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OSA: the new cardiovascular disease

Part II: overview of cardiovascular diseases associated with obstructive sleep apnea
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Abstract Obstructive sleep apnea (OSA), present in
5-15% of adults, is strongly associated with the incidence and
poor outcome of hypertension, coronary artery disease,
arrhythmia, heart failure, and stroke. Treatment of OSA
completely reverses its cardiovascular consequences. In this
review, we discuss the clinical evidence for the strong asso-
ciation between OSA and cardiovascular disease and present
an argument for approaching OSA as a cardiovascular dis-
ease. We particularly focus on the causative relationship
between OSA and hypertension, and on the increasingly
recognized relationship between OSA and heart failure.
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Introduction

Obstructive sleep apnea (OSA) is present in up to 15% of
middle-aged adults [1], and has a strong association with
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obesity. Therefore, OSA is poised to gain increasing public
health importance with the rising prevalence of obesity [2].
Several well-conducted human and animal studies pro-
vided compelling evidence that OSA is a cause of
hypertension [3-5]. Furthermore, in patients with existing
hypertension, OSA worsens blood pressure control [6, 7].
OSA is also linked to increased prevalence and worse
outcome in coronary artery disease (CAD) [8], arrhythmia
[9, 10], and diabetes [11]. Additionally, there is now evi-
dence that OSA can, independent of hypertension, induce
left ventricular dysfunction [12, 13]. In patients with
established heart failure, OSA is likely to be a detrimental
co-morbidity that may severely impact outcomes [14].
Treatment of underlying OSA in patients with cardiac
dysfunction improves systolic function [15]. Taken toge-
ther, these data start to describe a critical role for OSA in
inducing cardiovascular disease, or accelerating the pro-
gression of existing cardiovascular disease toward heart
failure.

In this review, we will discuss the clinical evidence for a
causative relationship between OSA and cardiovascular
disease with focus on hypertension as the most important
and best established cardiovascular consequence of OSA.
We will also attempt to present a conceptual framework
that explains the potential causative relation between OSA
and heart failure.

OSA is a cause of hypertension

Hypertension, the most prevalent cardiovascular disease, is
also the best established cardiovascular consequence of
obstructive sleep apnea [4, 5, 16—18]. Hypertension affects
approximately 30% of adults in the United States [19, 20]
with an impact on public health that cannot be overstated.
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The World Health Organization estimates that even sub-
optimal blood pressure levels are responsible for 62% of
cerebrovascular disease and 49% of ischemic heart disease
[21]. On the other hand, OSA affects between 9% and 25%
of middle-aged adults [1, 22]. OSA is estimated to be
present in 30—40% of patients with hypertension, while
40% of patients with OSA are thought to have hypertension
[23-25]. Since both disorders are very prevalent in middle-
aged individuals, and coexist in a large portion of the
population it had been difficult to elucidate the cause—
effect relationship between the two disorders. However, in
recent years, mounting evidence from large epidemiologi-
cal studies, along with human and animal experiments, was
able to confirm the presence of this causal relationship
between OSA and hypertension. The mechanism of
hypertension in patients with OSA remains only partially
understood so far. In this article, we will focus on the
clinical and epidemiological evidence for the causative
relationship between OSA and hypertension. The basic
mechanisms of the association between OSA and hyper-
tension were reviewed in the first part of this series.

Epidemiological studies evaluating the relationship
between OSA and hypertension

An association between snoring and systemic hypertension
was first described in the early 80s [26]. As the under-
standing of OSA was evolving, a relation between OSA
and vascular morbidity became more apparent [27]. The
absence of the normal decrease in blood pressure during
sleep, termed as “nondipping” may be the earliest sign of
OSA-related hypertension [28, 29]. Some studies suggested
that an isolated increase in diastolic blood pressure may be
the earliest hypertensive change associated with OSA [30,
31]. Others observed that isolated systolic hypertension
was uncommon in patients with OSA [32, 33]. However, a
high prevalence of systolic hypertension was described in
patients with OSA and chronic heart failure [34].

The earliest compelling description of a dose-response
relation between OSA and hypertension was provided by
the Wisconsin Sleep Cohort [5, 35]. In this landmark
population-based study, 1,060 asymptomatic individuals
underwent nocturnal polysomnography (in-laboratory sleep
studies) to evaluate the presence and severity of OSA. The
investigators found a dose-response relation between the
severity of OSA and the odds ratio of having hypertension
in this cohort. The dose-response relation was still present
after correction for known risk factors of hypertension.
Later, the Sleep Heart Health Study was the largest cross-
sectional study to identify OSA as an independent risk
factor for hypertension [36]. In this large multi-center study
of cardiovascular risk factors, 6,424 patients were evalu-
ated with home sleep studies. The investigators also
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observed a linear relationship between the severity of sleep
apnea and the risk of having hypertension. The most con-
vincing epidemiological evidence for a causal relation
between OSA and hypertension was again provided by the
Wisconsin Sleep Cohort Study [4]. In a four-year follow-up
of 709 individuals enrolled in this study, the odds ratio of
developing hypertension over the follow-up period
increased linearly with increasing apnea—hypopnea index
(AHI). This linear association persisted after correction to
known causes of hypertension. Another striking finding in
this study was that the relation between OSA and risk of
hypertension was still present at levels of AHI that are
considered in the normal range (0.1-4.9 events/h). These
findings supported a very strong cause—effect relation
between any degree of OSA, including ranges considered
normal, and the risk of developing hypertension.

Human and animal models of OSA

Experimental animal models of OSA were developed to
evaluate the cardiovascular consequences of OSA. Brooks
et al. [37] developed an elaborate dog model of OSA with
an instrumented control group. Dogs with experimental
OSA consistently developed hypertension compared to
their instrumented controls. Furthermore, these investiga-
tors identified the intermittent hypoxia pattern of OSA as
the critical stimulus for the blood pressure increase in the
dog model. Fletcher et al. developed a rat model of OSA in
which rats were exposed to a protocol of intermittent
hypoxia that mimiced the pattern of hypoxia seen in
patients with OSA. Animals exposed to the intermittent
hypoxia protocol consistently developed increased blood
pressure compared to control rats [38—41]. This increase in
blood pressure resolved after withdrawal of the intermittent
hypoxia stimulus.

Several studies evaluated the effect of intermittent
hypoxia in humans who were free of cardiovascular disease
or OSA. Brief exposures to intermittent hypoxia consis-
tently produced surges in sympathetic activity and blood
pressure that persisted after recovery of hypoxia [42-44].
Arabi et al. [45] described an increase in morning diastolic
blood pressures in healthy individuals exposed to nocturnal
hypoxia. These human experiments further confirmed that
the intermittent hypoxia pattern of OSA produces sympa-
thetic-mediated hypertensive response, and may be the
earliest abnormality leading to persistent hypertension in
patients with OSA.

Effect of treatment of OSA on blood pressure
Several studies evaluated the effect of treatment of OSA on

blood pressure. While many of these studies enrolled small
numbers of patients, they all showed a consistent effect on
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improving blood pressure control. Logan et al. observed
that occult OSA was present in up to 83% of a small group
of patients with refractory hypertension [46]. Becker et al.
[7] randomized patients with moderate to severe OSA to
either therapeutic or sub-therapeutic Continuous Positive
Airway Pressure (CPAP). Mean arterial blood pressure
decreased by 10 mm Hg in the group that received effec-
tive CPAP treatment. In the sub-therapeutic CPAP arm,
and despite a 50% reduction in the severity of OSA, no
significant improvement in blood pressure was noted. This
drop in mean arterial blood pressure by 10 mm Hg would
be predicted to reduce coronary heart disease event risk by
37% and stroke risk by 56% [47]. Pepperell et al. [48] in a
randomized trial, evaluated the blood pressure response in
118 men with obstructive sleep apnea and excessive day-
time sleepiness to treatment with therapeutic versus sub-
therapeutic CPAP. Therapeutic CPAP significantly reduced
mean ambulatory arterial blood pressure, whereas sub-
therapeutic CPAP increased the mean blood pressure. The
benefit of therapeutic CPAP was seen in both systolic and
diastolic blood pressure, and during both sleep and wake-
fulness. The CPAP benefit was most pronounced in
patients with severe sleep apnea and in patients on anti-
hypertensive medications. It emerged from these two
studies that the treatment effect was most pronounced
when blood pressure was more severe at baseline and when
OSA was almost completely eliminated. In a subsequent
trial by Campos-Rodrigues et al. [49], the effect of CPAP
on blood pressure was more modest than in the two pre-
ceding trials; but also more pronounced in patients with
severe hypertension and those with better adherence to
with CPAP.

Sleepiness is an important clinical consequence of OSA
and an indicator of severity of illness that describes an
aspect of the disease not necessarily expressed by AHI
alone. The presence of daytime sleepiness may also affect
the adherence and benefit of CPAP. Therefore, it was
reasonable to investigate whether the presence of under-
lying sleepiness would explain the difference in the degree
of blood pressure responsiveness to CPAP. Robinson et al.,
in a randomized sham-placebo-controlled crossover trial
[50], studied 35 non-sleepy hypertensive patients with
OSA. Participants were treated with CPAP for 1 month
then crossed over to the sham-placebo arm. The investi-
gators found no significant difference in mean 24-h BP in
the two groups. Generally, studies evaluating the effect of
CPAP on blood pressure seem to suggest overall a con-
sistent effect of reducing blood pressure, albeit to different
degrees in varied subpopulations of patients with OSA.
Large studies were able to show an effect of treatment of
OSA in reducing fatal and nonfatal cardiovascular [3]. This
effect of CPAP may be mediated by its favorable effect on
blood pressure control.

Combined together, studies of human and animal mod-
els of OSA, along with the clinical studies evaluating the
effect of treatment on blood pressure, confirm that OSA
induces hypertension, and that hypertension is ameliorated
by treatment of OSA.

Mechanism of hypertension in OSA

As the understanding of the pathophysiology of OSA was
evolving, it emerged that several consequences of OSA and
intermittent hypoxia are also etiological factors of hyper-
tension. A detailed discussion of these mechanistic
pathways is presented in an earlier article of this special
issue. An important link in the cause—effect relationship
between OSA and hypertension is the sympathetic activa-
tion in patients with OSA [51]. Intermittent hypoxia is a
unique stimulus that is distinct from other forms of hypoxia
[52, 53], and appears to be the only required stimulus for
this sympathetic activation in patients with OSA [42, 44,
54]. In animal models of OSA, intact sympathetic system
was required for the animals to manifest increased blood
pressure [37, 44, 45, 54, 55]. Another recently emerging
link between OSA and hypertension is oxidative stress,
also present in both disorders [56, 57]. Endothelial dys-
function is an important precursor to cardiovascular disease
and hypertension [58—62] and patients with OSA manifest
oxidative stress-mediated endothelial dysfunction [63].
Another link between the mechanism of hypertension and
OSA is the renin—angiotensin system. Patients with OSA
demonstrate increased renin—angiotensin activity that
improves with treatment [64, 65]. In an animal model of
intermittent hypoxia, the renin—angiotensin pathway was
critical for the hypertensive response to intermittent
hypoxia [66, 67].

In summary, OSA is a cause of hypertension, and
treatment of OSA improves blood pressure control and
cardiovascular outcomes. The mechanism of OSA induced
hypertension involves sympathetic activation and oxidative
stress.

OSA and coronary artery disease

Coronary artery disease (CAD) is an important cause of
morbidity and mortality in the United States [68], in
addition to being a major risk factor for heart failure [69].
The pathophysiological basis for the relation between OSA
and CAD may be similar to the basis for the relation
between OSA and hypertension. OSA causes endothelial
dysfunction [70], inflammation [71], and lipid dysfunction
[72]. Patients with OSA have silent preclinical athero-
sclerosis that improves with treatment of OSA [73]. The
causative relation between OSA and CAD was underscored
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in a recent report describing a relationship between OSA
and preclinical coronary disease [74].

It is on this pathological background, that the sympa-
thetic activation associated with OSA may promote
ischemic events. Increased incidence of ST segment chan-
ges during sleep was reported in OSA patients with CAD
and correlated with the severity of the respiratory events
and sleep fragmentation. This OSA-related ST depression
improved with nasal CPAP treatment [75-79]. A detri-
mental effect of chronic intermittent hypoxia on worsening
myocardial infarcts was recently described [80, 81].

In a large observational study, OSA was an independent
risk factor for developing CAD [82]. Peker et al. found an
increased incidence of CAD in patients with OSA and no
apparent cardiovascular disease over 7 years of follow-up
[8, 23]. Patients with existing CAD and even mild to
moderate OSA (Apnea Hypopnea Index > 10 events/h)
were much more likely to experience cardiovascular death
over a 5-year period than those with no OSA (37.5% vs.
9.3%, respectively) [83]. Similarly, Mooe et al. found an
independent association between OSA and worse prognosis
in patients with CAD [84]. This relation between untreated
OSA and cardiovascular events, fatal and nonfatal, was
recently demonstrated in several large studies [3, 16—18].

In summary, patients with OSA have increased risk of
developing CAD [8] and having worse outcomes of CAD
[83, 85]. Treatment with CPAP reverses this negative
relationship between OSA and CAD [86].

OSA and arrhythmia

A hallmark of OSA is increased baseline sympathetic
activity [51] which may be the mechanism of myocardial
irritability and subsequent arrhythmia [87]. In a large cross-
sectional study [88], individuals with severe OSA had 2- to
4-fold odds ratio of complex arrhythmias compared with
those without OSA. This increased risk persisted even after
adjustment for potential confounders. A significant relation
was also observed between OSA events and ventricular
irritability [89]. Treatment with CPAP reversed this ven-
tricular irritability [87, 89]. Furthermore, treatment of OSA
improves cardiac autonomic control measured by heart rate
variability in patients with both heart failure and OSA [90].

The relation between OSA and atrial fibrillation is a
particularly important and only recently recognized link
between OSA and cardiovascular morbidity. Obesity and
the magnitude of nocturnal oxygen desaturation were pre-
viously shown to be independent risk factors for incident
atrial fibrillation [91]. In a prospective study of patients
referred to a general cardiology practice, a strong associ-
ation between OSA and atrial fibrillation was found (49%
in patients with OSA compared to 32% in patients of

@ Springer

general cardiology) [9]. OSA was also associated with
recurrent atrial fibrillation after cardioversion [10].

Gami et al. found that patients with OSA were more
likely to experience sudden death during the night com-
pared with patients without OSA, further confirming the
presence of increased arrhythmia in this patient population
[92]. The relation between OSA and atrial fibrillation may
also contribute to the increased risk of stroke observed in
patients with OSA [93].

Probably due to increased sympathetic activation, OSA
is associated with a spectrum of cardiac arrhythmias that
complicate the cardiovascular consequences of OSA and
further contribute to morbidity and mortality [94].

OSA and heart failure

Given the strong etiological relationship between OSA, on
one hand, and CAD [83, 85], hypertension and arrhythmia
[9, 10] on the other, it is not surprising that OSA is also an
independent risk factor for heart failure [82]. The preva-
lence of OSA in heart failure patients is far higher than in
the general middle-aged population [95-99].

Patients with OSA have high prevalence of hypertension
creating difficulty in making strong conclusions about a
direct relation between OSA and left ventricular abnor-
mality independent of hypertension [100]. However,
several studies have suggested a causative relation between
OSA and left ventricular remodeling, probably via inter-
mittent hypoxia-induced oxidative stress [12, 101, 102]. A
large portion of patients with OSA have either systolic
dysfunction or subclinical echocardiographic left ventric-
ular abnormalities [12, 101, 102]. In an important study of
children with OSA who are free of cardiovascular disease
[13], Amin et al. found evidence of asymptomatic early left
ventricular remodeling in these children.

The available evidence, therefore, supports that OSA
can produce cardiac dysfunction independent of hyperten-
sion [102]. It is, however, in patients with existing heart
failure that the effect of OSA events may be most pro-
found. The mechanism for these effects on the failing heart
include increased cardiac muscle work index due to the
increased negative intrathoracic pressure during obstructed
breaths [103]. Changes in venous return due to the negative
intrathoracic pressure generated from the inspiratory effort
may affect preload and stroke volume [104]. Sympathetic
activation secondary to hypoxia increases blood pressure
and reduces myocardial perfusion [105, 106]. This increase
in cardiac afterload and myocardiac ischemia during
obstructive apneas was demonstrated in the normal heart in
animal models [102], but its consequences are probably
most striking in the failing heart. Studies showed that
CPAP immediately reverses these effects [103]. Figure 1
summarizes several of the known pathways by which OSA
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may lead directly or indirectly to cardiac dysfunction and
heart failure.

OSA compounds heart failure by potentiating sympa-
thetic activation. Patients with heart failure and sleep apnea
show higher daytime sympathetic nerve activity compared
with patients with heart failure but no sleep apnea [107].
CPAP treatment in patients with heart failure and OSA
decreased daytime sympathetic activity, systolic blood
pressure, and heart rate [108], suggesting a significant
contribution of OSA to increased sympathetic outflow.
Randomized controlled studies in patients with heart fail-
ure and OSA demonstrated that CPAP treatment for a few
weeks increased left ventricular ejection fraction and
decreased blood pressure and sympathetic activation,
strongly suggesting a pathogenic role of OSA in worsening
cardiac function [15, 109, 110].

There is now compelling evidence that CPAP improves
left ventricular ejection fraction in patients with heart
failure and OSA. Whether the positive effects of CPAP on
the cardiovascular system may also imply an improvement
in long-term prognosis of patients with OSA and heart
failure is still unknown [111]. Improved quality of life after
CPAP treatment has only been documented in OSA
patients with daytime sleepiness [110]. Data are lacking in
heart failure patients with mild to moderate OSA, with or
without daytime sleepiness. Additionally, no effect of
treatment on survival has been shown to date.

OSA, pulmonary hypertension, and right ventricular
dysfunction

The evidence for a relation between OSA and pulmonary
hypertension is less compelling than that for the relation
between OSA and systemic hypertension. Nevertheless, the
reported prevalence of pulmonary arterial hypertension in

OSA varies from 20% to 41% [112—-114]. However, most
studies in this area were limited by the presence of con-
comitant cardiovascular diseases which could have
affected their pulmonary pressures [115, 116]. Acute
hemodynamic changes involving the pulmonary artery and
the right ventricle during apneic episodes are well recog-
nized. The mechanism of the effect of OSA on pulmonary
circulation may be intermittent hypoxia. Hypoxemia-
induced endothelial cell dysfunction is a critical factor in
pulmonary artery remodeling [117]. Hypoxia induces up-
regulation of vascular endothelial growth factor, which is a
mediator of angiogenesis, resulting in vascular remodeling
[118, 119].

Several studies have evaluated right ventricular function
and structure in OSA patients and demonstrated a decrease
in ejection fraction and right ventricular hypertrophy [120,
121]. Right ventricular dysfunction in patients with OSA
may be due to pulmonary hypertension. However, it is not
possible so far to rule that the strong effect of OSA on left
ventricular function is not the cause of the reported right
ventricular dysfunction. Treatment with CPAP reverses
right ventricular dysfunction in individuals with OSA
[122]. Similarly, CPAP has been shown to decrease pul-
monary pressures in OSA patients with either high or
normal pulmonary pressures [123, 124]. The current con-
sensus, with the available data, is that OSA may modestly
increase pulmonary arterial pressures, and that evaluation
for OSA should be part of the initial work-up in patients
with pulmonary hypertension [123].

OSA and stroke
A recent study found that severe OSA was associated with

diabetes, night-time stroke onset, and macro-angiopathy as
a cause of stroke [125]. Intermittent hypoxia is probably
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the critical factor in the cerebrovascular abnormalities
predisposing OSA patients to stroke. Patients with OSA
have impaired cerebrovascular response to hypoxia [126]
consistent with underlying abnormal endothelial function.
Furthermore, animal models of intermittent hypoxia
developed impaired cerebrovascular response to hypoxia
[127]. Additionally, there was a direct relationship between
the severity of nocturnal oxygen desaturations and carotid
artery intimal thickness and atherosclerotic plaques in the
carotid arteries of OSA patients, which was independent of
the presence of hypertension [128, 129]. These early signs
of atherosclerosis were reversible with treatment of OSA,
supporting a causal relation between OSA and atheroscle-
rosis [130], and subsequently stroke.

The prevalence of OSA in patients with acute stroke was
estimated between 44% and 72% [131, 132]. It is intriguing
that the type of sleep apnea that is most common after
acute stroke is actually obstructive and not central apnea.
Central but not obstructive sleep apneas decrease during
recovery after a stroke or a transient ischemic attack,
suggesting that obstructive events are most likely to have
preceded the cerebrovascular event [133]. The relationship
between OSA on one hand, and hypertension and stroke on
the other, may become critical in the acute poststroke phase
when control of blood pressure is very important. In a
recent report, the mean 24-h blood pressure level in
patients with acute stroke positively correlated with
severity of sleep apnea [134].

OSA increases severity of stroke leading to increased
incidence of death as well as poststroke mortality and
morbidity. Increased severity of OSA correlated with
increasing incidence of stroke and death in a cohort of OSA
patients after a median follow-up of 3.4 years [93].

Increased mortality was noted in patients with severe
OSA (AHI > 30) after stroke [125, 135]. CPAP treatment
after stroke improved 18 month survival [136]. OSA also
increases the risk of recurrence of ischemic stroke [137].
Patients with stroke and OSA show more severe functional
impairment and longer hospitalization during rehabilitation
compared to patients without OSA [138].

In summary, OSA is an independent risk factor for
developing stroke [93, 139], and for poor outcome once
stroke has occurred [125, 140]. Subsequently, OSA is
associated with profound impact on public health. To date,
surveillance and treatment of OSA in patients at risk for
stroke, or even patients who had a stroke, is not part of the
standard of care.

Conclusion

OSA is strongly associated with the incidence and poor
outcome of hypertension, CAD, arrhythmia, heart failure,
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and stroke. In addition, obesity and aging, both on the rise
in the general population, are risk factors for both OSA and
heart failure. Treatment of OSA completely reverses its
cardiovascular consequences. Therefore, OSA should be
approached as an important modifiable cardiovascular risk
factor.
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