
Epidemiology and Prevention

Prospective Study of Obstructive Sleep Apnea and Incident
Coronary Heart Disease and Heart Failure

The Sleep Heart Health Study

Daniel J. Gottlieb, MD, MPH; Gayane Yenokyan, MD, PhD; Anne B. Newman, MD, MPH;
George T. O’Connor, MD, MSc; Naresh M. Punjabi, MD, PhD; Stuart F. Quan, MD;
Susan Redline, MD, MPH; Helaine E. Resnick, PhD, MPH; Elisa K. Tong, MD, MA;

Marie Diener-West, PhD; Eyal Shahar, MD, MPH

Background—Clinic-based observational studies in men have reported that obstructive sleep apnea is associated with an
increased incidence of coronary heart disease. The objective of this study was to assess the relation of obstructive sleep
apnea to incident coronary heart disease and heart failure in a general community sample of adult men and women.

Methods and Results—A total of 1927 men and 2495 women �40 years of age and free of coronary heart disease and heart
failure at the time of baseline polysomnography were followed up for a median of 8.7 years in this prospective
longitudinal epidemiological study. After adjustment for multiple risk factors, obstructive sleep apnea was a significant
predictor of incident coronary heart disease (myocardial infarction, revascularization procedure, or coronary heart
disease death) only in men �70 years of age (adjusted hazard ratio 1.10 [95% confidence interval 1.00 to 1.21] per
10-unit increase in apnea-hypopnea index [AHI]) but not in older men or in women of any age. Among men 40 to 70
years old, those with AHI �30 were 68% more likely to develop coronary heart disease than those with AHI �5.
Obstructive sleep apnea predicted incident heart failure in men but not in women (adjusted hazard ratio 1.13 [95%
confidence interval 1.02 to 1.26] per 10-unit increase in AHI). Men with AHI �30 were 58% more likely to develop
heart failure than those with AHI �5.

Conclusions—Obstructive sleep apnea is associated with an increased risk of incident heart failure in community-
dwelling middle-aged and older men; its association with incident coronary heart disease in this sample is
equivocal. (Circulation. 2010;122:352-360.)
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Obstructive sleep apnea (OSA), characterized by recur-
rent partial or complete collapse of the upper airway

during sleep, is a common chronic condition that affects an
estimated 9% of adult women and 24% of adult men.1 A
number of cross-sectional studies have reported an associa-
tion of OSA with coronary heart disease (CHD),2–6 although
most were small hospital or clinic-based case-control studies
that often lacked adjustment for important cardiovascular risk
factors. Recent longitudinal studies have found an association
of untreated OSA with incident or recurrent cardiovascular
disease events.7–10 Because untreated OSA generally re-
flected refusal or voluntary discontinuance of continuous

positive airway pressure (CPAP) therapy, a healthy-user
effect might be an important source of confounding bias in
these studies. Moreover, women were absent from or under-
represented in these studies.
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Several cross-sectional studies indicate a high prevalence
of OSA of 11% to 37% in patients with heart failure.11–13 One
study found echocardiographic evidence of left ventricular
diastolic dysfunction in 56% of newly diagnosed OSA
patients but in only 20% of control subjects; diastolic dys-
function improved with CPAP therapy.14 Small clinical trials
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have also demonstrated improved left ventricular ejection
fraction in OSA patients with heart failure after initiation of
CPAP.15,16 These studies were conducted predominantly or
exclusively in men. To the best of our knowledge, no
prospective studies of the association of OSA with incident
heart failure have been published.

To assess the independent contribution of OSA to cardio-
vascular disease, the Sleep Heart Health Study (SHHS) was
initiated in 1994 as a multicenter, prospective cohort study of
the cardiovascular consequences of OSA.17 The study was
conducted in a community-based sample, thereby reducing
the chance that referral bias would cause a spurious associa-
tion of OSA with cardiovascular disease risk, and comprised
an ethnically diverse sample of both women and men to allow
broader generalization of the results. Cross-sectional data
from the SHHS baseline examination showed that OSA was
associated with a higher prevalence of self-reported cardio-
vascular disease after adjustment for demographic and mul-
tiple cardiovascular risk factors.18 The present report details
the incidence of CHD and heart failure in SHHS participants
free of these conditions at the baseline examination.

Methods
Study Design
The SHHS is a community-based, prospective cohort study of the
cardiovascular consequences of OSA.17 Briefly, adults 40 years of
age and older were recruited from among participants in existing
population-based studies of cardiovascular and pulmonary disease
(the “parent cohorts“), including the Atherosclerosis Risk in Com-
munities Study,19 Cardiovascular Health Study,20 Framingham Heart
Study,21 Strong Heart Study,22 Tucson Epidemiological Study of
Obstructive Lung Disease,23 Tucson Health and Environment
Study,24 and the New York University-Cornell Worksite and Hyper-
tension Study. At baseline (1995–1998), participants in the SHHS
completed questionnaires on sleep habits and general health; had
height, weight, and blood pressure measured; and underwent over-
night polysomnography. Additional covariate data were provided by
the parent cohorts. Participants had ongoing surveillance for cardio-
vascular events by parent cohorts through April 2006. The protocol
was approved by the Institutional Review Board of each participating
center, and signed informed consent was provided by each subject.

Study Sample
Of 10 737 parent cohort participants invited to participate in the
SHHS, 6441 (60%) were enrolled in the study and completed an
acceptable polysomnogram, 32% declined participation, 4% agreed
to participate but had a failed polysomnogram, and 5% did not
participate for other reasons, including current therapy for OSA with
either a positive airway pressure device or an oral appliance, which
was reported by 0.4% of potential participants.25 The rate of
enrollment of subjects invited to participate varied across parent
cohorts from 44% to 89%. Participation rates were similar for men
and women.25 Of the 6441 subjects enrolled in the SHHS, 760
recruited from the New York University-Cornell site were excluded
from longitudinal data analysis because of concerns about data
quality. Of the remaining 5681 subjects, 783 were excluded because
of prevalent CHD or heart failure at baseline. Also excluded were an
additional 21 subjects without follow-up data; 43 subjects who were
missing baseline body mass index (BMI), blood pressure, or smoking
data; and 412 subjects with missing lipid measurements, which left
4422 subjects for the present analysis (Figure 1).

Polysomnography
SHHS participants underwent in-home polysomnography with the
Compumedics P-series portable monitor (Abbotsford, Victoria, Aus-

tralia). The following channels were recorded: Electroencephalo-
gram, electrooculogram, ECG, chin electromyogram, pulse oxime-
try, chest and abdominal excursion by inductance plethysmography,
airflow by thermal sensor, and body position. The polysomnograms
were scored centrally as described elsewhere.26,27 Apnea was iden-
tified by a complete or near-complete cessation in airflow that lasted
for at least 10 seconds, and hypopnea was identified by a clearly
discernible decrease in airflow or chest or abdominal plethysmo-
graph amplitude that lasted for at least 10 seconds; both apneas and
hypopneas required an associated 4% or greater oxyhemoglobin
desaturation. The apnea-hypopnea index (AHI) was defined as the
average number of apneas plus hypopneas per hour of sleep.

Incident CHD and Heart Failure
Incident CHD was defined as the first occurrence of myocardial
infarction, CHD death, or coronary revascularization procedure at
any time between the baseline polysomnogram and the final
follow-up date of April 1, 2006. Incident heart failure was defined as
the first occurrence of heart failure during this time period. Ongoing
surveillance for incident CHD and heart failure events was per-
formed by parent cohorts according to cohort-specific protocols. The
timing and frequency of follow-up contacts differed among parent
cohorts; however, each parent study supplemented its usual surveil-
lance practices with a mailing to all SHHS participants not contacted
by the parent study within 12 months of the final follow-up date. The
time from baseline evaluation to final follow-up contact was similar
across parent cohorts, with median follow-up time ranging from 8.3
to 9.2 years. All potential events identified through surveillance of
the cohorts were investigated further. In the Atherosclerosis Risk in
Communities Study, heart failure was identified by International
Classification of Disease codes from hospital discharge or death
certificates.28 For all CHD outcomes, as well as for heart failure in all
other cohorts, trained abstractors extracted information from hospital
and physician office records, including ECGs and reports of stress
tests, heart catheterizations, cardiac surgery, angioplasty, echocardi-
ography, nuclear medicine scans, chest radiographs, and laboratory

Figure 1. Ascertainment of the study sample.
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test results, with formal adjudication of events by standing commit-
tees of the respective parent cohorts, without knowledge of the
polysomnography findings. Adjudication methods were similar
across cohorts and have been described previously.19,28–31 The
occurrence of myocardial infarction was based on a combination of
cardiac pain symptoms, ECG abnormalities, and cardiac enzyme
pattern. The occurrence of heart failure was based on medical
history, including clinical symptoms and therapy and supportive
findings from chest radiographs or cardiac functional imaging,
Although the details of adjudication differed across cohorts, a formal
evaluation performed early in the course of the SHHS demonstrated
consistency of adjudication of myocardial infarction across parent
cohorts.17 The Tucson field center of the SHHS established a formal
adjudication process modeled on the Cardiovascular Health Study.30

Covariates
During the SHHS home visit, before the polysomnogram, a study
technician collected health history using a standardized question-
naire. Baseline prevalent CHD was considered to be present if the
participant responded positively to the question, “Has a doctor ever
told you that you have or had a heart attack (myocardial infarction)?”
or reported that they had undergone coronary bypass surgery or
coronary angioplasty, or if the parent study had identified a CHD
event before the SHHS baseline. Baseline prevalent heart failure was
considered to be present if the participant responded positively to the
question, “Has a doctor ever told you that you have or had heart
failure?” or if the parent study had identified this condition before the
SHHS baseline. Smoking status was classified as “never” (if the
participant reported lifetime smoking of fewer than 20 packs of
cigarettes), former, or current. Medication use was recorded via
methods developed for epidemiological research.32 Diabetes mellitus
was considered present if the participant was taking insulin or an oral
hypoglycemic agent. Blood pressure and weight were measured
according to a standardized protocol, with blood pressure measured
with subjects in the sitting position, after a 5-minute rest, by use of
a mercury gauge sphygmomanometer. Covariates obtained from the
parent cohorts included race, height, and total and high-density
lipoprotein (HDL) cholesterol. The race and ethnicity of participants
were self-identified and were assessed owing to reported race
differences in OSA prevalence. Approximately 5 years after the
baseline polysomnogram, a survey relative to diagnosis of and
treatment for OSA was completed by 3794 participants (85.8%).

Statistical Analysis
Descriptive statistics are presented by category of OSA severity
based on the AHI, with clinical cut points of 5, 15, and 30 events per
hour. The primary analyses used Cox proportional hazards regres-
sion modeling to examine the association of baseline AHI with each
of the 2 main outcomes. Survival time was defined as the time from
baseline polysomnogram to the first incident CHD (or heart failure)
event. Censoring time was the time of last known disease-free status
for those without incident events. Assessment for threshold effects in
the association of AHI with incident disease was performed by
testing for improved model fit (compared with a linear function of
AHI) when using quadratic or cubic functions of AHI or linear
regression splines with knots at quartiles of the AHI distribution, at
clinical cut points of 5, 15, and 30 events per hour, or based on
inspection of the LOWESS (locally weighted scatterplot smoothing)
smoothed dose-response function.33 Because no significant diver-
gence from linearity was observed, the overall significance of the
association of AHI with each outcome was tested with AHI modeled
as a continuous variable, although effects are also presented by AHI
category. As specified in the study protocol, the effect of sex on the
association of AHI with incident disease was assessed; because there
was evidence of effect modification by sex, separate models were
constructed for men and women. Models are presented that adjusted
for the following: (1) Age, race, BMI, and smoking status (with
indicator variables for current and former smoking); (2) these
variables plus total and HDL cholesterol and diabetes mellitus,
which are causes of cardiovascular disease for which the causal
relation to OSA is uncertain; and (3) these variables plus hyperten-

sion (systolic blood pressure, diastolic blood pressure, and use of
antihypertensive medications), which has been hypothesized to lie on
the causal pathway between OSA and cardiovascular disease. Be-
cause race and parent cohort were highly correlated, these variables
were not entered in the same models. To examine whether cohort
differences might account for observed associations, models were
repeated with the inclusion of a variable for parent cohort rather than
for race. There was no meaningful impact on the association of AHI
with either CHD or heart failure, and formal tests for inhomogeneity
of effect across cohorts were nonsignificant. Models were also
constructed stratified on age �70 years versus age �70 years which
provided approximately equal numbers of CHD events in the
younger and older strata. All statistical analyses were performed with
SAS version 9.2 (SAS Institute, Cary, NC).

Results
A total of 4422 subjects (1927 men, 2495 women) free of
CHD and heart failure at baseline were followed up for a
median of 8.7 years (interquartile range 7.7 to 9.3 years). As
expected, increasing severity of OSA was associated with
male sex, higher BMI, higher systolic blood pressure, lower
HDL cholesterol, and higher prevalence of hypertension and
diabetes (Tables 1 and 2). The median AHI was 2.7 (inter-
quartile range 0.8 to 7.5) in women and 6.2 (interquartile
range 2.3 to 14.3) in men. Although 24% of men and 11% of
women had at least moderately severe OSA on the baseline
polysomnogram, defined as an AHI �15, only 208 (5.5%) of
3794 survey respondents reported a physician diagnosis of
OSA approximately 5 years after the polysomnogram,
including 18.6% of those with AHI �15. Only 79 survey
respondents (2.1%) reported treatment for OSA with
CPAP, oral appliance, or surgery, including 52 (8.4%) of
those with AHI �15.

During the follow-up period, 473 incident CHD events
occurred, including 76 CHD deaths, 185 myocardial infarc-
tions, and 212 coronary revascularization procedures. The
rate of incident CHD was 20.1 events per 1000 person-years
of follow-up in men and 8.7 events per 1000 person-years in
women. Event rates increased with severity of OSA in men
and less clearly in women (Figure 2). In models adjusted for
age, race, BMI, and smoking status, there was a significant
association of AHI with incident CHD in men but not in
women (Table 3). The association in men was not statistically
significant after adjustment for baseline diabetes mellitus and
lipid measures and was further diminished by adjustment for
systolic and diastolic blood pressure and antihypertensive
medication use. Although a formal test of interaction between
AHI and age was not statistically significant, the association
appeared stronger in the 1448 men �70 years old, 180 of
whom experienced an incident CHD event. In this group, the
hazard ratio for incident CHD, adjusted for all covariates, was
1.10 (95% confidence interval 1.00 to 1.21) per 10-unit
increase in AHI, and the adjusted hazard ratio was 1.68 (95%
confidence interval 1.02 to 2.76) for those with AHI �30
(n�116, with 24 incident events) compared with those with
AHI �5. When men and women were included in a single
model, adjusted for all covariates, to test for interaction
between sex and AHI, the interaction term was of borderline
statistical significance (P�0.05). Exclusion of the 79 indi-
viduals who reported treatment for OSA did not meaningfully
alter the estimated association of AHI with incident CHD.
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During follow-up, there were 308 incident cases of heart
failure; of these, 144 (46.7%) also had incident CHD. The
rate of incident heart failure was 9.2 events per 1000
person-years of follow-up in men and 8.1 events per 1000

person-years in women and increased with increasing sever-
ity of OSA (Figure 2). In models adjusted for age, race,
smoking, and BMI, there was a strong association of AHI
with incident heart failure in men but not in women (Table 4).

Table 1. Subject Characteristics by AHI Categories Among Men*

AHI (Events per Hour)

�5 5 to �15 15 to �30 �30

No. of subjects 829 644 282 172

Age, y 61 (54, 69) 64 (57, 71) 64 (57, 72) 65 (58, 72)

BMI, kg/m2 27.0 (24.6, 29.3) 28.8 (26.2, 31.4) 29.7 (26.9, 33.5) 31.3 (27.9, 34.9)

Race, n (%)

White 664 (80.1) 508 (78.9) 227 (80.5) 138 (80.2)

Black 45 (5.4) 32 (5.0) 20 (7.1) 6 (3.5)

American Indian/Alaskan 70 (8.4) 62 (9.6) 29 (10.3) 21 (12.2)

Other 50 (6.0) 42 (6.5) 6 (2.1) 7 (4.1)

Smoking status, n (%)

Never 299 (36.1) 212 (32.9) 106 (37.6) 59 (34.3)

Current 139 (16.8) 70 (10.9) 22 (7.8) 13 (7.6)

Former 391 (47.2) 362 (56.2) 154 (54.6) 100 (58.1)

Systolic BP, mm Hg 125 (116, 138) 128 (118, 141) 128 (118, 139) 133 (121, 145)

Diastolic BP, mm Hg 75 (68, 81) 75 (69, 83) 75 (70, 82) 74.5 (68, 82.5)

Use of antihypertensive medications, n (%) 212 (25.6) 212 (32.9) 90 (31.9) 86 (50.0)

Diabetes mellitus, n (%) 73 (8.8) 77 (12.0) 39 (13.8) 29 (16.9)

Cholesterol, mg/dL 194 (173, 220) 198 (176, 221) 202 (174, 224) 199 (177, 225)

HDL cholesterol, mg/dL 43 (36, 51) 42 (35, 51) 42 (35, 49) 40 (33, 48)

Use of lipid-lowering medications, n (%) 64 (7.7) 61 (9.5) 25 (8.9) 20 (11.6)

*Values are presented as n (%) or as median (interquartile range).

Table 2. Subject Characteristics by AHI Categories Among Women*

AHI (Events per Hour)

�5 5 to �15 15 to �30 �30

No. of subjects 1605 610 196 84

Age, y 60 (54, 70) 66 (58, 74) 66 (58, 74) 65 (58, 74)

BMI, kg/m2 26.4 (23.6, 29.8) 29.9 (26.1, 34.1) 32.5 (27.3, 36.9) 34.3 (29.1, 39.6)

Race, n (%)

White 1255 (78.2) 461 (75.6) 144 (73.5) 67 (79.8)

Black 101 (6.3) 38 (6.2) 14 (7.1) 4 (4.8)

American Indian/Alaskan 147 (9.2) 82 (13.4) 32 (16.3) 12 (14.3)

Other 102 (6.4) 29 (4.8) 6 (3.1) 1 (1.2)

Smoking status, n (%)

Never 880 (54.8) 351 (57.5) 114 (58.2) 55 (65.5)

Current 207 (12.9) 45 (7.4) 19 (9.7) 3 (3.6)

Former 518 (32.3) 214 (35.1) 63 (32.1) 26 (31.0)

Systolic BP, mm Hg 124 (112, 137) 129 (118, 141) 130 (119, 143) 132 (122, 140)

Diastolic BP, mm Hg 72 (66, 78) 72 (65, 80) 72 (65, 80) 74.5 (68, 78.5)

Use of antihypertensive medications, n (%) 490 (30.5) 257 (42.1) 95 (48.5) 39 (46.4)

Diabetes mellitus, n (%) 123 (7.7) 82 (13.4) 33 (16.8) 14 (16.7)

Cholesterol, mg/dL 207 (183, 233) 211 (185, 236) 209 (183, 226) 205 (189, 232)

HDL cholesterol, mg/dL 55 (45, 67) 51 (42, 62) 49 (40, 60) 51 (40, 63)

Use of lipid-lowering medications, n (%) 145 (9.0) 63 (10.3) 18 (9.2) 13 (15.5)

*Values are presented as n (%) or as median (interquartile range).
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This association was only modestly diminished and remained
significant in men after further adjustment for all covariates,
with an adjusted hazard ratio of 1.13 (95% confidence
interval 1.02 to 1.26) per 10-unit increase in AHI in men. In
contrast to the association with CHD, the association of AHI
with heart failure was similar in men older and younger than
70 years of age, with an adjusted hazard ratio for incident
heart failure of 1.58 (95% confidence interval 0.93 to 2.66)
for those with AHI �30 compared with those with AHI �5.
As with CHD, although there was no statistically significant
threshold effect, the association of AHI with heart failure was
observed principally in those with AHI �30. When men and
women were included in a single model to formally test for
interaction between sex and AHI, the interaction term was
statistically significant (P�0.03). The exclusion of the 79
individuals who reported treatment for OSA did not mean-
ingfully alter the association of AHI with incident heart
failure.

Discussion
This prospective, community-based cohort study of the rela-
tion of OSA to incident cardiovascular disease in adults 40
years of age and older found an association of OSA with
incident CHD in men that was considerably weaker than the
association reported from previous clinic-based studies. One
such study found that untreated severe OSA was associated
with an increase in both nonfatal and fatal coronary and
cerebrovascular disease over a mean 10.1 years of follow-up
in a cohort of men with a mean age of 49.9 years, with hazard
ratios of 2.9 and 3.2, respectively, for fatal and nonfatal

cardiovascular disease events.9 The difference may be attrib-
utable in part to the pooling of coronary and cerebrovascular
disease, because 2 other studies suggested that OSA may
increase the risk of stroke more than the risk of CHD.34,35

Three smaller clinic-based studies suggested an even larger
association of OSA with CHD risk.7,8,10 These studies also
found increased risk only among untreated individuals, a
study design that may have overestimated the risk associated
with OSA because untreated patients were generally self-
selected by refusal of or nonadherence to CPAP. Such
patients may represent a group with poorer adherence to
medical treatments and health recommendations generally. It
has been reported, for example, that nonadherence to CPAP is
associated with nonadherence to prescribed statin medica-
tions,36 which are known to reduce both the risk of myocar-
dial infarction and the need for cardiac revascularization.

The SHHS also differs from previous clinic-based studies
in that subjects were older and a community-based recruit-
ment strategy was used. The screening of a non–clinic-based
population for the SHHS identified many asymptomatic individ-
uals with OSA.37 It is possible that OSA in such individuals
carries a lower cardiovascular risk than OSA in individuals
presenting for evaluation in a sleep laboratory. A reanalysis
of data from Marin et al9 found an increased risk of
cardiovascular mortality primarily among those 30 to 50
years of age.38 If cardiovascular risk associated with OSA
decreases with age, the SHHS cohort, with a median age of 62
years, may underestimate the true cardiovascular risk associ-
ated with OSA. Indeed, in the present study, CHD risk
associated with OSA was of greater magnitude and was

Figure 2. Unadjusted Kaplan-Meier survival curves for AHI clinical categories, by sex and event type. CHF indicates congestive
heart failure.
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nominally statistically significant in men younger than 70
years old, although effect modification by age was not
statistically significant, and this finding could reflect a type 1
statistical error. Cardiovascular risk could decrease with age
owing to biological differences in OSA pathophysiology
between older and younger individuals; however, a healthy-

survivor effect is a likely cause of bias toward a null result in
the present study, because individuals with OSA who are
more susceptible to the cardiovascular consequences of OSA
are less likely to be alive and free of cardiovascular disease at
the time the cohort is enrolled than are those with OSA who
are resistant to its cardiovascular consequences. The same

Table 3. Relation of OSA to Incident CHD*

AHI (Events per Hour)

�5.0 5.0 to 14.9 15.0 to 29.9 �30.0 P†

Men

No. of subjects 829 644 282 172

No. of CHD events 114 95 47 40

Covariates in model

Age, race, BMI, smoking 1.00 (Referent) 0.94 (0.71, 1.24) 1.07 (0.75, 1.52) 1.45 (0.99, 2.13) 0.046

Plus total and HDL cholesterol, lipid-lowering
medications, diabetes mellitus

1.00 (Referent) 0.93 (0.70, 1.23) 1.04 (0.73, 1.48) 1.41 (0.96, 2.07) 0.08

Plus SBP, DBP, use of antihypertensive
medications

1.00 (Referent) 0.91 (0.69, 1.20) 1.07 (0.75, 1.52) 1.33 (0.91, 1.95) 0.12

Women

No. of subjects 1605 610 196 84

No. of CHD events 103 54 17 3

Covariates in model

Age, race, BMI, smoking 1.00 (Referent) 1.01 (0.73, 1.45) 0.92 (0.54, 1.55) 0.36 (0.11, 1.16) 0.10

Plus total and HDL cholesterol, lipid-lowering
medications, diabetes mellitus

1.00 (Referent) 0.99 (0.71, 1.40) 0.89 (0.52, 1.51) 0.37 (0.12, 1.19) 0.09

Plus SBP, DBP, use of antihypertensive
medications

1.00 (Referent) 0.98 (0.69, 1.38) 0.87 (0.51, 1.49) 0.40 (0.12, 1.27) 0.10

*Results are adjusted hazard ratio (95% confidence interval).
†P for the overall effect of AHI modeled as a continuous variable.

Table 4. Relation of OSA to Incident Heart Failure*

AHI (Events per Hour)

�5.0 5.0 to 14.9 15.0 to 29.9 �30.0 P†

Men

No. of subjects 829 644 282 172

No. of heart failure events 44 46 25 26

Covariates in model

Age, race, BMI, smoking 1.00 (Referent) 0.96 (0.63, 1.46) 1.17 (0.71, 1.94) 1.61 (0.95, 2.71) 0.03

Plus total and HDL cholesterol, lipid-lowering
medications, diabetes mellitus

1.00 (Referent) 0.90 (0.59, 1.38) 1.08 (0.65, 1.80) 1.59 (0.94, 2.69) 0.02

Plus SBP, DBP, use of antihypertensive
medications

1.00 (Referent) 0.88 (0.57, 1.35) 1.13 (0.68, 1.89) 1.58 (0.93, 2.66) 0.02

Women

No. of subjects 1605 610 196 84

No. of heart failure events 86 54 19 8

Covariates in model

Age, race, BMI, smoking 1.00 (Referent) 1.12 (0.79, 1.59) 1.10 (0.66, 1.83) 1.05 (0.50, 2.23) 0.72

Plus total and HDL cholesterol, lipid-lowering
medications, diabetes mellitus

1.00 (Referent) 1.15 (0.81, 1.63) 1.06 (0.64, 1.77) 1.19 (0.56, 2.53) 0.90

Plus SBP, DBP, use of antihypertensive
medications

1.00 (Referent) 1.13 (0.80, 1.61) 1.01 (0.60, 1.69) 1.19 (0.56, 2.52) 0.83

*Results are adjusted hazard ratio (95% confidence interval).
†P for the overall effect of AHI modeled as a continuous variable.
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phenomenon could explain the apparent age-related decrease
in cardiovascular risk in clinic-based studies. Competing
causes of cardiovascular disease could also diminish the
hazard ratio estimates, if the risks are additive, because the
baseline rate of cardiovascular events is higher in the elderly,
independent of OSA.

Several studies have documented a high prevalence of
OSA in patients with systolic11–13 and diastolic14 heart failure.
Heart failure causes ventilatory control instability and,
through periodic reduction in neural output to both the
diaphragm and pharyngeal dilator muscles, may cause either
central sleep apnea or OSA. Conversely, a causal role for
OSA in the development or progression of heart failure is
suggested by several small clinical trials that found improved
cardiac function in patients with heart failure after treatment
of OSA with CPAP14–16; however, only 6 of 106 patients in
these studies were women. The present study demonstrates
that men with severe OSA have a 58% higher adjusted risk of
incident heart failure than men without OSA. There is little
attenuation in the estimated association after adjustment for
blood pressure or antihypertensive medication use, which
suggests that increased daytime blood pressure does not
mediate this association. This may reflect the pathophysio-
logical importance of large intrathoracic pressure changes
that result from respiratory efforts against a collapsed upper
airway, with consequent increases in left ventricular transmu-
ral pressure. Alternatively, nocturnal blood pressure eleva-
tion, which is known to occur in OSA, may contribute to heart
failure without being reflected in waking blood pressure.

Mechanisms by which OSA may cause CHD have been
reviewed recently and include sympathetic nervous system
activation that results from intermittent hypoxemia and hy-
percapnia during sleep, as well as both hypoxic and oxidative
stress resulting from repeated episodes of hypoxemia and
reoxygenation.39 It is hypothesized that these factors cause
systemic inflammation, endothelial dysfunction, increased
production of vasoactive substances, and insulin resistance,
with resultant hypertension, hyperlipidemia, and diabetes
mediating the cardiovascular consequences of OSA. This
argument is strongest for hypertension, with OSA recognized
as a preventable cause of hypertension in the Seventh Report
of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure.40 Al-
though less well established than for hypertension, there is
growing evidence that OSA is also a cause of diabetes.41,42

We have therefore presented models that both include and
exclude these variables, because the impact of these variables
on the estimates of OSA-related risk could reflect either
mediation or confounding; the true magnitude of the risk
associated with OSA is likely to fall between the estimates
with and without these variables.

A striking feature of these findings is that the association of
OSA with incident CHD and heart failure was observed in
men but not in women. Sex differences were not assessed in
prior studies, which included few if any women. There are a
number of possible explanations for the observed sex differ-
ence. We had less power to detect a significant association in
women than in men because of the low prevalence of severe
OSA in women. Another possible explanation is the later age

of onset of OSA in women than in men, with OSA prevalence
increasing in women after menopause. Thus, at baseline,
women may have had less cumulative exposure to OSA than
men with a similar AHI. It is also possible, however, that
there are differences between men and women in the physi-
ological response to OSA. For example, men have a greater
ventilatory response than women to acoustic tone-induced
arousal from sleep,43 as well as a greater ventilatory response
to carbon dioxide and greater augmentation of this response
by hypoxemia.44 The cardiovascular response also appears
greater in men: acoustic arousal is associated with more
pronounced peripheral vasoconstriction,43 and hypoxic hy-
percapnia results in a greater increase in sympathovagal
balance45 in men than in women. Sex differences in the
prevalence of cardiovascular disease are well recognized and
may reflect a protective effect of female sex against cardio-
vascular risk, including risk related to OSA. Men have larger
increases in left ventricular mass for a given increase in BMI
or blood pressure,46 for example. Sex differences in unmea-
sured health behaviors, such as diet or exercise, or greater
change over time in risk factors such as obesity cannot be
excluded as causes of the sex difference in OSA-associated
cardiovascular risk. Differences in rates of OSA treatment or
cardioprotective medication use do not explain the findings,
however, because treatment for OSA was reported by a
slightly higher percentage of men than women with AHI
�15, and patterns of medication use were similar in men and
women, respectively, for aspirin (34.0% versus 28.3%),
�-adrenergic blockers (8.8% versus 9.4%), angiotensin-
converting enzyme inhibitors (11.7% versus 10.4%), and
lipid-lowering agents (9.0% versus 9.5%).

The present study has a number of advantages over prior
prospective studies of the cardiovascular consequences of
OSA. These include prospective collection of detailed covari-
ate data on cardiovascular disease risk factors, formal adju-
dication of incident cardiovascular disease events according
to explicit protocols at sites with extensive experience in
cardiovascular disease epidemiology, and exclusion of cases
of prevalent CHD and heart failure to identify a cohort that is
optimal for the study of incident disease. Because subjects
were recruited from the community rather than the clinic,
there is less chance of referral bias causing a spurious
association of OSA with risk of cardiovascular disease, and
because few subjects received treatment for OSA, a better
assessment of the natural history of untreated OSA is possi-
ble. The SHHS includes both women and men, and the
sample is ethnically diverse.

Several limitations must also be acknowledged. The older
age of the cohort increases the likelihood of a healthy-
survivor effect biasing toward a null result and precludes
assessment of CHD risk in younger adults, in whom the risk
from OSA appears greatest. Although heart failure was
identified according to standards established by the partici-
pating cardiovascular epidemiology studies, echocardiograms
were not routinely performed in all studies, and there was no
attempt to distinguish between systolic and diastolic heart
failure, nor was New York Heart Association heart failure
grade routinely ascertained. BMI is an imperfect proxy for
adiposity, in particular for visceral adiposity, which may be
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more important than total body adiposity to cardiovascular
risk; therefore, residual confounding by adiposity is possible
despite adjustment for BMI. Unmeasured cardiovascular risk
factors, such as diet and exercise habits, were not assessed
uniformly across cohorts, and confounding by these variables
cannot be excluded. Despite these limitations, the present
study provides prospective evidence that OSA is associated
with an increase in the risk of incident heart failure in
community-dwelling middle-aged and older men and is
consistent with a modest increase in CHD risk in middle-aged
men. It also suggests the possibility of sex differences in
cardiovascular risk from OSA.
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CLINICAL PERSPECTIVE
Prior clinic-based observational studies have reported that obstructive sleep apnea (OSA) is associated with an increased
incidence of coronary heart disease and an increased prevalence of heart failure in men. In the present study, we assessed
the relation of OSA to incident coronary heart disease and heart failure in a general community sample of adult men and
women. In this prospective study of 1927 men and 2495 women 40 years of age or older and free of coronary heart disease
and heart failure at baseline, we found that over a median follow-up period of 8.7 years, OSA was a significant independent
predictor of incident heart failure in men but not in women (adjusted hazard ratio 1.58 for men with an apnea-hypopnea
index �30 compared with men with an apnea-hypopnea index �5). OSA predicted incident coronary heart disease only
in men �70 years old (adjusted hazard ratio 1.68 for those with an apnea-hypopnea index �30 compared with those with
an apnea-hypopnea index �5). The finding of an increased incidence of heart failure in individuals with severe OSA is
novel; whether women are truly at lower risk of heart failure than are men with similarly severe OSA requires further study.
The association of OSA with incident coronary heart disease in this study is much weaker than that reported from previous
clinic-based studies, which possibly reflects the older age of this cohort.
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