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Abstract—Obesity has a high and rising prevalence and represents a major public health problem. Obstructive sleep apnea
(OSA) is also common, affecting an estimated 15 million Americans, with a prevalence that is probably also rising as
a consequence of increasing obesity. Epidemiologic data support a link between obesity and hypertension as well as
between OSA and hypertension. For example, untreated OSA predisposes to an increased risk of new hypertension, and
treatment of OSA lowers blood pressure, even during the daytime. Possible mechanisms whereby OSA may contribute
to hypertension in obese individuals include sympathetic activation, hyperleptinemia, insulin resistance, elevated
angiotensin II and aldosterone levels, oxidative and inflammatory stress, endothelial dysfunction, impaired baroreflex
function, and perhaps by effects on renal function. The coexistence of OSA and obesity may have more widespread
implications for cardiovascular control and dysfunction in obese individuals and may contribute to some of the
clustering of abnormalities broadly defined as the metabolic syndrome. From the clinical and therapeutic perspectives,
the presence of resistant hypertension and the absence of a nocturnal decrease in blood pressure in obese individuals
should prompt the clinician to consider the diagnosis of OSA, especially if clinical symptoms suggestive of OSA (such
as poor sleep quality, witnessed apnea, excessive daytime somnolence, and so forth) are also present. (Hypertension.
2003;42:●●●-●●●.)
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tality,5 it is not surprising that hypertensive cardiac and
vascular disease contributes very substantially to the high
cardiovascular morbidity associated with obesity. Therefore,
understanding the mechanisms of obesity-induced hypertension is important both for prevention and therapy. In this
review, we present evidence that obstructive sleep apnea
(OSA) might be an important mechanism underlying the
association between obesity and hypertension.

Obesity: Prevalence and Association
With Hypertension
The National Institutes of Health (NIH) and World Health
Organization (WHO) guidelines define individuals with body
mass index (BMI) ⱖ25 as overweight and those with BMI
ⱖ30 as obese. By these criteria, the prevalence of overweight
and obesity are extremely high, approaching epidemic proportions. For example, it is estimated that ⬇60% of men and
50% of women are currently overweight in the United States,
which represents more than 97 million adults.1 Trend analyses suggest that this epidemic continues to increase (Table).
The high prevalence of obesity represents a major public
health problem, predisposing to cardiac and vascular morbidity and mortality. Most notably, epidemiologic data consistently support a link between obesity and hypertension.2 The
Framingham Heart Study suggests that 65% of the risk for
hypertension in women and 78% in men can be related to
obesity.3 In some populations, an almost linear relation exists
between BMI and systolic/diastolic blood pressure.4 However, the relation between obesity and hypertension is complex and probably represents an interaction of racial, gender,
demographic, genetic, neurohormonal, and other factors. In
addition, upper body (android) obesity, especially in the
presence of increased visceral fat, is more strongly associated
with hypertension than lower body (gynoid) obesity.
Considering the significant impact of even modestly elevated blood pressure on cardiovascular morbidity and mor-

Sleep Apnea: Prevalence and Association
With Hypertension
OSA is characterized by recurrent episodes of cessation of
respiratory airflow caused by upper airway inspiratory collapse during sleep, with a consequent decrease in oxygen
saturation. Although its prevalence may vary in different
populations and age groups, it has been estimated that OSA
affects ⬇24% and 9% of middle-aged men and women,
respectively.6 Moreover, the 5-year incidence of sleepdisordered breathing in a community-based sample has recently been found to be ⬇16% and 7.5% for mild-tomoderate and for severe sleep-disordered breathing,
respectively.7
The evidence supporting the association between OSA and
chronic, long-standing hypertension is compelling and is
provided by several cross-sectional, longitudinal, and treatment studies. Several reports have shown that the prevalence
of hypertension is greater in patients with OSA and vice
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Age-Adjusted Percentages of US Adults Aged 20 –74 Years
With BMI>25
Survey and Years

Men,
%

Women,
%

Total,
%

NHES I (1960 –1962)

48.2

38.7

43.3

NHANES I (1971–1974)

52.9

39.7

46.1

NHANES II (1976–1980)

51.4

40.8

46.0

NHANES III (1988–1994)

59.3

49.6

54.4

NHES indicates National Health Examination Survey; NHANES, National
Health and Nutrition Examination Survey.
(Table is reproduced from Kuczmarski and Flegal.1 Copyright © 2000.
American Society for Clinical Nutrition. All rights reserved. Reproduced with
permission.)

Downloaded from http://hyper.ahajournals.org/ by guest on September 13, 2017

versa. In the largest of those cross-sectional studies, with a
total of 6132 participants, an elevated odds ratio for hypertension was found in subjects with sleep-disordered breathing
after adjusting for demographics, anthropometric measurements (including BMI, neck circumference, and waist-to-hip
ratio), alcohol consumption, and smoking.8 In stratified analyses, the association between sleep-disordered breathing and
hypertension was seen in men and women, older and younger
ages, all ethnic groups, and among normal-weight and overweight individuals.8 Similarly, in a retrospective analysis of
182 men without any cardiovascular disease at baseline and
with follow-up information obtained 7 years after the baseline
measures, incompletely treated OSA was found to be an
independent predictor of cardiovascular disease, including
hypertension.9 Perhaps the most convincing prospective data
in support of a causal relation between OSA and hypertension
have been provided by the Wisconsin Sleep Cohort Study.10
This study demonstrated an independent dose-response relation between sleep-disordered breathing at baseline and the
development of new hypertension 4 years later. The odds
ratios for the presence of incident hypertension at follow-up
were 1.42, 2.03, and 2.89 with an apnea-hypopnea index of
⬍5, 5 to 15, and ⬎15 events per hour at baseline, respectively
(Figure 1). Effective treatment of OSA with continuous
positive airway pressure (CPAP) leads to a decrease in both
daytime and nighttime blood pressure11–13 (Figure 2), further

Figure 1. Adjusted odds ratios for the presence of incident
hypertension at 4-year follow-up according to the apneahypopnea index (AHI) at baseline. Data are shown as odds ratio
(line bars indicate lower and upper 95% confidence intervals). P
for trend⫽0.002. Based on data from Peppard et al.10 (Copyright © 2000. New England Journal of Medicine. All rights
reserved. Reproduced with permission.)

Figure 2. Changes in mean (MAP), systolic, and diastolic blood
pressure with effective (closed bars) and subtherapeutic (open
bars) CPAP. *Significant difference. (From Becker et al.13 Copyright © 2003. Lippincott, Williams & Wilkins. All rights reserved.
Reproduced with permission.)

supporting the concept of a causal association between OSA
and chronic hypertension.
In addition to established daytime hypertension, OSA also
causes acute nocturnal surges in blood pressure in response to
chemoreflex-mediated hypoxic stimulation of sympathetic
activity, with a resultant increase in peripheral vascular
resistance.14 These nocturnal increases in blood pressure may
reach levels as high as 240/120 mm Hg and are readily
reversed by CPAP (Figure 3).14 It is possible that OSA, at
least in part, contributes to the nocturnal “nondipping” pattern
of hypertension, which may be associated with an adverse
cardiovascular prognosis.15

Interactions Between Obesity and
Sleep Apnea
Among the risk factors for OSA, obesity is probably the most
important. Several cross-sectional studies have consistently
found an association between increased body weight and the
risk of OSA.16 Significant sleep apnea is present in ⬇40% of
obese individuals,17 and ⬇70% of OSA patients are obese.
Furthermore, in a population-based prospective study of 690
randomly selected Wisconsin residents, a 10% weight gain
was associated with a 6-fold increase in the odds of development of sleep apnea (Figure 4).18 In the same study, a 10%
weight loss predicted a 26% decrease in the apnea-hypopnea
index (Figure 4). Similarly, in several other case-control
studies, weight loss in OSA patients led to a significant
decrease in apnea frequency.19,20 The exact mechanisms
underlying the effects of obesity on the risk of OSA are still
unclear. It may be related to effects of fat deposition on
airway anatomy or changes in upper airway function. Weight
loss has been shown to be associated with a decrease in upper
airway collapsibility in OSA.20 Obesity-induced changes in
central mechanisms regulating airway tone or ventilatory
control stability may also be implicated. Leptin, for example,
which is increased significantly in obesity, has important
effects on regulation of chemoreflex function and hence
breathing control.21
Whereas obesity increases the risk for OSA, sleep apnea
may predispose to weight gain and obesity. Indeed, patients
with newly diagnosed OSA have a history of excessive recent
weight gain in the period preceding the diagnosis.22,23 In
addition, chronic CPAP therapy has been shown to decrease
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Figure 3. Superimposed recordings of the electrooculogram (EOG), electroencephalogram (EEG), electromyogram (EMG), ECG (EKG),
sympathetic nerve activity (SNA), respiration (RESP), and blood pressure (BP) during REM sleep in a patient with OSA. (From Somers et
al.14 Copyright © 1995. Journal of Clinical Investigation. All rights reserved. Reproduced with permission.)

body fat and visceral fat accumulation in patients with OSA,24
further strengthening the evidence for an etiologic link
between OSA and body mass. The mechanisms of this
association are probably multifactorial. It may be related to
changes in patients’ lifestyle, so that subjects with OSA may
be predisposed to weight gain because of daytime somnolence and a decrease in physical activity. Weight gain in OSA
may also be related to endocrine dysregulation. Leptin, the
protein product of the ob gene, is produced by adipocytes.25
Leptin suppresses appetite and increases energy expenditure,
hence inducing weight loss. Obese individuals have high
leptin levels,26 and their obesity persists because of a presumed resistance to the appetite suppressant and metabolic
effects of leptin (“leptin resistance”). Male patients with OSA
have ⬇50% higher plasma leptin levels compared with
similarly obese control subjects free of sleep disordered

breathing.23 Therefore, it is likely that sleep apnea is accompanied by potentiated leptin resistance (which already exists
in obesity alone), so that the weight-reducing effects of leptin
are especially blunted in OSA, hence predisposing to a cycle
of weight gain and worsening OSA. Potential effects of leptin
on respiratory control21 may also contribute to disorders of
breathing in the obese, hyperleptinemic patients with OSA.
It appears then that there may be a reciprocal relation
between obesity and OSA that triggers a feed-forward mechanism, whereby obesity and OSA mutually enhance their
progression and severity.

Potential Contribution of OSA to
Obesity-Related Hypertension
As discussed above, obesity and OSA are each very strongly
associated with hypertension. Furthermore, obesity and OSA
often coexist and, in fact, one may be conducive to the other.
It is therefore plausible that at least part of the association
between obesity and hypertension is related to the presence of
OSA (and perhaps vice versa). Below we will discuss some
pathophysiological mechanisms whereby OSA may contribute to obesity-related hypertension.

Obesity and Sympathetic Activation

Figure 4. Mean change in the apnea-hypopnea index (AHI) by
weight change category. (From Peppard et al.18 Copyright ©
2000. American Medical Association. All rights reserved. Reproduced with permission.)

The role of the sympathetic nervous system in the pathogenesis of obesity-related hypertension has attracted much interest. It has been proposed that human obesity is associated
with increased sympathetic activity. The techniques used in
those studies include microneurography, with direct recordings of muscle sympathetic nerve activity,27–29 or measurements of catecholamine levels.30,31 Such a mechanism of
obesity-induced hypertension is attractive, with higher levels
of sympathetic drive leading to increased heart rate and
cardiac output, increased peripheral vascular resistance, in-
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Figure 5. Recordings of sympathetic nerve activity (SNA) during
wakefulness in patients with OSA and matched control subjects
showing high levels of SNA in patients with OSA. (From Somers
et al.14 Copyright © 1995. Journal of Clinical Investigation. All
rights reserved. Reproduced with permission.)

(despite the similar body mass index), it is possible that these
differences in visceral fat may explain some of the observed
differences between studies investigating the effects of obesity on sympathetic activation.
Finally, global indices of sympathetic activity may be
inadequate to assess the influence of obesity on regional
neural efferent activity. Although whole-body plasma catecholamine spillover may not be related to body mass, obesity
is associated with a reduction in sympathetic activity in the
heart but an increase in sympathetic activity in the kidney.34,35
Thus, human obesity may be associated with a selective renal
sympathetic activation.37 Indeed, experimental evidence suggests that the renal sympathetic nerves mediate sodium
retention and hypertension associated with obesity.38 Further
studies are needed to clarify the issue of global and regional
sympathetic activation in various types of human obesity, in
the absence of other comorbidities.

Renal Function
creased tubular sodium reabsorption in the kidney, and
consequent elevation of systemic blood pressure. However,
several experimental32,33 and human28,34,35 studies suggest
that global indices of sympathetic activity may be unaffected
by obesity.
Three possible explanations may help to reconcile these
apparently discrepant findings. First, there is a possibility of
the confounding influence of OSA in studies of obesity in
humans. OSA results in persistently increased sympathetic
activity even during daytime normoxia and in the absence of
any comorbidities (Figure 5).14 Sleep apnea was not accounted for in most previous human studies of sympathetic
activation and obesity. Occult OSA in some obese patients
might therefore explain the inconsistent findings on the role
of sympathetic activation in obesity, and elevated muscle
sympathetic activity associated with obesity may to some
extent reflect merely the presence of OSA (Figure 6).36
Second, recent studies suggest that an important adipose
tissue depot linking obesity with sympathetic neural activation in humans is abdominal visceral fat.29 Because there may
be differences in visceral fat between various study cohorts

Alterations in renal hemodynamics and function play an
important role in obesity-induced hypertension, especially in
central obesity. Specifically, obesity is associated with sodium retention and volume expansion, as a result of impaired
pressure natriuresis and increased tubular reabsorption.39,40
The precise mechanisms of these abnormalities are unclear
but may be related to the activation of the sympathetic
nervous system and the renin-angiotensin system. Although
as yet unproven, it cannot be excluded that coexisting OSA
also contributes to this process through increased sympathetic
activity (as discussed above) or an increase in insulin
resistance.41,42
An interesting and intriguing aspect of renal function in
obesity-induced hypertension is mechanical compression of
the kidney.43 The latter is related to the presence of a capsule
of extrarenal fat, which may penetrate into the renal hilum
and further into the sinuses surrounding the renal medulla.
The renal medulla can also be compressed by accumulation
of extracellular matrix between the tubules.40 It has been
proposed that these changes may lead to a large increase in
interstitial fluid pressure, with a reduction in renal medullary
blood flow and increased sodium reabsorption as well as
activation of the renin-angiotensin system.40 Whether OSA
also plays a role in this process by means of visceral fat
accumulation24 remains to be established.

Hyperleptinemia and Leptin Resistance

Figure 6. Muscle sympathetic nerve activity (MSNA) in normalweight subjects without OSA, obese subjects without OSA, and
apparently normal obese subjects found on overnight polysomnography to have occult OSA. (From Narkiewicz et al.36 Copyright © 1998. Lippincott, Williams & Wilkins. All rights reserved.
Reproduced with permission.)

In addition to effects on the regulation of body fat mass,
leptin also exerts important effects on the cardiovascular
system. The predominant cardiovascular response to chronic
hyperleptinemia is a pressor effect.44 – 46 Therefore, elevated
leptin levels in obesity may provide yet another link between
obesity and hypertension.
Leptin (through its effects on appetite and energy expenditure) is expected to decrease body weight. The observation
that circulating leptin rises in proportion to obesity26 suggests
the presence of leptin resistance in obese subjects. Recent
findings that plasma leptin levels are elevated in patients with
OSA beyond the levels seen in similarly obese healthy
control subjects suggest that leptin resistance may be further
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increased in OSA.23 Leptin resistance in obese subjects could
be selective, with the loss of metabolic effects and the
preservation of pressor effects of leptin.45,47,48 Selective
preservation of cardiovascular and hence pressor effects of
leptin may contribute to the hypertension associated with
coexisting OSA and obesity.

Insulin Resistance
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Obesity is associated with insulin resistance, which denotes
decreased sensitivity of the peripheral tissues to the metabolic
effects of insulin with compensatory hyperinsulinemia. A
hallmark of the insulin-resistant state in obesity is enhanced
sympathetic adrenergic activity, endothelial dysfunction, and
impairment of peripheral vasodilation.49 Thus, insulin resistance may contribute to obesity-induced hypertension
through these mechanisms.
It is likely that OSA can cause metabolic changes independent of obesity. The association between sleep-disordered
breathing and abnormal glucose metabolism (insulin resistance) has been investigated in a number of small studies,
many of which provided conflicting results. However, recent
studies, on much larger patient samples, have provided
convincing evidence in favor of an independent association
between OSA and insulin resistance. Although increased
insulin resistance was also related to obesity, in multiple
regression the association between OSA and insulin resistance was independent of obesity (including central obesity,
assessed as waist/hip ratio) and was seen in both obese and
nonobese subjects.41,42

Renin-Angiotensin System
Several reports suggest that the renin-angiotensin system is
activated in obesity (both systemically and locally), and there
is a positive correlation between BMI and plasma aldosterone
levels, angiotensinogen levels, plasma renin activity, and
plasma angiotensin-converting enzyme activity.50 There are
several possible mechanisms whereby the renin-angiotensin
system may be activated in obesity, including activation of
the sympathetic nervous system, release of adipocyte-derived
mediators, increased sodium reabsorption in the kidney,
hyperinsulinemia, or even hyperleptinemia. Intriguingly, it
has been reported that OSA may be associated with significantly higher levels of angiotensin II and aldosterone compared with healthy control subjects matched by body mass.51
Furthermore, in that study, there was a significant positive
correlation between angiotensin II and daytime blood pressure. Thus, the activation of the renin-angiotensin-aldosterone system in obesity may be augmented by the presence of
OSA and may contribute to obesity/OSA-related hypertension. Nevertheless, further clinical and experimental studies
are needed to confirm this supposition.

Oxidative Stress
Recent studies have implicated oxidative stress in blood
vessels and the kidney in the pathophysiology of hypertension.52,53 The mechanisms whereby oxidative stress can cause
vasoconstriction include blockade of nitric oxide synthase or
inactivation of nitric oxide, activation of angiotensin II and
thromboxane receptors, increased generation of endothelin-1,

Figure 7. Percent change in forearm blood flow (FBF) during
infusion of acetylcholine (ACh; left), sodium nitroprusside (SNP;
middle), and verapamil (VER; right) in patients with OSA (䢇) and
matched normal control subjects (䡲). (From Kato et al.69 Copyright © 2000. Lippincott, Williams & Wilkins. All rights reserved.
Reproduced with permission.)

and the effects of superoxide anion and hydrogen peroxide on
vascular smooth muscle cells.54,55 There is experimental
evidence that endothelial dysfunction and hypertension may
be related to chronic oxidative stress induced by obesity.56,57
At the same time, there are data to suggest that oxidative
stress is also characteristic of OSA.58,59 Whether OSA exerts
a synergistic, additive, or redundant effect on the magnitude
of oxidative stress and consequent hypertension in obesity
remains to be established.

Inflammation
Obesity is associated with the presence of systemic inflammation, including elevated C-reactive protein (CRP) levels.60
OSA has also been linked to activation of systemic inflammation, as evidenced by increased levels of CRP in healthy
subjects with OSA compared with matched control subjects.61
CRP may contribute to atherosclerotic risk and endothelial
dysfunction through several mechanisms. In addition, there
are preliminary data suggesting that increased CRP levels
may also be associated with a heightened risk for hypertension,62,63 perhaps by induction of endothelial damage.

Endothelial Dysfunction
Abnormalities of endothelial function are characterized by
decreased vasodilation and potentiated vasoconstriction and
have been linked to the pathophysiology of hypertension.
Obesity is associated with endothelial dysfunction.64 – 68 Several potential mechanisms of endothelial dysfunction in
obesity are discussed above. Endothelial dysfunction is also a
characteristic of OSA per se, that is, independent of obesity69
(Figure 7). It is likely, therefore, that OSA may contribute to
and/or exacerbate the endothelial dysfunction related to
obesity.
Consequences of endothelial dysfunction in OSA may
include attenuated nitric oxide production. Lower levels of
nitric oxide levels are found in patients with OSA, with
increases in nitric oxide after sustained CPAP treatment.70
Endothelial dysfunction and inhibition of nitric oxide production in OSA may be implicated in the OSA-related hypertension, and the lowering of blood pressure induced by CPAP
therapy may conceivably be related to improved endothelial
function.
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The baroreflex plays a key role in the beat-to-beat regulation
of arterial blood pressure. Impaired baroreflex function may
therefore play an important role in the pathophysiology of
cardiovascular disease, including hypertension. Several studies have found that baroreflex gain may be reduced in obese
humans.28,71 Interestingly, the reduced baroreflex gain appears to be related to a higher level of abdominal visceral
fat.72
Patients with OSA have blunted heart rate variability and
increased blood pressure variability,73 both of which are
associated with baroreflex dysfunction. Baroreflex impairment has indeed been demonstrated in OSA.74 –76 Hence,
impairment of baroreflex function may be a potential mechanism linking OSA to an increased risk of hypertension in
obesity. Furthermore, decreased heart rate variability and
increased blood pressure variability73 might increase the risk
of future hypertension77 and hypertensive end organ
damage.78

OSA and Menopause
Understanding the interactions between obesity, OSA, and
hypertension may have implications for menopauseassociated cardiovascular morbidities. The incidence of cardiovascular disease, including hypertension, increases dramatically in women after the onset of menopause.79 The exact
mechanisms of this transition are not well understood, especially since it is not readily reversed by estrogen therapy.
Menopause is also associated with an increase in central
obesity and the metabolic syndrome80 and may also be a risk
factor for sleep-disordered breathing, independent of body
habitus.81,82 The potential interaction of OSA with the development of central obesity in postmenopausal women might
contribute to the postmenopausal increase in hypertension
and cardiovascular disease.

Conclusions
OSA and obesity often coexist and interact, sharing multiple
pathophysiological mechanisms and consequences (Figure 8).
OSA may contribute, at least in part, to some of the
pathological processes traditionally ascribed to obesity alone,
most notably sympathetic overactivity and humoral, metabolic, and neuroendocrine abnormalities. Compelling data support the association of OSA with hypertension, including in
obese individuals. OSA probably contributes to or exacerbates the obesity-related hypertension. The diagnosis of OSA
in this context is therefore of considerable clinical importance. Indeed, the most recent JNC guidelines place sleep
apnea at the top of the list of causes of secondary hypertension.83 OSA should be strongly suspected in obese individuals
with resistant hypertension, those with the absence of a
nocturnal decrease in blood pressure (nondippers), those with
unexplained weight gain or difficulty losing weight, and in
those with symptoms suggestive of OSA (such as witnessed
apneas, poor sleep quality, snoring, and excessive daytime
somnolence).
OSA in obese individuals may also have implications
beyond the pathogenesis of hypertension. It is important to
understand better the role of visceral (as opposed to global)

Figure 8. Putative pathophysiological mechanisms involved in
the interactions between obesity, OSA, and hypertension.

obesity in the pathophysiological interactions between OSA,
obesity, and cardiovascular and metabolic abnormalities.
Excess visceral fat is a characteristic feature of the metabolic
syndrome—a constellation of abnormalities including insulin
resistance, dyslipidemia, inflammation, hypertension, and so
forth (Syndrome X). Clustering of these metabolic factors
increases the risk of many cardiovascular diseases, especially
atherosclerosis. Central adiposity and visceral fat deposition
appear to be also the hallmark of increased risk for OSA. The
stigmata of Syndrome X should therefore be broadened to
incorporate OSA, perhaps a “Syndrome Z.”84 By contributing
to and/or inducing some of the above abnormalities, coexisting OSA may have implications for understanding first,
cardiovascular and metabolic control in obesity; second, the
risk of hypertension in obese individuals; and third, the
potentiating effects of OSA in eliciting cardiovascular consequences in the obese patients with hypertension.
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