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Obstructive sleep apnea (OSA) is a common medical condition that occurs in approximately 5%
to 15% of the population. The pathophysiology of OSA is characterized by repetitive occlusions
of the posterior pharynx during sleep that obstruct the airway, followed by oxyhemoglobin
desaturation, persistent inspiratory efforts against the occluded airway, and termination by
arousal from sleep. Obstructive sleep apnea is associated with daytime sleepiness and fatigue,
likely due to fragmented sleep from recurrent arousals. Substantial evidence shows that
patients with OSA have an increased incidence of hypertension compared with individuals
without OSA and that OSA is a risk factor for the development of hypertension. Recent studies
show that OSA may be implicated in stroke and transient ischemic attacks. Obstructive sleep
apnea appears to be associated with coronary heart disease, heart failure, and cardiac
arrhythmias. Pulmonary hypertension may be associated with OSA, especially in patients with
preexisting pulmonary disease. Although the exact cause that links OSA with cardiovascular
disease is unknown, there is evidence that OSA is associated with a group of proinflammatory
and prothrombotic factors that have been identified to be important in the development of
atherosclerosis. Obstructive sleep apnea is associated with increased daytime and nocturnal
sympathetic activity. Autonomic abnormalities seen in patients with OSA include increased
resting heart rate, decreased R-R interval variability, and increased blood pressure variability.
Both atherosclerosis and OSA are associated with endothelial dysfunction, increased C-
reactive protein, interleukin 6, fibrinogen, and plasminogen activator inhibitor, and reduced
fibrinolytic activity. Obstructive sleep apnea has been associated with enhanced platelet
activity and aggregation. Leukocyte adhesion and accumulation on endothelial cells are
common in both OSA and atherosclerosis. Clinicians should be aware that OSA may be a risk
factor for the development of cardiovascular disease.
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AHI = apnea-hypopnea index; BMI = body mass index; CHF = congestive heart failure; CPAP =
continuous positive airway pressure; CRP = C-reactive protein; CSR = Cheyne-Stokes

respirations; JNC = Joint National Committee on Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure; LV = left ventricular; OSA = obstructive sleep apnea; PA = pulmonary

artery; VEGF = vascular endothelial growth factor

Obstructive sleep apnea (OSA) is a common medical condition characterized by abnormal collapse of
the pharyngeal airway during sleep, causing repetitive arousals from sleep. A key feature of OSA is
that patients will make persistent efforts to breathe against the occluded upper airway. These recurrent
and strenuous efforts at inspiration contribute substantially to disturbed sleep. In contrast, central sleep
apnea, not a focus of this review, is characterized by the absence of any breathing effort and occurs
secondary to central inhibition of the drive to breathe.

The most common clinical presentation of OSA is loud snoring, breathing pauses observed by the
bedpartner, and excessive daytime sleepiness. Other symptoms include choking or gasping, restless
sleep, morning headache, morning sore throat, and excessive fatigue or malaise. Obstructive sleep
apnea is associated with a wide variety of health-related consequences,l the most common of which is
excessive daytime sleepiness, which may be mild or severe enough to interfere with employment or
driving an automobile. Several studies have documented an increased risk of automobile crashes in
patients with OSA 22 Quality of life is impaired in patients with OSA but improves with effective
treatment.? Additionally, OSA is associated with cognitive abnormalities®® and affective disorders such
as depression.”

The chief pathophysiological event is abnormal narrowing and collapse of the upper airway during
sleep due to anatomical narrowing of the upper airway and a loss of tone in the pharyngeal muscles,
including the genioglossus. Complete collapse of the upper airway for at least 10 seconds with
persistent effort to breathe is termed obstructive apnea. Often, OSA is associated with snoring, which
represents near collapse of the upper airway, high resistance to airflow, and rapid vibration of the soft
tissues of the airway. Hypopnea, partial collapse of the airway during sleep, is defined as a 30% or
greater reduction in airflow and a 4% desaturation 2 The severity of OSA is measured by the apnea-
hypopnea index (AHI), obtained by counting the total number of apneas and hypopneas during sleep
and dividing that by the hours of sleep. An AHI lower than 5 per hour is normal; an AHI of 5 to 15 is
mild disease, 15 to 30 is moderate disease, and greater than 30 is severe disease 2 A condition
termed upper airway resistance syndrome has been described and is characterized by abnormal
respiratory-related arousals that do not meet the accepted definition of apneas or hypopneas.@

Obstructive sleep apnea is common, and the health consequences can be substantial. The Wisconsin
Sleep Cohort Study,ﬁ a large population-based study, reported that based on an AHI of 10 or higher
OSA affects approximately 15% of men and 5% of women between the ages of 30 and 60 years. Four
major studies™™ of the prevalence of OSA using laboratory polysomnography showed that the
estimated prevalence of severe OSA, defined as an AHI greater than 15, is 7% to 14% in men and 2%
to 7% in women older than 20 years. If mild disease is considered (AHI, >5 events per hour), the
prevalence is 17% to 26% in men and 9% to 28% in women older than 20 years. Obstructive sleep

apnea seems to be more common in African Americans than in white people.ﬁﬂ

MORTALITY ASSOCIATED WITH OSA



Studies done several years ago found that OSA seemed to be associated with an increase in morbidity
and mortality. He et al® reported that approximately 40% of patients with severe OSA died during a
follow-up period of 8 years. Treatment with continuous positive airway pressure (CPAP) and
tracheostomy improved survival, but uvulopalato-pharyngoplasty did not. However, the study was
retrospective, had follow-up of only 54% of patients enrolled, and lacked information about cause of
death. Other studies, however, suggested similar findings. Partinen et al® reported that the age-
adjusted odds ratio of mortality due to vascular disease was 4.9 in patients with OSA receiving no
treatment compared with those treated with tracheostomy. In a series of 1620 patients with OSA, Lavie
et al® reported that the observed-to-expected mortality ratio was 3.33 in patients younger than 70
years.

Several potential factors might account for an increase in mortality. Patients with OSA have an
increased incidence of automobile crashes. Findley et al?! showed that patients with OSA have an
increased incidence of automobile crashes compared with controls and that the crashes tend to be
more severe than those involving patients without OSA. Second, a substantial body of evidence has
accumulated that OSA is associated with an increased risk of hypertension and cardiovascular disease
(Table 1).

HYPERTENSION AND OSA

An association between OSA and hypertension has been observed since the early clinical description
of OSA in the 1970s.2% Several studies have suggested that the prevalence of hypertension is higher
than expected in patients with OSA and that OSA occurs frequently in patients with
hypertension.&%@ The importance of this observation is that an association between hypertension
and OSA would provide a mechanistic link for the increase in cardiovascular mortality seen with OSA.
However, the association of OSA as an independent risk factor for hypertension has always been
controversial because of multiple confounding variables for hypertension that are usually also
characteristic of patients with OSA, such as age, sex, body mass index (BMI), alcohol use, and
smoking.z—7 In many studies of the association between hypertension and OSA, these variables have
not been controlled adequately. Because of the difficulty in accounting for multiple confounding factors,
the association between OSA and hypertension has remained controversial with conflicting findings in
multiple studies.Z
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Large recently published population-based prospective studies provide strong evidence that OSA is
indeed an independent risk factor for hypertension, although the effect is small to moderate. 2% The
Wisconsin Sleep Cohort Study analyzed the development of hypertension as a function of the severity
of OSA.2 Initially, 1189 subjects were enrolled, and the presence of OSA was determined by
polysomnography. Of the original group, 709 subjects were followed up for 4 years, and 184 were
followed up for 8 years. The unadjusted odds ratio for developing hypertension was 4.5 in the group
with an AHI greater than 15 compared with the group without sleep apnea. When adjusted for age,
sex, body habitus, smoking, and alcohol intake, the odds ratio for the development of hypertension
was 2.9, providing strong evidence that OSA is an independent risk factor for hypertension.

The Sleep Heart Health Study examined 6424 patients who were already enrolled in cardiovascular
risk trials and would undergo polysomnography at home.® A linear relationship between the severity of
sleep-disordered breathing and prevalence of hypertension was found.2 The odds ratio for the most
severe group compared with the normal group was 1.37; thus, the overall effect was small to
moderate. An independent association with all cardiovascular disease was also observed in that
study.M

To avoid the confounding variables encountered in observational or case-control studies, an animal
model of OSA was created by Phillipson et al 3% Experimentally induced OSA in dogs resulted in a
15% increase in both nocturnal and daytime blood pressure within 5 weeks, and blood pressure
returned to baseline after cessation of the experiment. A similar number of noise-induced arousals
resulted in a small increase in nocturnal blood pressure but not in daytime blood pressure.ﬁ

Although the general consensus is that CPAP treatment reduces nocturnal blood pressure in patients
with OSA, the effect on daytime blood pressure is less clear. Recently, 3 major studies’”® assessed



the effect of CPAP on daytime blood pressure in patients with OSA. These studies found small to
moderate decreases in blood pressure with CPAP. The most consistent finding was a significant
decrease in diastolic blood pressure after 24 hours of CPAP. Additionally, the effect seemed greatest
in patients with more severe OSA compared with those with mild OSA.

The increasing evidence of OSA as a contributory factor to hypertension was recognized in 2
sequential sets of guidelines from the Joint National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure (JNC). The sixth set of guidelines (JNC VI)*2 recommended
that OSA be excluded as a possible contributory factor in patients with resistant hypertension,
particularly in the setting of coexisting obesity. The most recent set of guidelines (JNC VII) identified
OSA as first on the list of identifiable causes of hypertension.*!

The mechanisms linking OSA with hypertension are complex and not elucidated fully. Obstructive
sleep apnea results in recurrent episodes of airway collapse, vigorous inspiratory effort, negative
swings in intrathoracic pressure, hypoxemia, hypercapnia, and arousal from sleep at termination of the
apnea. The following pathophysiological consequences of recurrent apneas have been shown and are
likely related to the development of hypertension in patients with OSA. Both increased nocturnal and
daytime sympathetic nervous system activity have been shown in untreated patients with OSA.
Increased sympathetic activity leads to increased heart rate, cardiac output, peripheral vascular
resistance, and increased tubular sodium reabsorption in the kidney, which may lead to elevated blood
pressure. Patients with OSA, compared with those without OSA, have faster heart rates, decreased
heart rate variability, and increased blood pressure variability. These changes in cardiovascular
autonomic variability are associated with increased cardiovascular risk. Additionally, OSA is associated
with an increase in C-reactive protein (CRP), impaired vascular endothelial function, elevated leptin
levels, and a possible predisposition to weight gain. These pathophysiological abnormalities are
discussed subsequently.

STROKE AND OSA

A higher than expected incidence of OSA in patients who have had a stroke has been observed. In a
case-control study, Partinen and Palomaki“2 found that the relative risk of stroke in snorers compared
with nonsnorers was 10.3. Palomaki et al*® observed an odds ratio of 8.0 for stroke in individuals with a
history of OSA after adjustment for hypertension, obesity, alcohol consumption, and coronary heart
disease. Spriggs et a* reported that a history of snoring was associated with a relative risk of 3.2 for
stroke. Neau et al*® found that habitual snoring was associated with a relative risk of 3.37 for stroke.
Obstructive sleep apnea was shown to occur more frequently in patients admitted to the hospital with
stroke than in controls.23#64Z Mohsenin and Valor* showed that, in patients recovering from
hemispheric stroke, 80% had OSA compared with age-matched controls. Additionally, OSA is
associated with a less favorable clinical outcome 1 year after stroke compared with stroke without
OSA.# In the Sleep Heart Health Study, OSA was associated with a small but significant increase in
the prevalence of stroke.* Other studies have shown a higher than expected incidence of OSA in
patients with stroke. 222! Further intriguing observations include a diurnal pattern to the time of onset of
stroke, with stroke occurring more frequently in the early morning hours. The early morning hours are
associated with rapid eye movement sleep, during which time apneas are most likely to be the longest
and associated with the most significant oxyhemoglobin desaturation. In the largest series, 31% of
strokes were present on awakening from sleep.2

Several compelling reasons exist for an association between OSA and stroke, including abnormal
cerebral hemodynamics associated with OSA. Cerebral blood flow has been shown to fluctuate in
response to apneas. A significant increase in intracranial pressure and a decrease in cerebral



perfusion during obstructive apneas have been shown in several studies.®**2 |n one study, intracranial

pressure increased during sleep in association with obstructive apneas and hypopneas; the increase in
intracranial pressure was linearly related to the duration of apneic events.®® Obstructive apneas and
hypopneas elicit a 50% reduction in cerebral blood flow compared with central apneas.@ In a study
using transcranial Doppler ultrasonography, middle cerebral artery blood flow was reduced 15% to
20% during obstructive apneas.® Furthermore, after apnea termination, cerebral blood flow increased
15%, followed by a 23% reduction compared with baseline.?’ In patients with OSA, there is evidence
that suggests cerebral autoregulation of blood flow is abnormal®” and that there is diminished cerebral
vasodilator response to hypercapnia that reverses with CPAP treatment.®® Nevertheless, despite data
suggesting that OSA is associated with the occurrence of stroke and may be associated with a less
favorable outcome and evidence to suggest abnormal cerebral blood flow and hemodynamics,
definitive evidence implicating OSA in the etiology of stroke is lacking.

CORONARY HEART DISEASE AND OSA

Current evidence indicates that OSA occurs commonly in patients with coronary artery disease, is
associated with nocturnal angina and nocturnal ST-T segment depression, and adversely affects
outcome. Additionally, OSA is an independent risk factor for ischemic heart disease. Hung et al®
reported that in patients with myocardial infarction OSA was as strong a risk factor as obesity,
smoking, and hypertension. In one study, clinically important OSA was evident in 50% of patients with
coronary artery disease.®2 The Sleep Heart Health Study showed a modest increase in the odds ratio
of coronary artery disease in patients with severe OSA compared with controls.2* Severe sleep apnea
is present in patients with ischemic heart disease who have nocturnal angina.m Patients with OSA
have nocturnal ST-segment changes that correlate with oxyhemoglobin desaturation and severity of
OSA 2% The mechanism of ST-segment ischemic changes is likely related to increased myocardial
oxygen demand during the postapneic surge in blood pressure and heart rate at the time when the
oxyhemoglobin saturation is at its lowest point. Whether OSA causes nocturnal ischemia in the
absence of coronary artery disease has not been established. In one study, treatment with CPAP
reduced the duration of ST-segment elevation,Q but no randomized or controlled studies have been
done examining the effects of CPAP on treating nocturnal ischemia in patients with coronary artery
disease. Five-year outcome in patients with ischemic heart disease is negatively influenced in those
with OSA compared with those without.&

CONGESTIVE HEART FAILURE

Obstructive sleep apnea has been associated with idiopathic cardiomyopathy and congestive heart
failure (CHF)@'G—7 Although OSA has been noted frequently in patients with CHF, whether the
prevalence differs from that expected in a closely matched population without heart failure is unclear.
Sleep-disordered breathing in patients with CHF can be primarily obstructive due to upper airway
collapse, primarily central (Cheyne-Stokes respirations [CSR], central sleep apnea), or a combination
of both. Cheyne-Stokes respirations occur in patients with CHF because of increased carbon dioxide
chemosensitivity and hyperventilation@'m Both CHF and CSR may contribute to upper airway collapse
and OSA if reduced respiratory drive during the hypoventilation phase results in reduced drive to the
pharyngeal muscles that normally maintain patency of the airway. If the pharyngeal muscle drive
decreased below some critical pressure, the upper airway would collapse. Additionally, elevation of
central venous pressure could cause edema of the upper airway, predisposing it to collapse.ﬂ This
may be because of edema-induced dysmotility in the pharyngeal vasculature and/or edematous
narrowing of the airway lumen. A decreased luminal diameter would result in marked increases in
airway resistance with consequently greater inspiratory pressures, thus predisposing to airway



collapse. Any such effect of elevated venous pressures resulting in upper airway edema would be
especially marked when patients with heart failure are sleeping supine.

The most likely pathogenic mechanism linking CHF and OSA is hypertension and its effects on left
ventricular (LV) function. During a lengthy period, the cumulative effects of frequent arousals from
sleep, hypoxemia, and increased afterload may adversely affect ventricular function. In the Sleep
Heart Health Study, OSA was found to be an independent risk factor for CHF. In the group with an AHI
greater than 11, the odds ratio of having CHF was 2.38, higher than that for all other cardiovascular
disease. In other series of patients with CHF, OSA was found in 11% and 37%.2213 However, studies
that have documented a high prevalence of OSA in patients with heart failure”® may be substantially
overestimating the prevalence of OSA by studying only those with heart failure who were referred for
sleep studies. The more impressive symptoms associated with OSA are likely to bias any such sample
toward an excess of patients with OSA among those referred for sleep studies, and therefore they
cannot be used reliably as a reasonable indicator of the prevalence of OSA in the heart failure

population at large.

Nevertheless, the surges in sympathetic activity, blood pressure, and wall stress, together with the
severe metabolic and hypoxic consequences of OSA, would reasonably be expected to contribute to a
deterioration of function in the diseased heart. Indeed, several studies have shown that treatment of
OSA may improve ejection fraction 887478

Obstructive sleep apnea has been associated with both systolic dysfunction and diastolic dysfunction.
Hedner et al”Z reported that LV hypertrophy was more common in normotensive patients with OSA
than in controls. Diastolic dysfunction might be caused not only by long-standing hypertension but also
by increased afterload and transmyocardial wall stress associated with the direct effect of recurrent
apneas during a lengthy period. The generation of significant negative intrathoracic pressures during
apneas causes increased effective afterload on the ventricle. The effect of long-standing adrenergic
stimulus from apneas also may contribute to myocardial hypertrophy and diastolic dysfunction. Indeed,
several small studies have suggested a rather high prevalence of OSA in patients with diastolic heart

failure. 2222

Several studies have shown that CPAP can have salutory effects in patients with CHF and CSR. In
patients with CHF, central sleep apnea and CSR are common, and treatment with CPAP is associated
with an improvement in LV function and symptoms.w Continuous positive airway pressure treatment of
patients with stable, chronic CHF reduces LV afterload and increases stroke volume,m reduces cardiac
sympathetic tone,Q and decreases CSR, increases LVEF and inspiratory muscle strength, and
reduces atrial naturetic peptide.@g—5 Supplemental oxygen also reduces CSR 2% |n 3 randomized
study of CPAP or no treatment in patients with CSR, there was a tendency toward improved
transplantation-free survival in patients with heart failure and central sleep apnea who were receiving
CPAP treatment.®® Nevertheless, central sleep apnea in patients with heart failure is not readily
amenable to effective treatment, although newer therapeutic strategies may allow more effective
treatment of OSA in CHF. Many patients with heart failure will not easily tolerate CPAP treatment.

CARDIAC ARRHYTHMIAS

An increased incidence of both bradyarrhythmias and tachydysrhythmias has been associated with
OSA and is likely related to the severity of OSA and degree of hypoxemia associated with apneic
events. 2% Severe bradycardia and atrioventricular block are seen frequently in association with OSA.
These arrhythmias are most likely explained by the vagal response that occurs in response to apneic

events. 2% The increase in vagal tone causes slowing of atrioventricular conduction and bradycardia.



Bradyarrhythmias are probably associated with the severity of OSA and are usually reversible with
CPAP therapy.g—s’%

Ventricular tachycardia and supraventricular tachycardia are reported in association with OSA and
may improve with CPAP therapy.g—7 In patients with heart failure, tachydysrhythmias, including atrial
fibrillation, are more common in those with OSA than in those without OSA.22 Additionally, atrial
fibrillation is more likely to occur after coronary artery surgery in patients with OSA than in those
without OSA.2 In patients who undergo cardioversion for atrial fibrillation, the recurrence rate in
patients with OSA who are not receiving effective treatment is 2-fold higher (80%) than in patients with
OSA who are receiving effective CPAP therapy.@ Whether recurrence occurs after cardioversion in
patients with known OSA appears to be determined primarily by whether they are receiving effective
treatment and does not appear to be explained by differences in BMI, cardiac function, atrial size, or
antiarrhythmic therapy or by the presence or absence of hypertension or diabetes.

PULMONARY HYPERTENSION

Although it is generally accepted that pulmonary artery (PA) pressure rises immediately in response to
hypoxemia in patients with OSA, there is no general consensus that OSA alone can cause daytime
pulmonary hypertension because most early studies did not adequately control for the presence of
underlying cardiac or pulmonary disease. Diurnal pulmonary hypertension in patients with OSA has
been found to correlate more with a lower daytime PaO, and higher PaCO, than with severity of
OSA1® However, several recent studies showed a prevalence of diurnal pulmonary hypertension of
20% to 41% in patients with OSA in whom underlying lung disease had been excluded 34191103 |y
these studies, severity of OSA did not always correlate with severity of pulmonary hypertension, but
factors such as BMI and low daytime PaO, were more closely associated with mild degrees of
pulmonary hypertension. Theoretically, the recurrent increase in PA pressures associated with apneas
could result in endothelial damage and eventually vascular remodeling that could cause daytime
pulmonary hypertension. Patients with OSA and pulmonary hypertension have been shown to have
increased pulmonary vascular pressor responses to hypoxemia.M Two studies showed a reduction in
PA pressure in patients treated with CPAP 1215 ope study showed a decrease in PA pressure, PA
response to hypoxemia, and reduction in pulmonary vascular resistance after treatment with CPAP%;
in this study the greatest treatment response was in patients with baseline pulmonary hypertension. In
summary, daytime pulmonary hypertension occurs frequently in patients with OSA, improves with
CPAP, and is more closely associated with BMI and daytime PaO, than with severity of OSA.
However, clear evidence linking OSA to the etiology of pulmonary hypertension remains to be shown.

POSSIBLE MECHANISMS OF CARDIOVASCULAR DISEASE IN OSA

Mechanisms that might explain a relationship between OSA and cardiovascular disease have been
investigated extensively (Table 2). Hemodynamics are significantly different during normal sleep and
sleep complicated by periodic obstructed breathing. During normal sleep, the decrease in heart rate
and blood pressure is approximately 10% to 15%, which is likely mediated by an overall increased
vagal activity and decreased vascular sympathetic traffic.'® Cardiac output declines about 10% in
normal non—rapid eye movement sleep, associated with a reduction in heart rate and stroke volume. In
contrast, OSA elicits acute hemodynamic changes mediated in large part by sympathetic

activation. 419712 Occlusion of the upper airway is associated with a decrease in the tone of
genioglossus and other pharyngeal muscles during sleep. Normally, during inspiration, pressure in the
posterior pharynx becomes relatively negative compared with the atmosphere, and airway patency is
maintained by pharyngeal dilator muscle tone. With an obstructive apnea, the pressure generated by
these dilator muscles decreases below the pharyngeal air pressure (critical pressure), causing the



airway to collapse during inspiration. Occlusion of the upper airway results in a decrease in alveolar
oxygen tension, followed by a reduction in arterial oxyhemoglobin saturation. Also, during obstructive
apneas, repetitive, progressively vigorous efforts at inspiration against the occluded airway result in
progressively acute decreases in intrathoracic pressure. At the end of the apnea, a cortical arousal
often occurs, associated with an increase in genioglossus tone, opening of the occluded airway,
resumption of breathing, and increase in the oxyhemoglobin saturation. Intrathoracic pressure during
an apnea can be as low as —80 cm H,0. 1112 The negative intrathoracic pressure results in an
increased transmyocardial pressure gradient, which effectively acts to increase cardiac afterload.
Decreased intrathoracic pressure also leads to increased venous return, leftward shift of the
intraventricular septum, reduced LV compliance, and decreased LV end-diastolic volume.® The
combination of increased afterload and decreased end-diastolic volume results in decreased stroke
volume and cardiac output.m’m

The physiologic changes in heart rate, blood pressure, sympathetic activity, and cardiac output that
occur in healthy controls do not occur in patients with OSA. Systemic blood pressure increases
gradually during the apnea and increases further after termination of the apnea in association with
arousal and acceleration of heart rate. Cardiac output and heart rate decrease during the apnea but
suddenly increase at apnea termination. Because oxyhemoglobin saturation decreases during the
apnea and recovers slowly after apnea termination, myocardial oxygen demand increases at the
precise time that the oxyhemoglobin saturation is the lowest and hence available oxygen is the lowest.
During hypoxemia and apnea, catecholamine levels increase, causing an increase in systemic
vascular resistance and in systemic and PA blood pressure.m’m

TABLE 2. POTENTIAL MECHANISMS OF VASCULAR DISEASE ASSOCIATED WITH
OBSTRUCTIVE SLEEP APNEA
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Activity of the sympathetic nervous system is abnormal in patients with OSA. Fletcher et al'® found

that 24-hour urinary catecholamine levels were elevated in patients with untreated OSA but decreased
to normal when treated with tracheostomy. Sympathetic nervous system activity is elevated during
apneic events and peaks at apnea termination in association with the arousal. Continuous positive
airway pressure attenuates the increase in sympathetic nervous system activity seen in OSA (Figure
1). Patients with untreated OSA have higher sympathetic nervous system activity compared with
controls, even when awake and normoxic. They also have faster heart rates, blunted heart rate
variability, and increased blood pressure variability during normoxic daytime wakefulness /4196117118
Intriguing evidence suggests that OSA results in abnormalities in coagulation that may be important in
adverse cardiovascular effects of OSA. Total serum fibrinogen and whole blood viscosity levels are
elevated in OSA.™2 Patients with OSA also have increased platelet activation and platelet aggregation
that return to normal with CPAP treatment.’2 Fibrinolytic activity is reduced in patients with OSA, and

plasminogen activator inhibitor, an inhibitor of tissue-type plasminogen activator, is elevated.’%!

An important mechanism of atherosclerosis is inflammation resulting in endothelial dysfunction.
Several mediators that have been implicated in the pathogenesis of atherosclerosis are abnormal in
patients with OSA and may contribute to vascular disease by damaging the vascular endothelium.
Abnormalities in vascular endothelium associated with OSA have been described. For example,
endothelin-1, a potent long-acting vasoconstricting substance synthesized in the vascular endothelium,
is important in regulating vascular tone, is elevated in OSA, and decreases with CPAP therapy.g
There is evidence of endothelial dysfunction in patients with OSA characterized by blunted vasodilation
in response to cholinergic stimulation with acetylcholine.@’ﬂ In contrast, Kraiczi et al'® found an
enhanced vasoconstrictor response with angiotensin Il but not acetylcholine in patients with OSA,

suggesting enhanced vasoconstriction but not endothelial dysfunction.



Awake Continuous positive airway pressura
therapy during REM sleap

Eympﬂlhgd_ic el er
nerve activily ’lhuulwumllwl Ay .Mﬂl | el i

Raespiration 2, —~ A Pl i By
e 3 . 150 | . | " "
(mm Hg) 80 A0
0 o
s

Obstructive sleep apnaa during REM sleep

= kel

Blogd e :J ]WWWIML&NMWWWWNMM MMMMM

[i]

FIGURE 1. Recordings of sympathetic nerve activity, respiration, and intra-arterial
blood pressure in an otherwise healthy patient with obstructive sleep apnea (OSA)
during wakefulness (top left), during recurrent obstructive apneas (bottom panel),
and during treatment with continuous positive airway pressure (CPAP) (top right).
Even during wakefulness and normoxia, patients with OSA have high levels of
resting sympathetic nerve activity. During obstructive apneas, chemoreflex
activation by hypoxemia and hypercapnia causes even further increases in
sympathetic activity, with recurrent surges in blood pressure most notable at the
end of apneic events. Blood pressure increases up to 250/130 mm Hg even
though the patient is normotensive during wakefulness. Treatment with CPAP
lowers both sympathetic activation and blood pressure. REM = rapid eye
movement. Reprinted from Somers et al,”™ with permission from the American
Society for Clinical Investigation.

C-reactive protein, a marker of systemic inflammation and considered a factor in the pathogenesis of

atherosclerosis, is elevated in patients with OSA.128 Both CRP and interleukin 6 levels (also increased

in OSA) decrease with CPAP therapy.2Z Plasma homocysteine levels are elevated in patients with

ischemic heart disease and OSA but not in patients with OSA only.'2



Reperfusion-reoxygenation injury has been defined as the injury or damage that occurs when blood
flow is restored to a hypoxic or ischemic tissue or muscle. Exposure of myocardial muscle, for
example, to ischemia-reperfusion is known to result in muscle dysfunction. Such injury is probably
caused by reactive oxygen species, molecules with 1 or more unpaired electrons. Reactive oxygen
species can cause oxidative stress and injury to cells or tissues. Similarly, OSA is characterized by
episodes of hypoxia followed by reoxygenation. The repeated apnea-related hypoxic events, similar to
reperfusion injury, may induce oxidative stress of vascular endothelium.’2 Free oxygen radicals have
been associated with cardiovascular disease by inducing oxidative stress. Patients with OSA have
been found to have markedly enhanced neutrophil superoxide generation that decreases with CPAP

therapy.m

Vascular endothelial growth factor (VEGF), a glycoprotein that stimulates normal and abnormal vessel
growth, is essential for angiogenesis. Expression of VEGF is stimulated by hypoxia. Levels of VEGF
are elevated in severely hypoxic patients with OSA and are related to severity of desaturation. ! A
recent study showed that in patients with OSA VEGF levels are related to the severity of OSA, are
increased during sleep at night compared with controls, and decrease with CPAP therapy.& The
relationship of VEGF to cardiovascular disease is unclear, but it may play a protective role in inducing
angiogenesis and protecting against cardiovascular disease. Intercellular adhesion molecule 1,
vascular cell adhesion molecule 1, and E-selectin, mediators postulated to be important in the
development of atherosclerosis, were elevated in patients with OSA but decreased after CPAP

therapy.m

Data show that abnormal leukocyte adhesion and aggregation to endothelial cells have a role in the
atherogenic process. Obstructive sleep apnea is associated with increased expression of adhesion
molecules CD15 and CD11c on monocytes. Additionally, monocytes from patients with OSA show
increased adherence to human endothelial cells in culture, increased production of intracellular
reactive oxygen species in some subpopulations of granulocytes and monocytes, and up-regulation of
adhesion molecule CD15. When patients with OSA were treated with CPAP, there was down-
regulation of CD15 and CD11a monocyte expression, decreased production of reactive oxygen

species in monocytes, and decreased monocyte adherence to endothlial cells. 13

SUMMARY

Obstructive sleep apnea is common in the general population and has been implicated in adverse
cardiovascular effects. It is associated with hypertension, and treatment with CPAP reduces both
nocturnal and daytime blood pressure, in part by attenuating sympathetic nervous activity. Obstructive
sleep apnea appears to be a potential risk factor for ischemic heart disease, has been associated with
nocturnal ST-segment depression in patients with coronary heart disease, and may affect outcome
adversely in patients with coronary artery disease. Sleep-disordered breathing, both obstructive and
central, is seen commonly in patients with CHF and is associated with an increased risk of
arrhythmias, including atrial fibrillation, and a poor prognosis. Treatment of OSA with CPAP improves
ejection fraction in patients with CHF. Obstructive sleep apnea may be associated with ventricular
arrhythmias, pulmonary hypertension, stroke, and transient ischemic attacks, although the evidence is
predominantly circumstantial. Several mechanisms could explain the relationship of OSA with the
development of atherosclerosis, including abnormalities in various inflammatory and metabolic factors
that have been associated with endothelial dysfunction and the development of atherosclerosis. On the
basis of the evidence accumulated thus far in the literature, it appears that OSA is an important risk
factor for the development of cardiovascular disease. Clearly, more studies are needed to understand
the mechanisms that might explain this relationship and to study the effect of treatment with CPAP or



surgery on the progression of cardiovascular disease in patients with OSA. Clinicians caring for
patients with cardiovascular and cerebrovascular disease should be aware of these associations and
should attempt to identify patients with OSA.
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