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Abstract

Obstructive sleep apnea (OSA) continues to garner widespread attention, mostly because of its

health-related consequences such as cardiovascular disorders and associated comorbid symptoms

such as daytime sleepiness and snoring. OSA is characterized by repeated episodes of partial or

complete upper airway closure during sleep, resulting in frequent arousals and sleep

fragmentation, apneas and hypopneas, and intermittent hypoxemia. These perturbations can lead

to chronic cardiovascular disorders such as hypertension. Among the many risk factors in the

pathogenesis of OSA, obesity is one of the most important.1 Obesity, per se, may also predispose

to cardiovascular disorders. In this review, the authors explore the complex interactions between

obesity, cardiovascular diseases, and OSA.
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OBESITY AND CARDIOVASCULAR DISEASE

Mechanisms

There are various mechanisms by which obesity can lead to cardiovascular disorders.

Obesity appears to be a chronic inflammatory state, as evidenced by elevated levels of serum

markers of systemic inflammation such as C-reactive protein (CRP) and inter-leukin 6

(IL-6), which can predispose to cardiovascular disorders. Leptin is a novel adipocyte-

derived hormone that induces weight loss by decreasing appetite and increasing energy

expenditure. Obesity appears to predispose to leptin resistance resulting in elevated plasma

leptin levels. Elevated leptin levels are independent risk factors for cardiovascular disorders

by promoting platelet aggregation, insulin resistance, and increased sympathetic neural

activity.2 Insulin resistance is commonly seen in obesity and is also a predictor for

cardiovascular diseases. Insulin stimulates leptin production and the presence of insulin

resistance increases the risk for development of diabetes, as well as alterations in lipids,
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coagulation, fibrinolysis, and inflammation, subsequently predisposing to endothelial

dysfunction and atherosclerosis.3 Increased insulin resistance in the peripheral tissues in

obesity predisposes to increased sympathetic neural activity.4 Obesity is one of the key

variables that constitutes metabolic syndrome.5 Metabolic syndrome confers an increased

risk for atherosclerosis and cardiovascular disorders.6 The shift in diet from fiber rich foods

to a more Western diet, along with inactivity, has predisposed the general population to

obesity. Obesity is also associated with high circulating levels of triglycerides, low high-

density lipoprotein (HDL) cholesterol, and plasma concentrations of apolipoprotein B-

containing lipoproteins, all being risk factors for increased cardiovascular disorders.7–9

Obesity also has adverse effects on cardiovascular hemodynamics.10 Obesity increases total

blood volume and cardiac output, resulting in increased cardiac workload.11 Increased

sympathetic neural activity in obesity may conceivably induce an overall increase in heart

rate. Combined with the increased cardiac workload, this can lead to hemodynamic

consequences. There is an increase in ventricular filling pressures and volumes leading to

left ventricular chamber dilation and hypertrophy.11,12 In addition to left ventricular

chamber enlargement, obesity leads to left atrial enlargement due to increased blood volume

and abnormal diastolic filling.11,13 All these perturbations may result in increased

cardiovascular morbidity such as hypertension, congestive heart failure, atrial fibrillation,

and arrhythmias.

Cardiovascular Consequences of Obesity

The link between obesity and cardiovascular disease has been well established. The

epidemiologic link between obesity and incident hypertension was established by the

Framingham study, in which 2027 men and 2267 women were followed up for 8 years.14 In

another Framingham study of 5881 participants who were followed up over a 14-year

period, every 1 kg/m2 increment in body mass index (BMI; weight in kilograms divided by

height in meters squared) led to a 5% to 7% increased risk of congestive heart failure.15

More than 30% of obese patients had heart failure, and the probability increased

significantly with increasing duration of obesity.16 Obesity is a major component of the

metabolic syndrome, and is an independent risk factor for atherosclerosis and the

development of coronary artery disease (CAD).17,18 Due to the hemodynamic effects of

obesity as explained here, obesity may also contribute to the higher prevalence of atrial

fibrillation (AF). In the prospective Framingham cohort study of 5282 participants who were

followed for a mean of 13.7 years, obesity was associated with a 50% increased risk for

AF.19 In a recent meta-analysis, obese patients had a 49% increased risk of developing AF

that increased in parallel with increasing BMI.20 Obesity increases the risk of sudden cardiac

death,21 with substantial evidence supporting the occurrence of frequent complex ventricular

arrhythmias even in the absence of heart failure or left ventricular dysfunction.11 The annual

rate of sudden cardiac death is nearly 40 times higher than that in the matched nonobese

population.22

Because OSA is strongly associated with both obesity and cardiovascular disease, it may

plausibly represent an important mediator between obesity and cardiovascular disease

themselves. Unfortunately, the presence of OSA is often not assessed in studies examining
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the relationship between obesity and cardiovascular disorders. In a recent meta-analysis of

40 cohort studies, although obesity led to increased cardiovascular mortality, the presence of

OSA was not evaluated in any of these studies.23

OSA AND CARDIOVASCULAR DISEASE

There has recently been increasing evidence from longitudinal cohort studies and a limited

number of randomized controlled studies that OSA may play a causal role in the

pathophysiology of certain cardiovascular diseases such as systemic hypertension, with

increasing evidence shown in others such as heart failure, stroke, and cardiac arrhythmias.

However, a few caveats should be noted. First, the OSA literature on cardiovascular diseases

has historically been dominated by case series and case-control studies, both of which are

vulnerable to hidden biases and have poor discriminating power to determine the

cardiovascular risk imparted purely by OSA independent of confounders such as obesity.

Second, aside from several small continuous positive airway pressure (CPAP) trials in the

setting of systemic hypertension, there remains a paucity of controlled interventional trials

assessing the impact of OSA treatment on hard cardiovascular end points and outcomes.

Third, the current metric to characterize OSA, the apnea-hypopnea index (AHI; number of

apneas and hypopneas per hour of sleep), has its shortcomings. While probably the best

composite measurement of OSA severity, the AHI does not quantify other processes

operative in the pathophysiology of cardiovascular disease, such as the degree and duration

of oxyhemoglobin desaturation or sleep disruption that may occur independently of frank

apneas and hypopneas, for example, during snore arousals or periodic limb movements.

Pathophysiology

OSA results in repetitive partial or complete closure of the upper airway during sleep,

despite ongoing respiratory efforts. Each such event is associated with oxyhemoglobin

desaturation followed by central nervous system arousal to reestablish upper airway patency,

followed by reoxygenation. Acute repetitive stressors associated with these cascade of

events include nocturnal hypoxemia, increased sympathetic neural activity,24 production of

reactive oxygen radicals following reoxygenation,25 and swings in intrathoracic pressure

due to respiratory efforts against a collapsed upper airway.26

The swings in intrathoracic pressure during each of these apneic/hypopneic events can be

extreme (up to −80 cm of water), resulting in an increase in cardiac afterload (by increasing

the left ventricular transmural pressure, and thereby the left ventricular wall stress/tension)

and impaired left ventricle relaxation, thereby contributing to decreased stroke volume and

cardiac output.26–28

Presence of hypoxemia during these obstructive apneic events results in repetitive bursts of

sympathetic neural activity, with increased activity noted even during the day, along with

elevated catecholamine levels.24,29 Arousals from OSA also lead to increases in heart rate

and blood pressure.30,31 All these factors result in an increase in oxygen demand. Following

arousals from apnea and resumption of breathing, there is reoxygenation. This repetitive

hypoxemia-reoxygenation has been thought to result in release of free radicals that activates

nuclear factor κB, which has been implicated in upregulation of proinflammatory genes and
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adhesion molecules resulting in endothelial dysfunction, platelet activation, and possibly

atherosclerosis.32 This inflammatory pathway could increase blood pressure independently

of activation of the sympathetic neural activity.33 Platelet activation and aggregation as well

as morning levels of fibrinogen concentration are increased in OSA patients and tend to

decrease after one night of CPAP use.34,35 Vibration produced from snoring, which is

commonly seen in patients with OSA, may lead to carotid vessel wall damage, perhaps

resulting in the formation of atherosclerotic plaques.36 The effects of all these perturbations

can potentially result in chronic cardiovascular homeostatic dysregulation resulting in

systemic hypertension, congestive heart failure, arrhythmias such as AF, strokes, sudden

cardiac death, and pulmonary hypertension. In the next sections, the authors assess the

causal role of OSA in the pathophysiology of hypertension, heart failure, and cardiac

arrhythmias.

Systemic hypertension

There is strong evidence from both animal models37 and human epidemiologic studies that

OSA is one of the causative factors in systemic hypertension. Large prospective longitudinal

studies help us understand the link between OSA and hypertension (HTN). The Wisconsin

Sleep Cohort Study is a population-based longitudinal study that was initiated in the 1980s,

and looked at the natural history of sleep-disordered breathing in adults. Cross-sectional

analysis of baseline polysomnograms (PSG) and blood pressure data were collected in 1060

adults in the 30- to 60-year age range. The study showed a linear increase in blood pressure

with increasing AHI, and an odds ratio of 1.8 for HTN at an AHI of 15 or more.38

Compelling evidence for the link between OSA and HTN came from their prospective 4-

year follow-up data, which showed an increasing odds of developing HTN independent of

known confounding factors.39 The Sleep Heart Health Study (SHHS) also demonstrated a

dose-response relationship between HTN and indices of OSA severity even after adjustment

for confounding factors.40 These associations were evident in both sexes, all age groups, all

ethnic groups, and in obese and nonobese subjects. Subsequent analysis showed that AHI

was significantly associated with systolic and diastolic HTN for subjects younger than 60

years (odds ratio for AHI between 15 and 29.9/h was 2.38 and odds ratio for AHI more than

30/h was 2.24) but not for those older than 60 years.41

CPAP has been shown to acutely attenuate sympathetic drive and nocturnal blood pressure

in patients with OSA.24,42,43 However, the data regarding effects on daytime blood pressure

have been more difficult to interpret. Several observational studies, often uncontrolled and

from highly select populations, have suggested improvements in daytime blood pressure

control with the use of CPAP. Because of these shortcomings, and an apparent true placebo

effect realized in the measurement of blood pressure, several randomized, placebo-

controlled trials (RCTs) have been performed, yielding variable and sometimes inconsistent

results. The generalization of the studies is somewhat limited, because they comprise small

sample sizes and the majority of subjects are normotensive at baseline. However, some

findings are worth mentioning. With the largest study to date, Pepperell and colleagues44

found a small but significant reduction in blood pressure in a largely normotensive cohort

over only 4 weeks of therapy. Becker and colleagues,45 in a controlled trial comparing

therapeutic with subtherapeutic CPAP, found fairly dramatic reductions in mean blood
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pressure (9.9 ± 11.4 mm Hg) in a small cohort with severe OSA (mean AHI >60/h) treated

for more than 60 days, the longest trial to date. Potential limitations to the study include a

high dropout rate and the fact that about two-thirds were treated with various anti-

hypertensive medications. A point that does stand out, suggesting the importance of

treatment-dose effect, is that subtherapeutic CPAP reduced the AHI by 50% but did not

result in any reduction in blood pressure.

Whereas excessive daytime sleepiness is a common and potentially dangerous consequence

of OSA, it is not a universal symptom. There is evidence to suggest that sleepiness may be

an important mediator of some of the systemic effects of OSA. That is, in the absence of

sleepiness even severe OSA, as quantified by the AHI, does not always translate to

reductions in blood pressure after CPAP treatment, regardless of whether normotension or

hypertension exists at baseline. In a randomized controlled trial, Barbe and colleagues46

showed that in normotensives with severe sleep apnea by AHI criteria but no daytime

sleepiness, CPAP treatment imparted no reductions in blood pressure. Similar findings were

recently reported by the Oxford group but in a cohort of hypertensive sleep apneics.47 Even

mild subjective sleepiness confers some blood pressure benefit with the use of CPAP.48

Finally, the results of a randomized trial comparing ambulatory blood pressure in

moderately severe sleep apneics following treatment with therapeutic CPAP, sham CPAP, or

supplemental oxygen are notable.49 Whereas therapeutic CPAP resulted in blood pressure

reductions, supplemental oxygen, despite normalizing oxygen saturation, did not. This

finding suggests that hypoxia-mediated mechanisms may not fully explain the acute and

chronic effects of sleep apnea on the vasculature. It may well be that central nervous system

arousals, which are attenuated, if not abolished with CPAP therapy, are equally important,

perhaps through effects on sympathetic output or hemodynamics.

A recent meta-analysis of 12 RCTs of blood pressure reduction with CPAP treatment in

OSA,50 confirmed by a subsequent article,51 while confirming heterogeneity of study design

and population, showed the pooled effect of CPAP treatment in patients with OSA (both

normotensive and hypertensive) had a net significant reduction in mean blood pressure of

1.5 to 2 mm Hg. The results also suggest a greater anti-hypertensive effect in those with

hypertension and daytime sleepiness at baseline. However, there were differences in the

severity of OSA in these treatment trials and differences in inclusion/exclusion criteria.

Because chronic conditions such as OSA-associated hypertension could reasonably lead to

vascular remodeling and other structural cardiovascular changes, it is entirely feasible that

short-term controlled studies may fail to disclose the true effects of faithful CPAP therapy

on hypertension and its consequences. Furthermore, given the prevalence of hypertension

and its effects on the development of other cardiovascular diseases, including heart failure

and stroke, the results of small changes in blood pressure and decreases in nocturnal blood

pressure may be far reaching.

Heart failure

Observational data support the potential importance of OSA in cardiovascular outcomes.

Case-control studies suggest that OSA may lead to cardiac structural changes, plausibly
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explained as an adaptive response to the consequent physiologic stressors.52,53 Incident AF,

an important risk factor for heart failure, is associated with the degree of oxyhemoglobin

desaturation in OSA.54 A study of mortality in a pure heart failure population with OSA

suggested higher death rates in those who were noncompliant with CPAP compared with

those who had mild or no OSA.55 Similar inferences might be drawn from a 10-year cohort

study by Marin and colleagues,56 who showed an increase in fatal and nonfatal

cardiovascular events in patients with severe, untreated OSA.

Given the high rate of coexistence of OSA and heart failure, one cannot exclude the

possibility that cardiac function may modulate upper airway function, hence predisposing to

OSA. Cardinal features of heart failure include circulatory overload and dependent edema

resulting from organ hypoperfusion and associated neuro-hormonal imbalances. There is

evidence to suggest that tissue edema, especially position-dependent redistribution, may

influence upper airway dimensions and mechanics. Using computed tomography images,

Shepard and colleagues57 found that, in men with known OSA, experimental changes in

central venous pressure were associated with alterations in upper airway cross-sectional

area. The most significant changes were observed with reductions in central venous pressure

(by blood pressure cuff inflation of the legs), where increases in airway cross-sectional area

were seen at end-inspiratory tidal volume.

Two controlled, short-term interventional trials of CPAP for OSA in the setting of heart

failure have been performed, both yielding various positive results.58,59 Using a randomized,

parallel comparative design, the control groups were composed of subjects optimally

medically managed, though not subjected to placebo. The intervention was applied after a

full, second-night in-laboratory polysomnographic titration of CPAP. Kaneko and

colleagues58 reported an approximately 9% increase in left ventricular ejection fraction

(LVEF) and significant reductions in blood pressure after just 1 month of CPAP therapy.

Mansfield and colleagues,59 studying a group of subjects with somewhat less severe degrees

of both heart failure and OSA than the subjects of Kaneko and colleagues,58 applied CPAP

therapy for 3 months and showed significant improvements in LVEF and reductions in

urinary catecholamines, but no changes in blood pressure.

In contrast, a third controlled CPAP interventional trial showed no such changes in any

cardiovascular end points, including ejection fraction, blood pressure, and exercise

capacity.60 Notwithstanding potential methodological shortcomings that may limit the

applicability of the results, including a cross-over design and use of an auto-titrating CPAP

machine without confirmatory follow-up PSG, the trial showed significant improvements in

daytime symptoms in this group with fairly severe OSA. Unfortunately, with average CPAP

use of just over 3 hours per night, it also underscores the well-identified challenges of

maintaining adherence to CPAP treatment. It is clear that larger, long-term interventional

trials of CPAP treatment, as well as its alternatives, are needed.

Cardiac arrhythmias

Several observational studies have shown an association between OSA and various

nocturnal arrhythmias. Recent data from the SHHS, after adjusting for many confounders,

showed that, compared with subjects with a respiratory disturbance index (RDI; number of
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respiratory events per hour) less than 5, those with severe OSA (RDI ≥30) had a higher rate

of AF, nonsustained ventricular tachycardia, and ectopic ventricular beats.61

Bradyarrhythmias are commonly encountered in OSA, may correlate with the severity of

disordered breathing, can occur with a structurally normal heart, and may be attenuated by

effective CPAP therapy.62,63 The aforementioned SHHS data, however, show similar rates

of bradycardias and conduction delays between subjects with severe OSA and those without

significant OSA.

Mounting data strengthen the association between OSA and AF, 2 disorders that often

coexist.64 Continuous cardiac monitoring with an atrial defibrillator showed that the onset of

nearly 75% of episodes of persistent atrial fibrillation in OSA patients occurred in the

overnight hours (8 PM to 8 AM).65 Retrospective analysis shows that, within 12 months of

successful therapeutic electrical cardioversion for atrial fibrillation, untreated sleep apneics

were found to have an arrhythmia recurrence rate double that of patients treated with

CPAP.66 Recent review of 17 years of PSG data from a population-based cohort suggests

that nocturnal hypoxemia associated with OSA influences the incidence of atrial

fibrillation.54 Because none of these observational data can convincingly implicate OSA as

an independent cause of new-onset atrial fibrillation, further longitudinal cohort studies and

outcome-based interventional trials are needed to characterize the relationship between OSA

and atrial arrhythmias.

INTERACTION BETWEEN OBESITY AND OSA ON CARDIOVASCULAR

CONSEQUENCES

Coexistence of Obesity and OSA

Obesity and OSA often coexist, with more than 40% of obese patients having significant

OSA and 70% of OSA patients being obese.67–69 As obesity and OSA tend to commonly

coexist, and as each of them have been shown to have similar cardiovascular consequences

as previously mentioned, it is important to consider their relative roles and their relative

importance of shared common pathways that lead to cardiovascular consequences. Obesity

and OSA, independent of each other, can affect similar biologic pathways that predispose to

cardiovascular diseases such as predisposing to insulin resistance and oxidative stress.70–73

It is therefore possible that any cardiovascular end point might be explained by obesity

without needing to consider OSA, but unfortunately most studies in obese patients assessing

the relationship with cardiovascular outcomes did not assess for OSA and exclude it as a

possible confounder.

Obesity as a Risk Factor for OSA

Obesity is one of the main risk factors in the pathogenesis of OSA,1 and the prevalence of

OSA is increasing with increasing prevalence of obesity, particularly central (visceral)

obesity.74,75 A 10% increase in weight gain is associated with a 6-fold increase in the odds

of developing OSA.76 Similarly, another study showed a 4-fold increase in OSA risk with

every 6 kg/m2 increment in BMI.77 The causal relationship between obesity and OSA is

further supported by some observational studies that show that weight loss leads to a

decrease in OSA severity76,78,79 (Fig. 1). The severity of OSA, as estimated by the AHI,
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increases with obesity.76,80 The severity of OSA is an important predictor of cardiovascular

morbidity.39

OSA as a Risk Factor for Obesity

Patients with OSA may be predisposed to weight gain. In fact there are data to suggest that

newly diagnosed OSA patients have difficulty losing weight and may actually be

predisposed to excessive weight gain, compared with similarly matched obese subjects

without OSA.81,82 The reasons are likely multifactorial. Patients with OSA tend to be

hypersomnolent and fatigued, leading to decreased physical activity. Also, obese patients

with OSA have leptin resistance so that the weight-reducing effects of leptin are blunted,

resulting in a cycle of weight gain and worsening OSA. CPAP use in OSA has been

associated with loss of visceral fat.83 Based on the available evidence thus far, it appears

that there may be a relation between obesity and OSA that could mutually enhance the

progression and severity (see Fig. 1).

Role of Visceral Fat

Visceral fat distribution, irrespective of the overall BMI, appears to be a stronger predictor

for cardiovascular disorders.70 Most of the studies assessing the link between OSA and

cardiovascular disorders try to control for overall obesity, but not for visceral obesity. Also,

visceral fat is a risk factor for OSA and is increased in OSA patients compared with BMI-

matched controls.75,84 CPAP therapy has shown to decrease visceral fat accumulation in

OSA patients even without an overall decrease in BMI.83 Therefore, visceral fat could be a

confounding variable that is not routinely measured in studies assessing OSA and

cardiovascular disorders.

Does the Presence of OSA in Obese Patients Place Them at a Higher Risk for
Cardiovascular Events than Obese Patients Without OSA?

Some of the basic molecular mechanisms may suggest that OSA in obese patients may place

them at higher risk for cardiovascular outcomes (see Fig. 1) than obese patients without

OSA, though such assertions await firm clinical evidence. Plasma levels of leptin in OSA

patients are even higher than in similarly matched obese but non-OSA subjects,85,86

indicating that the presence of OSA in obese subjects potentiates further leptin resistance

and, potentially, cardiovascular disease. Obesity and OSA also predispose to alterations in

renal hemodynamics, resulting in sodium retention and volume expansion.87,88 The renin-

angiotensin system is activated in obesity and there is a positive correlation between BMI

and plasma aldosterone, angiotensinogen, plasma rennin activity, and plasma angiotensin-

converting enzyme activity89,90 OSA is also associated with significantly higher levels of

angiotensin II and aldosterone compared with healthy controls.90 Therefore it is possible

that the activation of the renin-angiotensin-aldosterone system may be augmented by the

presence of OSA in obese patients; further studies are needed to confirm this hypothesis.

Similarly, oxidative stress has been documented in both OSA and obese patients

independent of each other (see Fig. 1). Oxidative stress results in vasoconstriction by

blocking nitric oxide synthase enzyme, inactivating nitric oxide, activation of angiotensin II,

and a resulting increase of endothelin-1.91,92 Whether OSA exerts a cumulative effect on
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oxidative stress in obese patients remains to be established, and whether treatment of OSA

interrupts these processes to result in tangible improvements in outcomes is unknown.

Does the Presence of OSA in Obese Patients Place Them at a Higher Risk for
Cardiovascular Events than OSA Patients Without Obesity?

Although obesity might increase the risk for cardiovascular events in OSA patients

compared with OSA without underlying obesity, the authors are unaware of literature to date

that specifically compares these 2 groups. The authors propose that experimental models

exist that may help answer the question. For example, one might assess cardiovascular

outcomes in Asians, who have a lower BMI but have craniofacial features that place them at

risk for the development of OSA, with and without obesity for the same degree of OSA

severity.

The degree of oxyhemoglobin desaturations and the cumulative burden of nocturnal

hypoxia, important predictors of cardiovascular morbidity,93 are not well reflected in the

classic AHI metric but may be important variables that may distinguish risk of obesity from

OSA. In a recent, novel model of intermittent hypoxia in humans, healthy adults developed

significant increases in mean awake blood pressure when exposed to intermittent hypoxia

during sleep over a 2-week period.94 As hypoxia appears to be a significant predictor of

cardiovascular consequences secondary to OSA, could the presence of obesity augment

hypoxia compared with nonobese subjects with similar severity of OSA? In fact, in a recent

study obesity was found to be an important predictor on the severity of oxyhemoglobin

desaturation during the obstructive apneic and hypopneic events, independent of other

confounding variables such as age, gender, event duration, sleep position, and baseline

oxyhemoglobin saturation.95 Therefore, obese OSA patients can potentially be at higher risk

for cardiovascular morbidity and mortality compared with nonobese OSA patients for the

same severity of OSA derived from the AHI. Of course, this will need to be addressed in

future prospective studies.

SUMMARY

The current evidence suggests a role for OSA in the development of cardiovascular

disorders, though obesity is almost certainly an active confounder in this relationship. OSA

and obesity share pathophysiologic mechanisms potentially leading to cardiovascular

disorders (see Fig. 1). It may therefore be hypothesized that the presence of OSA in obese

patients may further contribute to adverse cardiovascular outcomes when compared with

each condition in isolation. These concepts do raise some important questions. Does OSA,

in the absence of obesity, lead to adverse cardiovascular outcomes? Are there independent

or additive benefits of CPAP therapy and weight loss with regard to cardiovascular

outcomes? Similarly, does treatment of OSA in the obese subjects confer the same

advantages on cardiovascular function as in nonobese subjects with OSA, or does the

presence of obesity attenuate the impact of CPAP on cardiovascular outcomes? Future

studies are clearly needed to answer such questions.
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Fig. 1.
The interaction between obesity and OSA, and its cardiovascular consequences. Note some

of the similar pathogenetic mechanisms between OSA and obesity for cardiovascular

consequences. Combination of OSA and obesity probably increases the risk for

cardiovascular disorders.
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