OSA is
accompanied by symptoms of daytime sleepiness, which is
typically defined using the Epworth sleepiness scale (ESS)
with a cut-off of a score of 10 points (maximum 24). However,
AHI is not the only parameter characterizing OSA, and the
definition of OSA is under discussion. Apart from AHI, the
arousal frequency and the degree of nocturnal desaturation
have been found to be related to relevant pathophysiological
aspects of the disease.’ It should also be noted that the defi-
nitions of hypopnea have been changed over time, and that
depending on these definitions, the prevalence of OSA can
vary significantly.® Some studies have used the respiratory
disturbance index to define OSA, a parameter calculated from
respiratory polygraphy, describing the number of events per
hour of registration (not sleep). Thus, one should also con-
sider that findings from older trials (eg, using the respiratory
disturbance index instead of AHI) might not be reproducible
under the current definitions.

Predisposition
Predisposing factors for OSA include older age, male sex,
smoking, use of muscle relaxants, and endocrine disorders

such as hypothyroidism and acromegaly, the most important
factor, however, being obesity. In the Wisconsin Sleep Cohort
Study (N=690, 56% males, mean age 46 years), a 10% weight
gain was associated with a 32% increase in AHI (compared to
stable weight) and a sixfold increase in the risk of developing
moderate to severe OSA (AHI =15 h™').” On the other hand,
weight loss has been shown to lead to a decrease in the severity
of OSA.”® From a pathophysiological point of view, this is
plausible since with increasing fat accumulation, the upper
airway is more likely to be narrowed and to collapse during
sleep. Anatomical factors (macroglossia, adenotonsillar
hypertrophy, retrognathia, nasal obstruction) also predispose
to OSA. Novel concepts regarding predisposition have been
proposed, including dysfunction of the pharyngeal dilator
muscles and a broad variation in arousal threshold.’

Prevalence

OSA is probably underdiagnosed. The Wisconsin Sleep
Cohort Study published in 1993 had revealed that at the age
0f 30-60 years, 9% of women and 24% of men had any sleep-
disordered breathing (AHI =5 h™'), and it was estimated that
in this age category, 2% of women and 4% of men had OSA
syndrome, that is, evidence of sleep-disordered breathing and
symptoms of daytime sleepiness.’ A more recent study from
the US showed that 10% of men aged 20—49 years and 17%
of those aged 50—70 years had at least moderate OSA (AHI
=15 h!), whereas the corresponding figures for women in
the same age categories were 3% and 9%.'° However, a recent
population-based study from Switzerland using contempo-
rary recording technologies revealed a prevalence of 50% of
moderate or severe OSA (AHI =15 h™") in men and 23% in
women.® Only a minority had symptoms of sleepiness. Given
that this population was considered to be representative of
the general population, and that in Switzerland, the average
body mass index is lower than in other countries such as the
US, the prevalence of OSA worldwide might be markedly
higher than previously thought.

Pathophysiology

The following key mechanisms are thought to be of paramount
importance for the pathophysiology of the cardiovascular
consequences of OSA: intermittent hypoxia, hypercapnia,
sleep fragmentation, and intrathoracic pressure swings.>* The
unique pattern of intermittent hypoxia, that is, short periods
of desaturation followed by reoxygenation, seems to be a key
pathophysiological driver of adverse cardiovascular effects of
OSA. Three mechanisms resulting from intermittent hypoxia/
arousals relevant to the pathophysiology of the cardiovascular
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consequences of OSA have been proposed: sympathetic
activation, oxidative stress, and systemic inflammation.
A detailed discussion of the literature providing the basis for
these concepts is beyond the scope of the present manuscript,
but can be found elsewhere.>>!! Here, we will focus on the
findings in human studies. Mechanical effects resulting from
the massive intrathoracic pressure swings also seem to play
an important role. Ineffective respiratory efforts against the
occluded pharynx generate a negative intrathoracic pressure
and, thus, an increased difference between intracardiac and
extracardiac pressure, and thereby an increased left ventricu-
lar (LV) afterload.? In addition, the negative intrathoracic
pressure results in suction of blood into the right ventricle
and, thus, increased right ventricular preload. On the other
hand, hypoxia leads to pulmonary vasoconstriction and
increased right ventricular afterload. If healthy volunteers
perform a Mueller maneuver, that is, voluntary forced
inspiration against a fixed resistance, to simulate obstructive
apnea, this leads to reduction in LV function either assessed
by LV ejection fraction (LVEF) or by strain,'* as well as sig-
nificant variation in left atrial volume.' Interestingly, right
ventricular strain is also affected by the Mueller maneuver."
Notably, even sleep restriction alone can induce features of
cardiovascular dysfunction, including LV diastolic™ and left
atrial dysfunction and endothelial dysfunction'® in healthy
subjects, indicating that sleep deprivation per se may also
play a role.

OSA and the cardiovascular system
In the following, we will present a summary of studies on the
association between OSA and 1) established cardiovascular
risk factors, 2) surrogates of cardiovascular risk (measures
of autonomic tone, biomarkers), 3) measures of cardiac and
vascular structure and function in subjects without overt
cardiovascular disease, and 4) important cardiovascular dis-
case states. We will separate studies reporting associations
between the presence and severity of OSA and cardiovascular
risk factors/diseases and the studies evaluating the impact
CPAP on cardiovascular features proposed to be associated
with OSA. In Table 1, an overview on these studies is given.
Details are discussed in the following paragraphs.

OSA and cardiovascular risk factors
Hypertension

The association between OSA and hypertension is now well
established, although the clinical consequences are not clear
yet.!” The presence of OSA has been shown to be associated
with increased arterial stiffness (as assessed by pulse wave

Table |
cardiovascular risk factors, surrogate markers of cardiovascular

Overview of the association between OSA and

dysfunction, and cardiovascular diseases and the impact of
treatment with CPAP

Association Beneficial
with OSA effect of
CPAP
Cardiovascular risk factors
Hypertension 42023 4423-252728
Diabetes/insulin resistance 43132 ()33
Markers of autonomic tone
Muscle sympathetic nerve activity 344 445
Heart rate variability 4647
Heart rate recovery 45051 45
Markers of vascular structure/function
Endothelial function 45354 4535556
Carotid intima—media thickness +57 +58
Aortic size (+)e062e3
Cardiac structure and function
(in patients without overt cardiac
disease)
Left ventricular mass 186466 467
Systolic mitral annular velocity (s‘) 68 468
Global longitudinal strain 7071 470
Left ventricular diastolic function 687375 676873
Left atrial size 46875 L6768
Pulmonary pressure +77 47767
Right ventricular size +78 67,7882
Right ventricular function 47880 47882
CAD
Prevalence {498.99.101
Incidence 4100
Clinical events in patients with 403,105,106 i
established CAD
Arrhythmia
Prevalence/incidence of atrial 115116
fibrillation
Recurrence of atrial fibrillation after FER L 4119120
cardioversion
Sudden cardiac death 124
QT interval 412
Heart failure
Prevalence 498
Incidence 466,100
Measures of autonomic dysfunction 44132 44133135
LVEF in patients with HFrEF 4137138
Mortality 4136
Cardiac biomarkers
BNP/NT-pr'OBNP (+)83£8 (+)51,67,90
Cardiac troponin 487.93-96 _e197

Notes: Symbols to semiquantitatively indicate the strength of evidence: ++, good
evidence from several high-quality large studies or mechanistic studies; +, consistent
evidence from one large study and/or several small studies; (+), inconsistent findings;
—, negative/neutral study results.

Abbreviations: BNP, B-type natriuretic peptide; CAD, coronary artery disease;
CPAP, continuous positive airway pressure; HFrEF, heart failure with reduced
LVEF; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal-pro-B-type
natriuretic peptide; OSA, obstructive sleep apnea.
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velocity), which is additive to the effect of hypertension
alone.'® However, not all patients with OSA are hypertensive.
Apart from age and body mass index, low daytime oxygen
saturation and more severe nocturnal hypoxia seem to be key
factors associated with the presence of hypertension in OSA
patients.'” The landmark study by Young et al?* published in
1997 revealed that in a cohort of 1,060 subjects aged between
30 and 60 years, there was a linear rise in blood pressure with
rising AHI. Subjects with an AHI of 15 h™" were 1.8 times
more likely to have hypertension that those with an AHI of
zero. In a recently published cross-sectional study by Heinzer
et al,* among 2,121 subjects undergoing polysomnography
(median AHI 6.9 h''), the upper AHI quartile (>20.6 h™") was
independently associated with hypertension (odds ratio 1.6).
This does not necessarily indicate that OSA causes hyperten-
sion, since there are many confounding factors, in particular,
obesity. Data on the impact of OSA on the incidence of hyper-
tension are somewhat conflicting. Peppard et al?! followed
709 participants of the Wisconsin Sleep Cohort Study with-
out hypertension at baseline for 4 years. The odds ratios for
having hypertension (blood pressure >140/90 mmHg or
use of antihypertensive medication) at the 4 years follow-
up were 1.42 for an AHI of 0.1-4.9 h™!, 2.03 for an AHI
of 5.0-14.9 h™!, and 2.89 for an AHI =15 h™!, compared to
an AHI of zero. In the study by Cano-Pumarega et al*? in
1,180 subjects without hypertension at baseline followed for
7.5 years, there was also a dose-dependent increase of inci-
dent hypertension with increasing OSA severity expressed by
the respiratory disturbance index. However, after adjustment
for confounders, OSA was not associated with incident hyper-
tension anymore. In contrast, in a prospective observational
study of 1,889 participants without hypertension at baseline
with a median follow-up of 12.2 years, Marin et al* found
a higher risk of incident hypertension in patients with OSA
ineligible for CPAP (adjusted hazard ratio 1.33), in patients
with OSA who declined CPAP (hazard ratio 1.96), and in
patients with OSA nonadherent to CPAP (hazard ratio 1.78),
compared to controls.

The role of CPAP in the prevention and treatment of
OSA is also controversial. The observational study by
Marin et al*® suggested that the incidence of hypertension
was lower in OSA patients treated with CPAP compared to
controls (adjusted hazard ratio 0.71). However, this was not
a controlled trial, and adherence to CPAP may have been a
surrogate for a behavior that is likely to result in a reduction
in blood pressure. In a trial among 725 patients with OSA
and AHI =20 h™' and an ESS score of <10, that is, nonsleepy
patients with significant OSA, randomized to CPAP or no

CPAP, there was no significant difference in the combined
endpoint of incident hypertension and cardiovascular events
between the groups, although the study may not have been
adequately powered.?* Interestingly, the study was positive,
that is, the incidence of hypertension and cardiovascular
events was reduced, in the subset of 230 patients random-
ized to CPAP and using the device for more than 4 hours
per night,?* pointing to the importance of CPAP adherence
for such patients.

The antihypertensive effect of CPAP in patients with
significant OSA is generally accepted.!” CPAP reduces blood
pressure in patients with significant OSA (AHI >15h!) and
additional cardiovascular risk factors, whereas nocturnal
oxygen does not.” The antihypertensive effect of CPAP in
OSA patients is relatively modest, however, and less than that
of pharmacological antihypertensive therapy (ie, valsartan).?®
In a meta-analysis, a weighted mean decrease in diurnal
systolic and diastolic blood pressure of 2.6 and 2.0 mmHg
was found.”” Importantly, the antihypertensive effect of CPAP
depends on the hours of CPAP use and on several other patient
characteristics. Male sex, sleepiness, body mass index, smok-
ing, alcohol use, and baseline blood pressure are predictive
of the CPAP-related reduction in 24-hour blood pressure.?’ In
an open-label, randomized, multicenter trial in 194 patients
with resistant hypertension (3.8 antihypertensive drugs) and
OSA (mean AHI 40 h™!), the reduction in 24-hour mean blood
pressure after 12 weeks was larger in the CPAP group than
in the control group (crude difference —3.1 mmHg).* The
extent of blood pressure reduction was related to the average
daily CPAP use.?®

Diabetes

The basic science literature has established a plausible
link between OSA and insulin resistance.” In healthy
volunteers, 5 hours of intermittent hypoxia is sufficient to
induce altered insulin sensitivity.** However, in humans with
a cluster of cardiovascular risk factors, it is often hard to
delineate whether diabetes is the result of obesity or OSA.
Population-based and cross-sectional studies have revealed
an association between the presence and severity of OSA and
the prevalence and incidence of type 2 diabetes. An analysis
of data from 1,387 participants of the Wisconsin Sleep
Cohort Study revealed an increasing baseline prevalence of
diabetes with increasing OSA severity (adjusted odds ratio
of 2.30 for having a diagnosis of diabetes for subjects with
AHI =15 h™! compared to those with AHI <5 h™").*! In the
cross-sectional study by Heinzer et al® among 2,121 subjects
undergoing polysomnography (median AHI 6.9 h™'), the
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upper AHI quartile (>20.6 h™") was independently associated
with diabetes (odds ratio 2.0) and the metabolic syndrome
(odds ratio 2.8). In the Wisconsin Sleep Cohort Study, the
risk of developing diabetes within 4 years was also related to
OSA severity at baseline (adjusted odds ratio 1.62 for subjects
with AHI =15 h! compared to those with AHI <5 h!).3!
In another cohort of 544 patients referred for the evaluation
of OSA and who were free of diabetes at baseline, the risk
of incident diabetes was shown to be related to OSA severity
after adjusting for potential confounders (adjusted hazard
ratio per OSA severity quartile 1.43).3

Data on the effect of CPAP on diabetes and markers of
the metabolic syndrome are scarce and conflicting, however.
In the above-mentioned observational study,” the 60% of
patients with supramedian AHI using CPAP had a lower
risk of incident diabetes than the 40% not using CPAP.
A small retrospective uncontrolled study in 38 patients
with both OSA (mean AHI 53 h™') and diabetes showed a
decrease in glycosylated hemoglobin (from 7.8% to 7.3%)
following CPAP therapy (mean duration 134 days).* In a
nonrandomized study among 32 patients with severe OSA,
Dorkova et al** found that patients using CPAP for at least
4 hours per night (n=16) experienced an improvement in
insulin sensitivity as measured by the homeostasis model
assessment. In a trial by Sharma et al*® in 86 patients with
OSA (87% with the metabolic syndrome) using a crossover
CPAP versus sham-CPAP design over 3 months, a reduction
in glycosylated hemoglobin (by 0.2%) could be shown in the
CPAP group. Importantly, in this study, CPAP also reduced
body mass index and visceral fat, which was not the case
in many other studies. Notably, the study by Sharma et al¢
was later retracted. In fact, the majority of OSA patients in
other trials experienced a weight gain after initiation of CPAP
therapy, as recently shown in a meta-analysis.’” A previous
randomized sham-CPAP controlled study in patients with
type 2 diabetes mellitus and newly diagnosed OSA had
shown no effect of CPAP on glycosylated hemoglobin and
insulin resistance after 3 months.* Thus, at the moment, the
role of CPAP in both prevention and treatment of diabetes
in patients with OSA has not been clarified.

OSA as a risk marker

In the last 10 years, studies have not only revealed an asso-
ciation between OSA and prevalence/incidence of the major
risk factors hypertension and diabetes, but severe OSA per
se has been found to be a marker of adverse outcomes in
several cohort studies,’*** which represents an impetus
for very intense research in this area. A landmark study by

Marin et al*® showed that patients with severe untreated OSA
had had a significantly increased risk of fatal (adjusted hazard
ratio 2.87) and nonfatal (hazard ratio 3.17) cardiovascular
events compared to healthy subjects, after a mean follow-up
of 10.1 years. Patients with untreated severe OSA also had
a higher risk of fatal and nonfatal events than simple snor-
ers, patients with mild-to-moderate OSA, and patients with
OSA treated by CPAP. In a cohort of patients referred to a
sleep center (N=1,022, 68% with OSA with a mean AHI of
35 h™), the risk of the composite endpoint of stroke or death
after a median follow-up of 3.4 years was significantly higher
in OSA patients compared to controls (adjusted hazard ratio
1.97).* In the unadjusted analysis, OSA patients also had a
higher risk of death (hazard ratio 2.00), which failed to reach
statistical significance after adjustment for demographics and
cardiovascular risk factors.** A cohort study among 1,116
women revealed that those with untreated severe OSA (AHI
=30h!) had a severalfold higher risk of cardiovascular mor-
tality (adjusted hazard ratio 3.50) than those without OSA
(AHI <10 h™"), while women with CPAP-treated severe OSA
and women with mild-to-moderate OSA (AHI 10-29 h™!) had
similar outcomes as those without OSA.* Also, among 939
subjects =65 years of age, severe OSA (AHI =30 h™'") was
shown to be associated with higher cardiovascular mortality
(adjusted hazard ratio 2.25) compared with no OSA (AHI
<10 h™"), while CPAP-treated patients and control subjects
had similar prognosis.*! Notably, in these studies, “no CPAP
use” was defined as either insufficient use (<4 hours per
night) or no prescription. Thus, the presence of severe OSA
clearly indicates an increased cardiovascular risk, and good
CPAP adherence (which potentially also is a surrogate of
unmeasured confounding factors) seems to be attenuate this
risk, but the underlying mechanisms remain to be defined.

Surrogate markers of autonomic
imbalance in OSA without overt

cardiac disease

The paradigm of sympathetic predominance in OSA is
reflected by several studies showing that surrogate markers
of sympathetic tone are elevated in OSA patients without
obvious cardiovascular disease compared to controls, and
that CPAP attenuates these changes. These studies are briefly
summarized in the following sections.

Muscle sympathetic nerve activity

Muscle sympathetic nerve activity, as assessed by micro-
neurography, is an established method to quantify sympa-
thetic activity. In their pivotal paper, Somers et al** showed
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that patients with OSA (mean AHI 44 h™') had clearly
increased muscle sympathetic nerve activity during wake-
fulness, compared to age- and body mass index-matched
controls (n=5, AHI <10 h™'; 59 versus 34 bursts/minute).
Importantly, muscle sympathetic nerve activity in patients
with OSA and obesity is higher than in those with obesity
alone.* In a controlled study, muscle sympathetic nerve
activity was significantly reduced in patients with OSA using
CPAP therapy for 1 year (n=11, mean AHI 27 h™") compared
to those who did not undergo CPAP therapy because they
refused it (n=9, mean AHI 23 h™!; from 51 to 41 bursts/minute
versus from 45 to 43 bursts/minute).*

Heart rate variability

Similar to patients with HE, OSA patients have reduced heart
rate variability with a shift toward sympathetic predomi-
nance.*® Narkiewicz et al* performed spectral analysis of
heart rate variability and found an increase in low-frequency
RR interval variability (77 versus 58 normalized units), a
decrease in high-frequency RR interval variability (17 versus
37 normalized units), and an increase in the ratio of low-
to high-frequency RR interval variability in patients with
moderate-to-severe OSA (n=11, mean AHI 61 h™!) compared
to controls matched for age, body mass index, and blood
pressure (n=12). Such findings have initially been obtained
in patients with severe OSA. However, even patients with
milder forms of OSA seem to have subtle alterations in heart
rate variability.” Although a very interesting field analysis
of heart rate variability is complex, a high number of indices
have been suggested, and data on the impact of CPAP on
heart rate variability are relatively scarce with inconsistent
findings in the adult OSA literature.

Heart rate recovery

Heart rare recovery is another measure of autonomic tone
with established prognostic value in patients with cardiovas-
cular disease.*® Heart rate recovery is a measure derived from
an exercise stress test and defined as the reduction in heart
rate from peak exercise to the first (HRR-1) or the second
(HRR-2) minute of recovery. Its relationship with autonomic
tone has been demonstrated in elegant experiments.* In a
cohort of patients with OSA without HF (N=63, mean age
49 years, median AHI 30 h™'), we had found an association
between higher AHI and lower HRR-1 (AHI >30 h™': median
HRR-1 20 beats per minute [bpm] versus AHI 5-30 h™:
median HRR-1: 24 bpm).* In the multivariable analysis,
higher AHI remained an independent predictor of lower
HRR-1.%* We also found an association between the severity

of OSA expressed as higher desaturation index and HRR-2,
particularly in younger patients (ie, =48 years of age).>!

In an uncontrolled study assessing the effect of CPAP
(at least 3.5 hours use, mean duration 7.9 months) in 40
patients with OSA (median AHI 37 h™'), we found an
improvement in HRR-2 (from 38 to 42 bpm) in the entire
cohort and an improvement in HRR-1 (from 20 to 21 bpm)
and HRR-2 (from 38 to 42 bpm) in those with AHI >30 h™!
at baseline.”

The cardiovascular system in OSA
In the following sections, studies investigating the effects
of OSA per se (ie, in patients without overt cardiovascular
disease) on heart and vessels are summarized.

Endothelial function

Endothelial function, a surrogate of vascular function, has
been shown to be impaired in OSA patients. Patients with
moderate-to-severe OSA (n=28, mean AHI 46 h™") were
shown to have worse forearm flow-mediated vasodilation
compared to controls (n=12; mean AHI 2.4/h; 5.3% versus
8.3%).% This is not only true for severely symptomatic OSA
patients, but also for those with few symptoms. Kohler et al**
showed that minimally symptomatic OSA patients (n=064,
mean oxygen desaturation index 23.1 h™!, ESS score 8) had
worse flow-mediated dilatation (5% versus 7.5%) compared
to matched control subjects without OSA (n=15).

A randomized study in patients with moderate-to-severe
OSA undergoing CPAP for 4 weeks (n=14) or no CPAP
(n=13) revealed a significant improvement in flow-mediated
vasodilation in the group allocated to CPAP compared to the
group allocated to no CPAP (from 5.1% to 9.6% versus from
5.6% to 4.7%; P<<0.001 for between-group difference).”
Interestingly, this is true even for minimally symptomatic
patients (who have been shown to respond in a different
manner, compared to symptomatic patients with respect to
a number of cardiovascular endpoints). In the Multicentre
Obstructive Sleep Apnea Interventional Cardiovascular
trial, including 208 patients (oxygen desaturation index
13.7 h7!, ESS score 8.3), a subgroup (n=64) had complete
data on brachial artery flow-mediated dilatation at baseline
and after 6 months.* Those undergoing CPAP had improved
flow-mediated dilatation compared to those not undergo-
ing CPAP (from 3.4% to 4.4% versus from 3.4% to 2.6%;
P<0.001 for adjusted treatment effect), and the effect was
larger in those using CPAP for more than 4 hours per night
compared to those not doing so.”> A recent meta-analysis
summarizing four randomized trials on the effect of CPAP on

90 submit your manuscript

Dove

Vascular Health and Risk Management 2016:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

OSA and cardiovascular risk

endothelial function (150 patients) revealed an improvement in
flow-mediated vasodilation by 3.87% following CPAP.%

Carotid intima—media thickness

Carotid intima—media thickness, an established surrogate
of early atherosclerosis, was shown to be higher in patients
with OSA (n=36, two thirds with moderate-to-severe OSA)
compared to obese controls (n=16; 1,070 versus 710 um).%’
There was also a significant difference in carotid intima—
media thickness between subjects with moderate-to-severe
(mean AHI 48 h™') versus mild (mean AHI 11 h™') OSA
(1,160 versus 920 um). There was a correlation between
AHI and carotid intima-media thickness as well as between
the degree of nocturnal desaturation and carotid intima-
media thickness. A higher percentage of total sleeping time
spent with an oxygen saturation less than 90% was the
strongest predictor of thicker carotid intima—media in the
multivariable analysis.’” A randomized study in 24 patients
with severe OSA (AHI >30 h™', similar baseline carotid
intima—media thickness in both groups) assigned to CPAP
for 4 months (n=12; mean hours of CPAP use: 6 hours per
night) or no treatment (n=12) revealed a significant reduction
of carotid intima—media thickness following CPAP (CPAP
group: from 707 to 645 um versus control group: from 732
to 740 um).®

Large vessels

By large intrathoracic pressure changes and the above-
mentioned mechanisms contributing to vascular damage,
OSA may also have adverse effects on the aorta. A detailed
and excellent summary of available studies and a discus-
sion of possible underlying mechanisms can be found
elsewhere.”® Here, we briefly mention some key studies.
Marfan’s syndrome was used as a prototype and model of
aortic disease where OSA might be a factor contributing to
disease progression and aortic events. In a prospective study
among 61 patients with Marfan’s syndrome and 26 matched
control subjects, Kohler et al®® found a high prevalence of
OSA in Marfan patients (33% with AHI >5 h™', 18% with
AHI >15 h™' versus 12% and 0%, respectively, in controls).
In Marfan patients without previous aortic surgery, aortic root
diameter was larger in those with AHI >5 h™! compared to
those with AHI <5 h™" (45 versus 37 mm; correlation between
AHI and aortic root diameter: 7=0.5). In the same cohort
(44 patients with Marfan’s syndrome, 15 with OSA, median
follow-up 29 months), the presence of OSA was related to the
incidence of aortic events.®! Cross-sectional studies evaluat-
ing the association between OSA and aortic size have revealed

mixed results. In one of the positive studies in 150 unselected
patients referred for evaluation of OSA (mean age 60 years,
73% with AHI >10 h™'), the diameter of the ascending aorta
as assessed by computed tomography was larger in patients
with OSA than in those without (36.8 versus 31.5 mm), and
higher AHI was independently associated with larger aortic
size in the multivariable analysis.®* Another positive study
was that by Mason et al®* who conducted a retrospective study
among 127 patients with abdominal aortic aneurysm who
underwent a sleep study (15% with AHI >30 h™', 10% with
oxygen desaturation index >30 h™'), the result of which was
correlated to the previously observed aortic aneurysm expan-
sion in a surveillance program (median interval between the
first and last scan for aneurysm size assessment: 18 months).
Patients with AHI >30 h! and oxygen desaturation index
>30 h™' had higher aneurysm expansion rates adjusted for
baseline diameter and cardiovascular risk factors, compared
to subjects with AHI and oxygen desaturation index 0—5 and
6-15 h™', respectively.®® Prospective randomized studies on
the effect on CPAP on aortic size are not yet available.

LV mass

Figure 1 is a schematic representation of the OSA-related
changes to the heart which are discussed in the following
sections. Cross-sectional studies reported an association
between OSA and OSA severity and LV mass (typically
expressed as LV mass index, where LV mass is indexed to
body surface area, height, or height*7), but not in all stud-
ies the association remained significant after adjustment
for important confounders such as obesity and hyperten-
sion.'86465 Drager et al'® demonstrated an additive effect of

RV dilatation

Coronary artery
disease

LA dilatation

LV systolic dysfuhction

V LV diastolijc dysfunction

Figure | Schematic representation of the OSA-related effects on cardiac structure
and function.

Note: Red, effects on the left heart; blue, effects on the pulmonary circulation and
right heart.

Abbreviations: LA, left atrium/atrial; LV, left ventricle/ventricular; OSA, obstructive
sleep apnea; RA, right atrium/atrial; RV, right ventricle/ventricular.
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severe OSA and hypertension on LV mass. They found that
interventricular septal thickness, posterior wall thickness, and
LV mass index were lowest in control subjects without OSA
or hypertension, intermediate in patients with hypertension
or severe OSA, and highest in those with both severe OSA
and hypertension. These authors also demonstrated a link
between OSA and increased arterial stiffness (as assessed by
pulse wave velocity) on the one hand, and between increased
arterial stiffness and increased LV mass index on the other.'®
Niroumand et al% reported higher LV mass indexed to height
in men with OSA (n=224, AHI 34 h™') compared to those
without (n=108, AHI 1.2 h™; 98.9 versus 92.3 g/m), but this
association was explained by the confounding effects of body
mass index, age, and hypertension. There was no significant
association between LV mass index and AHI. Contrasting
findings were obtained in a much larger cohort of 2,058
participants of the Sleep Heart Healthy Study, where even
after extensive adjustment, Chami et al** found a higher LV
mass index in patients with severe OSA (AHI 30 h™'; n=84)
compared to that in those without OSA (AHI <5 h™!, n=957,
44.1 versus 41.3 g/m?>7). There was an independent associa-
tion between LV mass index and presence and severity of
OSA expressed as AHI or the percentage of total sleeping
time spent with an oxygen saturation <90% in men, while
in women, only the association between LV mass index and
the percentage of total sleeping time spent with an oxygen
saturation <90% was statistically significant.* Seemingly
opposing findings were reported very recently by Roca et al®
who found an independent association between OSA severity
expressed by AHI and LV mass index in women, but not in
men. However, in this study, subjects from the Atherosclerosis
Risk In Communities study and the Sleep Heart Health Study
(371 men and 535 women) underwent an echocardiogram
approximately 13 years after the baseline assessment includ-
ing polysomnography. These findings were interpreted as
evidence of a more unfavorable cardiac remodeling response
to OSA in women than in men.%

An uncontrolled study in symptomatic patients with
moderate-to-severe OSA (N=47, mean AHI 63 h~!, mean ESS
score 14) using cardiac magnetic resonance imaging showed a
significant reduction in LV mass index (from 159 to 137 g/m?)
following 12 months of CPAP therapy, although there was
no change in blood pressure.®’” Another uncontrolled study
found a reduction in LV septal and posterior wall thickness
in 37 patients with OSA treated with CPAP (mean duration
26 weeks), whereas LV mass index was not reduced.®® The
latter was due to the fact that there was an increase in LV
end-diastolic dimensions (and ejection fraction) following

CPAP. Interestingly, no change in LV mass index, as assessed
by cardiac magnetic resonance imaging, was found following
6 months of CPAP therapy in only minimally symptomatic
patients with OSA (n=68, mean oxygen desaturation index
13.5 h7!, mean ESS score 8), even though there was a
reduction in oxygen desaturation index and a symptomatic
improvement with a significant improvement of the ESS score
in patients randomized to CPAP.%

LV systolic function
LVEEF is the most commonly used measure of LV systolic
function. However, LVEF is a very crude measure of LV
systolic function, and LV systolic function can be impaired
before LVEF is reduced. There is no good evidence that
OSA per se is associated with significantly impaired LVEF
in patients without overt cardiovascular disease. In contrast,
several studies reported associations between OSA and OSA
severity and measures of LV myocardial velocity (tissue
Doppler)® and myocardial deformation (strain),’*’' that is,
measures of LV systolic function which are more sensitive
than LVEF. In an interesting study by Butt et al,*® patients
with OSA and borderline blood pressure (AHI >15 h™';
n=40, mean systolic blood pressure 142 mmHg) showed a
similar impairment of the systolic mitral annular velocity as
age-matched patients with hypertension and no OSA (n=40,
mean systolic blood pressure 152 mmHg; 6 versus 6 cm/s),
but lower systolic mitral annular velocity when compared to
age-matched controls (6 versus 7 cm/s). In a study by Haruki
et al,” a reduction in global longitudinal LV strain could
be demonstrated in OSA patients (n=32, mean AHI 37 h™!)
immediately after sleep as compared to before sleep (before
sleep: —20.7 versus after sleep: —19.1; no control group).

In the above-mentioned study by Butt et al,*® CPAP (mean
duration 26 weeks) improved the systolic mitral annular
velocity in OSA patients (from 6 to 7 cm/s; no control
group). In the study by Haruki et al,” the overnight reduction
in global longitudinal LV strain was shown to be abolished
after 3 months of CPAP in 14 patients with moderate-or-
severe OSA

Importantly, subtle changes in LV systolic function have
also been found in patients with obesity (no assessment of
OSA was performed),” and again, it is difficult to separate
the effects attributable to obesity or OSA.

LV diastolic function

Studies concur that OSA is associated with LV diastolic
dysfunction.””” In an early study by Arias et al” using
Doppler echocardiography but no tissue Doppler, OSA
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patients (mean AHI 44 h™') were found to be more likely
to have a pattern of impaired LV relaxation than controls
with similar age and body mass index (15/27 versus 3/15).
In studies including tissue Doppler measurements, other
investigators consistently found lower early mitral annular
velocity (e”)” and/or higher ratio of the early peak mitral
inflow velocity (E) to e’ (E/e’,%*7 a higher value indicating
worse diastolic function) in patients with OSA compared to
controls. Notably, e’ is currently regarded as the most valid
measure of LV diastolic function.” Oliveira et al”® compared
56 patients with OSA (mean AHI 30 h™') and 50 age-matched
control subjects with similar body mass index and blood
pressure (mean AHI 2.6 h™') and found lower ¢’ (averaged
measure from septal and lateral annulus: 7.0 versus 7.9 cm/s)
and higher E/e’ (10.6 versus 9.4) in OSA patients. In the study
by Butt et al,®® E/e” in patients with hypertension was higher
than in healthy controls, and in OSA patients, it was similar
to those with hypertension, but the difference between OSA
patients and controls failed to reach statistical significance.

Arias et al” were able to show in a sham-CPAP-controlled
crossover study in 25 OSA patients (mean AHI ~44 h™") that
CPAP over 12 weeks increased the ratio of the early to atrial
transmitral inflow velocity (E/A ratio; from 1.07 to 1.24),
a measure of LV relaxation, and reduced the deceleration
time (from 244 to 223 ms), that is, CPAP changed the dia-
stolic function from an impaired relaxation pattern toward a
normal pattern. Butt et al® reported improved measures of
LV diastolic function including an increase in the E/A ratio
(from 1.0 to 1.4) and a reduction in the isovolemic relaxation
time (from 0.09 to 0.07 seconds) and E/e’ (from 9.0 to 8.0)
in 37 OSA patients following CPAP therapy (mean duration
26 weeks). Colish et al®” found a dramatic increase in €’, both
measured at the septal (from 5.0 to 9.2 cm/s) and lateral (from
5.510 9.8 cm/s) annulus, and a reduction in E/e’ (from 18 to
8) in an uncontrolled study in 47 patients with severe OSA
(mean AHI 63 h™) after 1 year of CPAP therapy (more than
4.5 hours use per night in all patients).

Left atrial size and function

The size of the left atrium is regarded as a mirror of LV dia-
stolic function. Several authors have reported worse diastolic
function in conjunction with larger left atrial volume in OSA
patients compared to controls.®*” Oliveira et al” reported
larger left atrial volume index (24.9 versus 18.5 mL/m?) in
56 patients with OSA (mean AHI 30 h™') than in 50 age-
matched control subjects (mean AHI 2.6 h™'), and there was
arise in left atrial volume index across AHI categories. Simi-
larly, Butt et al®® found a larger left atrial volume index, as

assessed by echocardiography, in OSA patients compared to
controls, either assessed using 2D (28.1 versus 18.6 mL/m?)
or 3D (26.3 versus 18.1 mL/m?) echocardiography, and the
left atrial volume index was similar in the OSA patients
(having borderline hypertension) and in patients with hyper-
tension but no OSA.

In the study by Butt et al,*® a reduction in left atrial volume
index (2D: from 28 to 23 mL/m?, 3D: from 26 to 22 mL/m?)
was reported in 37 patients following CPAP therapy. A sig-
nificant reduction in left atrial size volume index (from
45 to 31 mL/m?) along with an improvement in LV diastolic
function following 12 months of CPAP was also reported by
Colish et al®” in an uncontrolled study.

Pulmonary pressure and right heart
It is generally assumed that sleep-disordered breathing
including OSA can lead to pulmonary hypertension, the
underlying mechanism being chronic or intermittent hypoxia
(class III pulmonary hypertension, which is a form of
pulmonary arterial hypertension). However, detailed invasive
studies are not available. A carefully conducted noninvasive
study had shown that patients with OSA (n=23, mean AHI
44 h™') and without other obvious cause of pulmonary hyper-
tension had higher estimated systolic pulmonary artery pres-
sure (sPAP) than age-matched controls (n=10).”” However,
sPAP was low in both groups (30 versus 23 mmHg). Oliveira
et al”® found slightly higher noninvasively estimated pulmo-
nary vascular resistance (2.1 versus 1.8 Wood units), larger
right ventricular end-diastolic (52.2 versus 49.9 mL/m?)
and end-systolic (18.7 versus 15.4 mL/m?) volume index,
and lower right ventricular ejection fraction (64.3% versus
68.4%) in OSA patients (n=56, mean AHI 30 h™!) compared to
control subjects (n=50, mean AHI 2.6 h™"). In contrast to this
study using 3D echocardiography, an earlier study using con-
ventional 2D echocardiography had revealed a greater right
ventricular wall thickness (after multivariable adjustment: 0.8
versus 0.7), but no differences in right ventricular and right
atrial volumes and right ventricular function between patients
with significant OSA (n=90, mean respiratory disturbance
index 42 h™") compared to those without/mild OSA (n=90,
mean respiratory disturbance index 5 h™').” In a more recent
study, patients with severe OSA (mean AHI 58 h™') had worse
right ventricular function, as assessed by tricuspid annular
systolic excursion (19 versus 25 mm) and strain (—21 versus
—34%), compared to subjects without OSA, while pulmonary
pressures were similar.*

In the above-mentioned study by Arias et al,”” sham-
controlled CPAP therapy for 12 weeks resulted in a significant
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reduction of sPAP (from 29 to 24 mmHg) among the OSA
patients of this population. Given the lack of invasive
hemodynamics in this study, the mechanisms underlying the
results remain unknown, but there was also a difference in
deceleration time (from 246 to 224 ms) after CPAP, which
may suggest that the effects on sPAP were driven by improved
LV diastolic function. Indeed, it is currently suspected that
pulmonary venous hypertension due to LV systolic and dia-
stolic dysfunction is the most common form of pulmonary
hypertension in OSA patients.®! An uncontrolled study also
found a reduction in echocardiographically assessed sPAP
(from 54 to 39 mmHg) in 47 patients with severe OSA (AHI
63 h™') after 12 months of effective CPAP, which went in
parallel to an improvement in LV diastolic function and was
also accompanied by a reduction in the size of the right atrium
(right atrial volume index; from 48 to 31 mL/m?) and ventricle
(as assessed by echocardiography: right ventricular end-
diastolic diameter, from 41 to 30 mm, and cardiac magnetic
resonance imaging: right ventricular end-diastolic volume
index, from 62 to 46 mL/m?).” Somewhat contradictory to
this, a randomized study by Oliveira et al’® revealed a reduc-
tion in noninvasively assessed pulmonary vascular resistance
(from 2.2 to 1.8 Wood units), which suggests an effect on
the pulmonary vasculature, accompanied by a reduction in
right ventricular end-systolic volume index (from 20.3 to
16.0 mL/m?) and an improvement in right ventricular ejec-
tion fraction (from 63% to 71%) in patients with significant
OSA (AHI >20 h™) treated with CPAP during 24 weeks
(n=15), whereas this was not the case in patients not treated
with CPAP. Similar findings on the right ventricular size and
function were obtained in a very recent uncontrolled study
among 44 patients with moderate or severe OSA following
12 months of CPAP.#

Cardiac biomarkers in OSA

Natriuretic peptide system

Natriuretic peptides were investigated in OSA patients
with the idea that B-type natriuretic peptide (BNP) and/or
N-terminal-proBNP (NT-proBNP) might reflect myocardial
stress in the context of OSA. Findings are conflicting in that
most studies did not find significant differences in natriuretic
peptide concentrations between OSA patients without overt
cardiac disease and controls, and that there was no associa-
tion between OSA severity and natriuretic peptide plasma
concentration.®>¥” However, in one study in women, an
association between higher BNP and presence and severity of
OSA was found.® In this study, BNP was measured directly
after sleep.®® We recently found a larger relative overnight

reduction in BNP, but not in NT-proBNP and no difference
in the absolute overnight change in BNP between patients
with moderate/severe OSA compared to those with mild
OSA/without OSA.¥

Studies have evaluated the effect of CPAP on BNP and
NT-proBNP in patients with OSA without overt cardiac
disease,’”" but an effect was seen in only one study.”” BNP
and NT-proBNP are influenced by a number of factors other
than LV wall stress, including age, sex, renal function, and
body mass index.”" Patients with higher body mass index
have lower natriuretic peptide plasma concentrations.’> The
exact mechanism underlying this association is unknown, but
it might play an important role in patients with OSA and it
may dilute the effect of LV wall stress.

Cardiac troponin

Plasma concentrations of cardiac troponins are not specific
for myocardial ischemia, but can be elevated following all
types of myocyte damage/stress. Studies have, therefore, been
undertaken to assess the relationship between the presence
and severity of OSA and cardiac troponin. Some studies
using traditional and newer troponin assays have found no
significant relationship between the presence and severity of
OSA and cardiac troponin plasma concentrations.’>** In one
study, the severity of OSA was related to cardiac troponin, but
the association was no longer significant after adjustment for
potential confounders.” However, in two population-based
studies, high-sensitivity cardiac troponin was associated
with the severity of OSA, and this remained significant
after multivariable adjustment.®’*° In 1,645 subjects from
the Atherosclerosis Risk In Communities study and the
Sleep Heart Health Study, the authors found an independent
association between high-sensitivity cardiac troponin T
and presence and severity categories of OSA.¥ In addition,
high-sensitivity cardiac troponin T was a predictor of death
or incident HF across all OSA categories.?” In another study
based on this population, the authors recently showed that
an independent association between high-sensitivity cardiac
troponin T and presence of OSA was present in women only.%
Einvik et al®® performed a cross-sectional study (N=514)
targeting subjects at high risk of OSA (45% with AHI
>35 h!). They nicely demonstrated in several multivariable
models that high-sensitivity cardiac troponin I was not only
related to AHI, but also to the extent of nocturnal desatura-
tions expressed as mean nocturnal oxygen saturation, nadir of
nocturnal desaturation, and percent total sleeping time spent
with an oxygen saturation <90%. Thus, these studies were in
line with the hypothesis that OSA and its severity are related
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to subclinical myocardial damage. However, the mechanisms
underlying the association between OSA and raised cardiac
troponin have not been explored in detail.

Studies on the effect of CPAP on cardiac troponin have
been relatively small and uncontrolled. One uncontrolled
study in OSA patients found no effect of CPAP, while another
study even found an increase in cardiac troponin following
CPAPY’

Cardiac diseases and OSA

Coronary artery disease
An association between OSA and atherosclerotic diseases,
in particular, coronary artery disease, is plausible from the
suspected underlying pathophysiology and highly sugges-
tive from a number of observational and epidemiological
studies. In a cross-sectional study of 6,424 subjects under-
going polysomnography (median AHI 4.4 h™'), the adjusted
odds ratio for self-reported coronary artery disease for
the highest compared to the lowest AHI quartile was 1.27
(borderline statistical significance).’® In a case—control study
(62 patients admitted to the intensive care unit because of a
coronary event, 62 matched control subjects), the prevalence
of OSA (respiratory disturbance index =10 h™") was higher in
patients than in controls (19 versus 8), and in the multivariable
analysis, OSA remained independently associated with coro-
nary artery disease (adjusted odds ratio 3.1).” In the Sleep
Heart Health Study (1,927 men with median AHI of 6.2 h™!,
2,495 women with median AHI of 2.7 h™!, age =40 years,
no known coronary disease or HF), the incidence of a clini-
cally manifest coronary artery disease (ie, a coronary event
including myocardial infarction, revascularization, or death
due to coronary artery disease) was higher in men <70 years
with OSA (adjusted hazard ratio: 1.10 per 10 h™' increase in
AHI; adjusted hazard ratio 1.68 for AHI =30 h™! compared
to AHI <5 h™').!% A significant association between OSA
and incident coronary artery disease was not found in older
men or women, however.'®

Whereas these studies looked at clinically manifest
coronary artery disease, a recent analysis from the Multi-
Ethnic Study of Atherosclerosis selected a surrogate for
silent coronary artery disease as the endpoint.!®! In this
study, 1,465 participants free of clinical cardiovascular dis-
ease (15% with AHI =30 h™") underwent polysomnography
and coronary computed tomography. The study revealed
that subjects with severe OSA were more likely to have any
coronary artery diseases (as defined by a coronary calcium
score >0 Agatston units) than those without OSA, after
adjusting for smoking, body mass index and other traditional

cardiovascular risk factors. A higher arousal index, but not
a higher AHI was associated with a higher likelihood of a
high coronary disease burden (coronary calcium score >400
Agatston units).'"" In 2,603 participants of the Multi-Ethnic
Study of Atherosclerosis, a higher disease progression rate
(based on two coronary artery computed tomography scans
8 years apart) could be demonstrated for subjects with a
diagnosis of OSA at baseline compared to those without
OSA or habitual snoring (mean increase in Agatston units:
204 versus 136), but this association failed to reach statisti-
cal significance (P=0.06) after adjustment for traditional
cardiovascular risk factors.'*

In patients with established coronary artery disease, OSA
is common and seems to have an adverse effect on the course
of the disease, as suggested by a small study on 59 patients
admitted because of a coronary event which showed higher
mortality during a follow-up of 5 years in patients with OSA
(respiratory disturbance index =10 h™!; death in 6/16 patients
compared to 4/43 in those without OSA).'” In patients with
OSA, the likelihood of a nocturnal acute myocardial infarc-
tion is higher than in patients without OSA,'** possibly point-
ing to OSA as a trigger. A higher rate of in-stent restenosis
after percutaneous coronary intervention'® and a higher
incidence of events during the long-term follow-up after
coronary bypass grafting'® have been shown for patients
with OSA compared to those without OSA. Interestingly,
nonobese patients with coronary artery disease and OSA
have higher inflammatory activity than nonobese patients
with coronary artery disease but no OSA.!”” This may play
a role in the progression of the disease in terms of healing
after interventions and new events. Among patients with
acute myocardial infarction, those with OSA have worse
endothelial function,!®® potentially explaining the higher risk
of complications. In addition, patients with coronary artery
disease and OSA have been shown to have more advanced
LV diastolic dysfunction, compared to those without OSA.!%®
On the other hand, patients with chronic total occlusion of
coronary arteries and OSA have better collaterals than those
without OSA,"° which may be protective.

One observational study (allocation to CPAP or upper
airway surgery was not randomized, but was accepted or
declined by patients) in patients with both coronary artery
disease and OSA (AHI =15 h™") revealed better outcomes
(composite of cardiovascular death, acute coronary syn-
drome, coronary revascularization, hospitalization for HF)
in those treated for OSA (6/25 with endpoint) compared
to those not treated (17/29 with endpoint), after a median
follow-up of 87 months (hazard ratio 0.24 for treatment
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versus no treatment).'!! Similarly, a retrospective cohort
study revealed a lower risk of cardiac death (3% versus 10%)
after percutaneous coronary intervention in OSA patients
(AHI =15 h™") treated with CPAP (n=175) compared to those
without CPAP (n=196).!"? Prospective data on the impact of
CPAP therapy on outcomes in patients with coronary artery
disease and OSA are awaited.

Arrhythmia

Patients with OSA have an underlying substrate for AF, that
is, LV hypertrophy, LV diastolic dysfunction, and left atrial
dilatation. In addition, OSA patients were shown to have
structural and electrical atrial remodeling.!”* Recently, a
study also showed that simulation of OSA with the Miiller
maneuver leads to an increasing number of atrial premature
beats which may precipitate AF.'"* A higher prevalence of
OSA has been found in patients with AF than in patients
without AF referred to a cardiology practice with similar
age, sex, and cardiovascular risk profile including body mass
(49% versus 32%).'"5 The incidence of AF is also higher in
patients with OSA as shown in retrospective cohort study in
3,542 patients without past or current AF undergoing poly-
somnography (mean AHI 26.7 h™') and followed for a mean
duration of 4.7 years. OSA (AHI =5 h™!; hazard ratio 2.18)
and measures of OSA severity including the lowest nocturnal
oxygen saturation (hazard ratio 3.08 per 1% decrease) were
related to incident AF in the univariable analysis.!'® In the
multivariable analysis, the lowest nocturnal oxygen satura-
tion (hazard ratio 3.29 per 1% decrease), but not AHI was an
independent predictor of incident AF in patients younger than
65 years, whereas in older patients, there was no indepen-
dent association between OSA and incident AF."'® However,
obesity is also strongly associated with the incidence of AF,
and thus, the association between OSA and AF is likely to
be at least, in part, explained by the high burden of coexist-
ing risk factors. Patients with OSA also have a higher risk

of recurrence of AF following electrical cardioversion'!

or
catheter ablation.!'8119

There is good evidence from epidemiological studies and
cohort studies that CPAP may reduce the risk of AF recur-
rence after cardioversion and ablation.!'*!? In an interesting
study, Fein et al'?® identified 62 patients with confirmed OSA
in a population of 426 patients undergoing pulmonary vein
isolation. The 32 patients using CPAP had a significantly
higher AF-free survival compared to the 30 patients not
using CPAP (72% versus 37%), and the AF-free survival
rate of CPAP users was similar to that of patients without
OSA. However, no randomized study has been performed

in this field yet. Although sleep-disordered breathing is very
common in patients with AF, most of them are not sleepy,'?!
and thus, the long-term adherence to CPAP may be problem-
atic since the latter depends on sleepiness before initiation of
therapy.'?? Not surprisingly, there is not only an association
between OSA and AF, but also between OSA and stroke,*>'??
and interestingly, CPAP seems to attenuate this risk.'?
However, again, this has not been studied prospectively.

In addition, OSA and its severity are predictors of sudden
cardiac death,'” and sudden cardiac death in OSA patients
typically occurs during the night.'> CPAP withdrawal, a model
to study to effects of OSA, results in prolongation of the QT
interval.'* The clinical consequences of these findings regarding
OSA and ventricular arrhythmia are not known yet. A detailed
summary of the available preliminary evidence on OSA and
arrhythmia other than AF can be found elsewhere.'?’

HF with reduced ejection fraction

OSA has been found to be a factor associated with the devel-
opment of HE, which may be explained by the fact that OSA
represents a cluster of risk factors which can lead to cardiac
disease and eventually HF, and also, the effects of OSA on
LV structure and function per se. In a cross-sectional study
of 6,424 subjects undergoing polysomnography (median AHI
4.4 h™), the adjusted odds ratio for self-reported HF for the
highest compared to the lowest AHI quartile was 2.38.% In the
Sleep Heart Health Study (1,927 men with median AHI of 6.2
h™, 2,495 women with median AHI of 2.7 h™!, age =40 years,
no known coronary disease or HF), the risk of incident HF
was higher in men with OSA than in those without (adjusted
hazard ratio 1.13 per 10 AHI units increase, adjusted hazard
ratio 1.58 for AHI =30 h™! versus AHI <5 h™).!% [n contrast,
no significant association between OSA and incident HF was
found in women.'” In a recent analysis, however, based on
752 men and 893 women free of cardiovascular disease at
baseline from the Atherosclerosis Risk In Communities study
and the Sleep Heart Health Study, a significant association
between OSA and incident HF or death after a mean follow-
up of 13.6 years was found only in women.%

In patients with established HE, sleep-disordered breathing
is very common.'?® In patients with HF and reduced LVEF
(HFrEF), two forms of sleep-disordered breathing exist: OSA
and central sleep apnea. Central sleep apnea is not the topic
of the present study, but it is important to realize that a recent
multicenter trial has shown that treatment of central sleep apnea
by adaptive servo-ventilation did not improve outcomes.'” In
contrast, higher mortality was reported in patients with HFrEF
undergoing adaptive servo-ventilation.'?
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The role of OSA in HFrEF is different. Many HFrEF
patients have concomitant OSA,'?® which may be coexisting
due to risk factors such as obesity or which may be triggered
by nocturnal rostral fluid shift, that is, edema of the neck
following redistribution of fluid from the legs.!**!3! HFrEF
patients with concomitant OSA have more pronounced
features of sympathetic overactivity compared to those with-
out, and CPAP has been shown to attenuate this. Spaak et al'*?
have shown that in 60 patients with HFrEF (mean LVEF
22%), those with sleep-disordered breathing (predominantly
OSA, AHI =15 h™!, n=43) had higher muscle sympathetic
nerve activity than those without OSA (AHI <15 h™!, n=17,
58 versus 50 bursts/minute). In 17 patients with HFrEF and
OSA (AHI >20 h™'), CPAP for 1 month (n=9) versus no
CPAP (n=8) led to a significant reduction in muscle sympa-
thetic nerve activity (from 58 to 48 bursts/minute versus from
63 to 63 bursts/minute).'* Similar data have been obtained
for heart rate variability'** and baroreflex sensitivity,'** that
is, attenuation by CPAP therapy.

An observational study in 164 patients with HFrEF (LVEF
<45%) revealed that patients with untreated moderate-to-
severe OSA (mean AHI 33 h™'; n=37) had higher mortality
(24% versus 12%) than those without/mild OSA (mean AHI
7 h™', n=113), and that there was a signal for better outcome
in patients with moderate-to-severe OSA treated with CPAP
(n=14) compared to those with untreated moderate-to-severe
OSA (P=0.07).13¢ Two trials evaluated the impact of CPAP
therapy on LVEF in HFrEF patients."*”-'* In a small random-
ized study among 24 HFrEF patients (mean LVEF ~27%),
those undergoing CPAP therapy (n=12) for 1 month improved
their LVEF significantly (from 25.0% to 30.8%; P<<0.001),
whereas no effect was observed in those not treated by
CPAP (from 28.5% to 30%; P<<0.001 for difference between
changes)."*® Mansfield et al'¥’ studied the effect of 3 months of
CPAP therapy versus no CPAP on LVEF in 55 HFrEF patients
(data from 40 patients were available for final analysis). They
found an improvement in LVEF in patients treated with CPAP
(from 37.6% to 42.6%) compared to those not treated with
CPAP (from 33.6% to 35.1%; P=0.04 for difference between
changes)."”’ In this study, the authors also found a significant
reduction in overnight urinary norepinephrine excretion in
patients treated with CPAP compared to those not treated
with CPAP."*” These two studies have been criticized for not
using a placebo-controlled design, that is, sham-CPAP in
the control group. Thus, overall data regarding the effects
of CPAP therapy in HFrEF and OSA are promising, but no
randomized trial has so far proven that CPAP therapy for OSA
improves clinical outcomes in HFrEF patients. The clinical

utility of CPAP for OSA will have to be demonstrated on
the background of optimal medical therapy before it will
receive a role in the management of HFrEF patients in clini-
cal practice, with the exception of patients with symptomatic
OSA, where CPAP is indicated as a symptomatic treatment,
irrespective of the cardiac disease status.

HF with preserved ejection fraction

In contrast to HFrEF, there is no established therapy for
patients with HF and preserved LVEF (HFpEF)."*° Sleep-
disordered breathing, and predominantly OSA, is com-
mon in HFpEF also.!%’ There has been much debate over
the pathophysiology of HFpEF during the last years, and
more recently, it has been proposed that HFpEF results
from coronary endothelial dysfunction under the influ-
ence of comorbidities including OSA."! It has also been
proposed that there are different HFpEF phenotypes which
require different treatments, and that OSA may play an
important role for a subset of patients, that is, overweight,
hypertensive patients with concomitant severe OSA.'*? A
recent study among patients with AF and mainly preserved
LVEF undergoing cardiac magnetic resonance imaging
prior to catheter ablation revealed that sleep apnea (prob-
ably OSA in most cases) was an independent predictor of
death and hospitalization for HFE."* However, prospective
mechanistic studies evaluating the impact of OSA and
disease severity in HFpEF, the impact of CPAP on sur-
rogate markers, and the clinical effects of treating OSA in
HFpEF are lacking.

HFTEF  HFpEF

Figure 2 lllustration of the possible interplay between classical cardiovascular risk
factors and cardiac diseases, and the role of OSA.

Notes: The black arrows indicate the effects by OSA on risk factors/cardiac
diseases. The gray arrows indicate the coexisting effects between risk factors/
cardiac diseases, which together with the OSA-related effects may eventually lead
to heart failure.

Abbreviations: AF, atrial fibrillation; CAD, coronary artery disease; HFpEF, heart
failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection
fraction; OSA, obstructive sleep apnea.
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Table 2 Key findings and future directions regarding the impact of OSA on different aspects of cardiovascular diseases

Current concept/key findings

Future directions/key questions

Hypertension

Diabetes

OSA as a cardiovascular
risk factor

Markers of increased
sympathetic tone

Vessels

Cardiac structure and
function

Pulmonary hypertension

Cardiac biomarkers

CAD

AF

HFrEF

HFpEF

Association between higher AHI and higher prevalence
and incidence of hypertension

Limited data on the role of CPAP in prevention of
hypertension in patients with OSA

Significant, but relatively weak antihypertensive effect
of CPAP in patients with hypertension and OSA
Association between higher AHI and higher prevalence
and incidence of diabetes

Conflicting data on the role of CPAP in prevention and
therapy of diabetes in patients with OSA

Increased mortality in patients with severe OSA;
mechanisms unknown

Association between presence of OSA and OSA severity
with increased muscle sympathetic nerve activity and
impaired heart rate variability and heart rate recovery
Association between AHI and markers of early
atherosclerosis (carotid intima—media thickness) and
endothelial dysfunction

Improvement by CPAP

Some evidence of association between OSA and
progression of aortic aneurysms

Association between OSA and LV mass, LV diastolic and
systolic function, as well as atrial size

Improvement in these parameters in small, predominantly
uncontrolled studies

Association between OSA and noninvasively assessed
pulmonary pressure

Small reduction in pulmonary pressure following CPAP;
no invasive data available

No association between OSA and natriuretic peptides
Association between OSA severity and high-sensitivity
cardiac troponin T and |

Association between high-sensitivity cardiac troponin T
and death in patients with OSA

Association between presence of OSA and prevalence
and incidence of CAD (at least in males <70 years)
Worse outcome of patients with established CAD and
concomitant OSA; CPAP seems to attenuate this risk
Association between presence and severity of OSA and
prevalence and incidence of AF

Lower risk of AF recurrence in OSA patients treated
with CPAP

Improvement in LVEF in HFrEF patients with OSA treated
with CPAP

(NB: adverse effect of ventilation observed only in HFrEF
patients with central sleep apnea treated with adaptive
servo-ventilation)

OSA suggested as a possible factor involved in the
pathophysiology of HFpEF (obese, hypertensive
phenotype), but virtually no data available

To define the role of blood pressure reduction by CPAP
in patients with difficult-to-treat/resistant hypertension
and OSA,; role of CPAP versus pharmacological therapy

To define the impact of treatment of OSA by CPAP on
the measures of insulin resistance and long-term glucose
control as well as body weight and lipids; role of CPAP
versus insulin/metformin

To find out whether OSA per se is associated with
increased mortality or whether OSA is a surrogate for a
cardiac disease

To identify the mechanisms by which severe OSA
mediates poor outcomes

To find out whether these markers provide relevant
information for the management of patients with OSA,
in addition to traditional markers of OSA severity

To identify the role of CPAP in addition to lifestyle
changes and pharmacological therapy to preserve
“vascular health” in primary prevention

To identify the effect of CPAP on aortic aneurysm
progression in patients with concomitant significant
OSA

To identify (in controlled studies) the long-term effects
of OSA treatment on LV mass, LV function, and left atrial
size and function in selected patient groups, for example,
patients with features of hypertensive heart disease and
concomitant severe OSA

To identify the invasive hemodynamic profile of “pure”
severe OSA

To identify the effect of CPAP on pulmonary pressure in
patients with OSA and pulmonary artery hypertension
without obvious cause

To establish the mechanisms which lead to cardiac
troponin elevation in OSA (silent CAD, LV dysfunction,
hypertension?)

To identify the effect of CPAP on CAD progression
(vascular level), LV remodeling after myocardial
infarction, and clinical endpoints (reinfarction, repeat
revascularization, death)

To identify the effect of CPAP on recurrence of AF in
patients with paroxysmal AF treated pharmacologically
and in patients with AF undergoing catheter ablation

To identify the effect of CPAP in HFrEF patients with
concomitant OSA on LV remodeling, exercise capacity,
biomarkers, and clinical endpoints

Mechanistic studies on the impact of CPAP on cardiac
function (noninvasive, invasive) in well-selected patients
with HFpEF

Abbreviations: AF, atrial fibrillation; AHI, apnea—hypopnea index; CAD, coronary artery disease; CPAP, continuous positive airway pressure; HFpEF, heart failure with
preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LV, left ventricular; LVEF, left ventricular ejection fraction; OSA, obstructive sleep apnea.
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Valvular heart disease

Data on the role of sleep-disordered breathing are relatively
scarce. A recent study among 140 elderly patients with
severe aortic stenosis and significant comorbidities sched-
uled for transcatheter aortic valve implantation revealed a
high prevalence (71%) of sleep-disordered breathing, the
predominant type being central sleep apnea, particularly in
those with severe sleep apnea.'* However, 25% of patients
also had OSA. In a subgroup, it was shown that after tran-
scatheter aortic valve implantation, AHI improved, driven by
a strong effect in the central sleep apnea group.'* However,
the presence and type of sleep-disordered breathing was not
associated with clinical outcomes.'* Obviously, the relatively
mild form of OSA had no prognostic impact in an old and
highly comorbid population. It remains unknown, however,
whether in younger patients with valve disease, severe OSA
is of prognostic impact.

Summary and outlook

There is strong evidence of an association between OSA and
cardiovascular risk factors, cardiac dysfunction, and cardiac
diseases including coronary artery disease, AF, and HF.
Figure 2 illustrates the complex and incompletely under-
stood interplay between OSA, diabetes, hypertension, and
cardiac diseases. OSA has impact on the major risk factors
hypertension and diabetes, but may also directly influence
the development and/or progression of coronary artery dis-
ease, cardiac structure and function, and AF, which in turn
eventually can lead to HFTEF or HFpEF, probably depending
on the predominant mechanism, that is, HFrEF in a coronary
artery disease-dominant phenotype and HFpEF in a hyper-
tensive heart disease/AF-dominant phenotype. Given that
we assume the effects of OSA on hypertension and diabetes
on the one hand, and its direct effects on coronary artery
disease, AF, and LV function on the other, and we also know
about the impact of hypertension and diabetes on coronary
artery disease and HF and the interaction between cardiac
function and AF in HEF, the effects attributable to OSA per
se are very hard to differentiate. Therefore, only controlled
intervention studies with clinically important endpoints will
show the clinical relevance of OSA and its treatment. Until
now, observational studies on the effect of CPAP in patients
with cardiovascular risk factors and/or established cardiac
disease and OSA with clinical endpoints and small prospec-
tive studies with surrogate endpoints have revealed promising
results. In Table 2, the key findings of previous studies in
different areas are summarized. We also suggest important

clinical questions which should be addressed in future studies
in this table. For this purpose, prospective and randomized
studies with clearly defined study populations and clinical
endpoints will be required to define to role of OSA, not only
as a risk marker but also as a risk factor, disease modifier, and
therapeutic target. In the meantime, a clear CPAP indication
is restricted to symptomatic OSA patients, where improve-
ment of symptoms can be expected.
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