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Abstract

Obstructive sleep apnea (OSA) is a common disorder with major neurocognitive and
cardiovascular sequelae. It is estimated that more than one quarter of the population is at risk for
OSA, with increased prevalence noted in populations with hypertension, coronary artery disease,
stroke, and atrial fibrillation. A number of epidemiologic and mechanistic studies have recently
generated interest in the role of OSA in the pathophysiology of cardiovascular disease, a link that
continues to require extensive investigation. This chapter reviews these epidemiologic studies, the
current understanding of the mechanisms by which OSA may contribute to the progression of
cardiovascular diseases, and the effects of OSA treatment on cardiovascular disease outcomes.

Keywords
Lung; Heart; Sleep apnea; Cardiovascular; Hypoxemia; Vascular

Introduction

Obstructive sleep apnea (OSA) is a common disorder and is highly prevalent in patients with
hypertension, coronary artery disease, stroke, and atrial fibrillation [1, 2]. Interest in the
cardiovascular consequences of sleep disorders developed with recognition of the
hypoxemia that could occur with OSA. Early studies by Rosthchild et al. [3] and Barach et
al. [4] established a link between systemic hypoxemia and electrocardiographic ST segment
abnormalities. Other authors subsequently proposed that hypoxemic stresses caused by OSA
could contribute to the pathogenesis of cardiac arrhythmias and conduction disturbances.
The role of OSA in the pathophysiology of cardiovascular disease has generated
considerable recent interest.
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Cardiovascular Effects of Normal Sleep

Many studies indicate that normal sleep is a period of relative cardiovascular quiescence.
Normally, blood pressure drops by about 5%-10% in sleep stages 1 and 2, and 10%-15% in
deeper stages (N3). Heart rate and cardiac output often decline by 5%-10% during these
non-rapid eye movement (NREM) stages as well. In REM sleep, blood pressure, heart rate,
and cardiac output are typically higher, although more variable, than in NREM sleep [5, 6].

Studies have also demonstrated that sinus arrhythmia often develops during sleep. In one
early study of sleep in 50 male medical students, nearly one third developed sinus pauses
and three students developed Mobitz type | heart block. In addition, a study of young adults
without organic heart disease documented episodes of sinus arrest lasting up to 9 s during
REM sleep. Ventricular ectopy has also been found to occur in more than 50% of healthy
subjects during normal sleep, despite an overall reduction compared to wakefulness [7, 8].
In summary, normal sleep is a period of relative cardiovascular quiescence and infrequent
arrhythmias. Any sleep disorder that disrupts normal sleep may therefore increase the
frequency of cardiovascular stress by reducing this period of quiescence and potentiating
arrhythmogenesis.

OSA: Epidemiology, Pathophysiology and Diagnosis

Epidemiology

In the United States, the prevalence of OSA with daytime sleepiness is approximately 3%-—
7% in adult white men and 2%-5% for adult white women [9, 10<¢]. Disease prevalence is
higher in older individuals, racial minorities, males, and overweight individuals [1]. Studies
with large sample sizes have provided similar prevalence estimates for OSA in Australia,
Europe, and Asia [11, 12].

Pathophysiology

Diagnosis

OSA is characterized by obstructive apneas and hypopneas that are caused by repetitive
collapse of the upper airway. These recurrent airflow reductions can lead to acute
derangements in gas exchange and arousals from sleep. Patients who experience symptoms
such as snoring, witnessed apneas, insomnia with frequent awakenings, or excessive
daytime sleepiness should undergo diagnostic evaluation, especially if additional risk factors
are present.

OSA in adults is diagnosed based on the frequency of obstructive respiratory events—
apneas, hypopneas, and respiratory effort-related arousals (RERAs)—during sleep as
measured by overnight polysomnography [1]. OSA is defined as more than 15 of these
obstructive respiratory events per hour of sleep (apnea-hypopnea index [AHI] >15/h) in an
asymptomatic patient or more than five events per hour of sleep (AHI >5/h) in a patient with
excessive daytime sleepiness. However, AHI is only a modest predictor of sleep apnea
consequences, emphasizing the need for improved metrics of disease severity and predictors
of its complications [13].
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Acute Cardiovascular Consequences of OSA

Airway occlusion causing cycles of hypoxemia and carbon dioxide retention with
catecholamine surges during respiratory efforts in OSA has multiple important acute
cardiovascular consequences (Fig. 1).

Intrathoracic Pressure Changes

The generation of higher-than-normal negative pleural and intrathoracic pressures when
inspiring against a closed upper airway leads to a decrease in right atrial pressure and,
therefore, an increase in venous return to the right side of the heart [14]. By ventricular
interdependence, the increased right ventricular end-diastolic volume leads to a reduction in
left ventricular stroke volume [15, 16]. Furthermore, the larger reductions in intrathoracic
pressure increase ventricular transmural pressure, and therefore ventricular afterload [17].

Cardiovascular Variability

The cyclic hypoxemia caused by OSA results in pulmonary vasoconstriction, bradycardia,
and decreased cardiac output, with regional cerebral and myocardial vasodilation to preserve
oxygen delivery to these critical organs. Furthermore, cardiac contractility and diastolic
relaxation may be directly impaired by cyclic hypoxemia in OSA [18, 19].

Sympathetic Activation

The cycles of hypoxemia and hypercapnia have effects on cardiac parasympathetic and
sympathetic nervous activity. At apnea termination, asphyxia triggers a sudden arousal from
sleep that increases sympathetic activity, which then causes surges in blood pressure and
heart rate [20, 21]. These autonomic effects have been shown to be sustained after
awakening [22].

Oxidative Stress, Inflammation, and Endothelial Dysfunction

Intermittent hypoxemia can induce free radical production and impair vascular endothelial
function [23e, 24]. Endothelial dysfunction in OSA is the result of complex processes,
including oxidation of lipoproteins, increased expression of adhesion molecules, increased
monocyte adherence to endothelial cells, vascular smooth muscle proliferation, and
increased platelet activation and aggregation [25].

Insulin Resistance

Evidence shows that undiagnosed OSA is highly prevalent in people with type 2 diabetes
mellitus [26]. Furthermore, multiple linear regressions have found diabetes to be a
significant independent predictor of OSA. Both increased sympathetic activity and sleep
disruption, which are common in OSA, are also associated with insulin resistance and
contribute to cardiovascular disease [27]. Various studies have shown an association
between insulin resistance and OSA, independent of obesity [27]. More recently, a study by
Aronsohn et al. [28e¢] found that in patients with type 2 diabetes, increasing severity of OSA
is associated with worsening glucose control, even after controlling for the degree of
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adiposity and the number of diabetes medications. In this study, the adjusted mean glycated
hemoglobin (HbA1C) was increased by 3.69% in patients with severe OSA.

Chronic Cardiovascular Effects of OSA and the Effect of Positive Airway
Pressure Therapy

Hypertension

Prevalence and Pathophysiology—About 50% of OSA patients are hypertensive, and
about 30% of hypertensive patients also have OSA [29]. Several epidemiologic studies,
including the Wisconsin Sleep Cohort Study, have found that even after adjustment for
confounding variables, systemic hypertension is more common among those with OSA than
among those without (Table 1) [30]. Notably, some recent studies have failed to demonstrate
a major association [31]; the reason for the conflicting results is unclear but may be due to a
difference in baseline patient characteristics.

Logan et al. [32] noted that the prevalence of OSA in patients with drug-resistant
hypertension was nearly 83% and speculated that resistant hypertension in OSA patients was
likely due to mechanisms related to increased aldosterone production [32]. Similarly,
patients with a blunted decline in nocturnal blood pressure have been found to be more
likely to have co-existing OSA and an increase in all-cause mortality [33].

There is strong experimental evidence from animal studies that OSA contributes to
hypertension through mechanisms such as intermittent hypoxemia, sympathetic activation,
and alterations in the renin-angiotensin system [22, 34]. For instance, in an acute setting,
OSA simulated in dogs caused an acute increase in blood pressure of nearly 20 mm Hg that
persisted for several hours. A longer-term dog model found that mimicking repetitive
nocturnal airway occlusion resulted in hypertension, during both sleep and wakefulness,
which resolved on reversal of the OSA.

As a result of compelling epidemiologic and experimental evidence, the most recent Joint
National Committee on the Detection and Management of Hypertension recognized OSA as
an identifiable cause of hypertension [35].

Treatment of OSA: The Effect on Hypertension—Several randomized trials and
meta-analyses have demonstrated that effective treatment of OSA with continuous positive
airway pressure (CPAP) reduces daytime blood pressure, regardless of whether the patients
were hypertensive at baseline [36]. In general, blood pressure reduction was modest in
normotensive subjects and more evident in hypertensive patients. The largest of these
studies, with 118 normotensive OSA patients, found a 24-h mean blood pressure reduction
of 2.5 mm Hg with CPAP therapy compared to sham CPAP. Notably, in the subset of
patients already taking antihypertensive medication, CPAP therapy resulted in a 24-h mean
blood pressure reduction of more than 5 mm Hg, and a greater reduction was also seen in
those with more severe OSA. Two other studies of OSA patients demonstrated that
therapeutic CPAP was more effective in reducing both daytime and nocturnal blood pressure
than either subtherapeutic CPAP or sham CPAP.

Curr Atheroscler Rep. Author manuscript; available in PMC 2015 February 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kohli et al.

Page 5

Notably, some randomized trials have not found significant blood pressure reduction with
CPAP therapy for OSA. Campos-Rodriguez et al. [37] studied 68 OSA patients with
medication-controlled hypertension and found that therapeutic CPAP had no further
antihypertensive effect after 1 month. Robinson et al. [38] similarly found that after 1
month, therapeutic CPAP had no effect on blood pressure in 68 hypertensive patients with
OSA.. More recently, a study of 359 non-sleepy OSA patients with hypertension,
demonstrated that after 1 year of treatment, CPAP was associated with a non-significant
1.89-mm Hg decrease in systolic blood pressure (P=0.065) but a significant 2.19-mm Hg
decrease in diastolic blood pressure (P=0.0008) [39]. The most significant blood pressure
reduction was observed in those patients who used CPAP for more than 5.6 h per night.

Three meta-analyses have been published on the effect of CPAP treatment on blood pressure
in OSA patients. Overall, a significant reduction of approximately 2 mm Hg was found in
two of the three studies. Notably, both the positive meta-analyses included studies with both
normotensive and hypertensive patients.

In all, the preponderance of data suggest that treatment of OSA with CPAP therapy can
lower blood pressure modestly, and that patients with uncontrolled hypertension and more
severe OSA are likely to have the greatest benefit. In those hypertensive patients who cannot
tolerate CPAP, oral appliances may also slightly lower diastolic blood pressure [40].
However, given that the blood pressure improvement with apnea therapy is modest as
compared to antihypertensive medications, the motivation for sleep apnea therapy needs to
extend beyond blood pressure alone [41].

Heart Failure

Prevalence and Pathophysiology—Cross-sectional data from the Sleep Heart Health
Study, which included over 6,000 patients, found a 2.4-times increased likelihood of having
OSA with underlying heart failure [42]. Several prospective and case series studies have
also found a prevalence of OSA, ranging from 11%-37% in patients with systolic
dysfunction [34, 43].

Several mechanisms have been studied regarding the role of OSA in the pathogenesis of
heart failure: 1) increased sympathetic drive to the heart and kidney, 2) increased
aldosterone secretion, 3) increased left ventricular afterload and wall stress, 4) increased risk
of myocardial infarction, and 5) increased incidence of hypoxemia-induced pulmonary
hypertension [44, 45].

Treatment of OSA: The Effect on Heart Failure—Kaneko et al. [46], in a study of 24
patients with ejection fraction (EF) <45% and OSA, found that over a period of 1 month
CPAP increased mean EF by 9% and lowered morning systolic blood pressure and heart rate
(Table 2). In another study of 40 OSA patients with systolic heart failure, Mansfield et al.
[47] found that CPAP therapy led to a 5% increase in mean EF as well as improvements in
quality-of-life and sleepiness indices. Conversely, a randomized trial of CPAP therapy in
OSA patients with decreased systolic function by Smith et al. showed no effect on left
ventricular EF; differences in patient characteristics likely explain these discordant findings.
Recent observational data also show a trend toward lower mortality in patients with heart
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failure and OSA treated with CPAP, although randomized trial data examining hard
outcomes are clearly required.

Pulmonary Arterial Hypertension

Prevalence and Pathophysiology—OSA is associated with mild pulmonary arterial
hypertension (PAH), most often when there is co-existing chronic lung or heart disease [48].
Two observational studies have illustrated this, demonstrating that among patients with
OSA, cor pulmonale occurred predominantly in those who had daytime hypoxemia [48].

OSA likely contributes to the pathogenesis of PAH by cyclic hypoxemia, which reflexively
increases pulmonary artery pressures. However, proof that OSA causes PAH has been
limited in existing studies by a lack of control for co-morbidities such as obesity and other
respiratory conditions. Nonetheless, the most recent clinical classification of PAH still
identifies sleep-disordered breathing within the respiratory disorders associated with this
disease.

Treatment of OSA: The Effect on PAH—Studies of OSA patients with PAH have
demonstrated increased hypoxemia-induced pulmonary vascular reactivity, and CPAP has
been shown to decrease this reactivity [48]. Furthermore, Arias et al. demonstrated that 12
weeks of effective CPAP therapy was associated with a significant 5-mm Hg reduction in
echocardiographic measurement of pulmonary artery pressure, compared to sham CPAP in
OSA patients. However, larger and longer-term randomized studies are still needed to
establish the sustained effects of CPAP on PAH, right ventricular function, and mortality.

Acute Cardiovascular Events

Prevalence and Pathophysiology—The prevalence of sleep-disordered breathing in
patients with coronary artery disease is about twofold greater than in patients without
coronary artery disease. Studies have demonstrated that severe OSA was associated with an
increased risk of fatal and non-fatal cardiac events, a finding confirmed by other recent
studies [45]. Interestingly, a study by Gami et al. [49] found that more than half of sudden
cardiac deaths in patients with OSA occur during sleep. Although OSA appears to increase
the propensity for sudden cardiac death during sleep, more studies are needed to determine
whether OSA increases the overall risk of sudden cardiac death.

Treatment of OSA: The Effect on Acute Cardiovascular Events—Several
observational studies have shown that treatment of OSA with CPAP reduces the incidence
of cardiovascular events. A recent prospective cohort study of 450 OSA patients followed
over 6 years found that the treatment with CPAP was associated with a reduced likelihood of
cardiovascular events [50]. However, randomized trials verifying these apparent benefits of
OSA therapy are still lacking but are essential to draw conclusions, given that CPAP therapy
may be a marker of a good prognosis [51¢].

Cardiac Arrhythmias

Prevalence and Pathophysiology—Cardiac arrhythmias occur frequently in patients
with OSA, as nocturnal arrhythmias may occur in up to 50% of OSA patients. An
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observational study of 566 patients found that the patients with sleep-disordered breathing
had a high prevalence of atrial fibrillation, non-sustained ventricular tachycardia, and
complex ventricular ectopy [52].

With regard to bradyarrhythmia, data from the European Multicenter Polysomnographic
Study found that 60% of patients with pacemakers placed for dilated cardiomyopathy (29%),
high-degree atrioventricular block (34%), and sinus node disease (37%) also had OSA [53].
OSA was also evident in 68% of patients with atrioventricular block. However, bradycardia
is somewhat controversial because some studies show no important association with OSA
[52].

The prevalence of atrial fibrillation in patients with OSA is low, although overall it is higher
than in the general population. Recurrent atrial fibrillation and post-operative atrial
fibrillation are more likely to occur in patients with OSA than those without.

Premature ventricular contractions are significantly more common in patients with OSA
than those without. However, the mechanisms that cause ventricular arrhythmias in these
patients are still unclear. In most patients with OSA, ventricular arrhythmias usually occur
during the apneic periods, particularly when oxygen saturation falls below 60%. Therefore,
hypoxemia and sympathetic activation induced by apneic events likely play important roles
in the pathogenesis of ventricular ectopy.

Treatment of OSA: The Effect on Arrhythmias—CPAP therapy reduces the
incidence of nocturnal ventricular asystole and bradycardia in OSA patients. In a study by
Simantirakis et al., 23 patients with moderate to severe OSA had implantable loop recorders
placed and followed after instituting CPAP therapy. Nocturnal ventricular asystole and
bradycardia were noted in 47% of the patients prior to initiation of CPAP, both of which
decreased by 8 weeks of therapy. Furthermore, there were no nocturnal arrhythmias detected
during the last 6 months of treatment. Nasal CPAP has been associated with reduced
recurrence risk of atrial fibrillation after cardioversion as compared to untreated OSA,
although randomized trials are now ongoing [54, 55].

Although there are substantial data implicating OSA in cardiovascular disease and
hypertension, there is as of yet no definitive evidence that OSA is an independent risk factor
for stroke [56]. A study by Bassetti and Aldrich found an AHI >10 in 62% of patients with a
transient ischemic attack (TI1A) compared with 12% of control subjects. However, these data
were not confirmed in a subsequent case control study of TIA patients that found the
likelihood of OSA in TIA and control subjects was similar. Several prospective
observational studies have shown an increased incidence of stroke among OSA patients,
although effects of apnea therapy were not assessed. Therefore, the relationship between
stroke and OSA is still unclear. Studies have shown that stroke patients with OSA have
decreased survival and limited rehabilitation success compared with those without OSA.
Emerging data support the treatment of OSA following stroke, at least for functional
outcomes.

Curr Atheroscler Rep. Author manuscript; available in PMC 2015 February 18.
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Treatment Options in OSA

Positive Airway Pressure Therapy

For many years, the only treatment available to patients with OSA was surgical bypass of
the obstructed airway (i.e., tracheostomy). This situation changed with the development of
positive airway pressure therapy, which prevents pharyngeal collapse by maintaining
increased airway pressure [57]. Although CPAP is not tolerated by all individuals, it remains
the treatment of choice for OSA.

Oral Appliances

Customized dental appliances are designed to increase airway size and to facilitate airflow
by advancing the mandible or tongue or lifting the soft palate. Although success with oral
appliances often is difficult to predict, these devices may offer a viable treatment option in
non-obese patients with micrognathia or retrognathia who have snoring or mild-to-moderate
OSA, particularly those who do not tolerate CPAP therapy [40].

Surgical Treatment

Surgical options include procedures designed to increase upper airway size, procedures
designed to bypass the upper airway, and procedures that promote weight loss. The latter
two procedures have traditionally been reserved for the more severely affected patients.
Even in the best situations, however, surgery is seldom as efficacious as treatment with
CPAP. Most studies have shown that uvulopalatopharyngoplasty (UPPP) and tonsillectomy
have a 50%-60% success rate for OSA, compared with over 95% with effective CPAP
therapy. However, because adherence to CPAP therapy remains an issue for many patients,
some have argued that even an incomplete response to UPPP may provide a better outcome
compared to CPAP therapy among patients with poor or variable adherence [58, 59].

Behavior Modification

Lifestyle changes can be the most difficult changes to accomplish, but they can make a
major impact on OSA severity. Weight loss is effective in reducing OSA severity in selected
patients [60]. In a randomized study of obese patients with type Il diabetes, weight loss
resulted in significant improvements in OSA. Participants with a weight loss of 10 kg or
more had the greatest reductions in OSA severity. Body repositioning to avoid sleeping in
the supine position (the position with the greatest risk for upper airway collapse during
sleep) can also be helpful in some cases [61].

Conclusions

Convincing data have revealed the deleterious effects of sleep-disordered breathing on
cardiovascular health. There are still, however, gaps in scientific and clinical knowledge in
this field. Randomized trials are needed to determine how best to reduce the cardiovascular
risk attributed to OSA. To date, there have been no such trials evaluating the impact of
treating OSA, either by CPAP or other modalities, on hospitalization rates and mortality. A
better understanding of the mechanisms underlying cardiovascular complications of OSA
will also contribute to better recognition and treatment of these cardiovascular issues. In

Curr Atheroscler Rep. Author manuscript; available in PMC 2015 February 18.
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dition, increased public awareness of OSA and its health impact will be as essential as

increased awareness among health care providers. Moving forward, a multidisciplinary
effort will be crucial to the recognition, treatment, and prevention of sleep-disordered
breathing and its cardiovascular consequences.
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Fig. 1.
Effects of obstructive sleep apnea on the cardiovascular system. BP—blood pressure; HR—

heart rate; PCO,—partial pressure of carbon dioxide; PO,—partial pressure of oxygen;
SNSA—sympathetic nervous system activity
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Summary of community-based epidemiologic studies that used polysomnography to investigate potential links
between obstructive sleep apnea and cardiovascular disease

Cross-sectional (prevalence)

Prospective (incidence)

Unadjusted®  Adjusted?  Unadjusted® Adjusted?

Hypertension Yes [30] Yes [30] Yes [30]/No [31]  Yes [30]/No [31]
Dysglycemia Yes [27] Yes [27] Yes No

Coronary artery disease  Yes [42] Yes [42] Yes/No [63] Yes/No [63]
Heart failure Yes [42] Yes [42] NA NA
Bradyarrythmias No [52] No [52] NA NA

Atrial fibrillation Yes [52] Yes [52] NA NA

Ventricular ectopy Yes [52] Yes [52] NA NA
Cerebrovascular disease  Yes [56] Yes [56] Yes [56] Yes [64]/No [56]

a_. . - . - . . .
Findings of univariable analysis or multivariate analyses with partial adjustment

Findings of multivariate analyses in which adjustments have been made for all known confounding factors

NA no data available; No—available data do not support a significant association; Yes—available data support a significant association

(Adapted from Bradley TD, Floras JS: Obstructive sleep apnea and its cardiovascular consequences. Lancet 2009, 373:82-93; with permission from

Elsevier. [65])
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