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Rationale: Sleep-disordered breathing has been linked to stroke
in previous studies. However, these studies either used surrogate
markers of sleep-disordered breathing or could not, due to cross-
sectional design, address the temporal relationship between sleep-
disordered breathing and stroke.
Objectives: To determine whether sleep-disordered breathing in-
creases the risk for stroke.
Methods: We performed cross-sectional and longitudinal analyses
on 1,475 and 1,189 subjects, respectively, from the general popula-
tion. Sleep-disordered breathing was defined by the apnea–
hypopnea index (frequency of apneas and hypopneas per hour
of sleep) obtained by attended polysomnography. The protocol,
including polysomnography, risk factors for stroke, and a history
of physician-diagnosed stroke, was repeated at 4-yr intervals.
Measurements and Main Results: In the cross-sectional analysis, sub-
jects with an apnea–hypopnea index of 20 or greater had increased
odds for stroke (odds ratio, 4.33; 95% confidence interval, 1.32–
14.24; p � 0.02) compared with those without sleep-disordered
breathing (apnea–hypopnea index, �5) after adjustment for known
confounding factors. In the prospective analysis, sleep-disordered
breathing with an apnea–hypopnea index of 20 or greater was associ-
ated with an increased risk of suffering a first-ever stroke over the
next 4 yr (unadjusted odds ratio, 4.31; 95% confidence interval,
1.31–14.15; p � 0.02). However, after adjustment for age, sex, and
body mass index, the odds ratio was still elevated, but was no longer
significant (3.08; 95% confidence interval, 0.74–12.81; p � 0.12).
Conclusions: These data demonstrate a strong association between
moderate to severe sleep-disordered breathing and prevalent
stroke, independent of confounding factors. They also provide the
first prospective evidence that sleep-disordered breathing precedes
stroke and may contribute to the development of stroke.
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Sleep-disordered breathing (SDB) is a condition characterized
by repetitive apneas and hypopneas during sleep (1). These
respiratory events are accompanied by hypoxia, arousals from
sleep, and bursts of sympathetic nervous system activity that
trigger surges in blood pressure and heart rate (2–5). Large
epidemiologic studies have established SDB as an independent
risk factor for development of hypertension (6–8). SDB is also

(Received in original form May 4, 2005; accepted in final form September 1, 2005)

Supported by National Institutes of Health grants HL62252, AG14124, and
RR03186; Canadian Institutes of Health Research grant MOP 11607; the Medical
Research Service of the Department of Veterans Affairs; German Research Founda-
tion Research Fellowship AR 459/1-1; M.A.); and a Canadian Institutes of Health
Research Senior Scientist Award (T.D.B).

Correspondence and requests for reprints should be addressed to T. Douglas
Bradley, M.D., Toronto General Hospital/University Health Network, 9N-943, 200
Elizabeth Street, Toronto, ON M5G 2C4, Canada. E-mail: douglas.bradley@
utoronto.ca

Am J Respir Crit Care Med Vol 172. pp 1447–1451, 2005
Originally Published in Press as DOI: 10.1164/rccm.200505-702OC on September 1, 2005
Internet address: www.atsjournals.org

associated with increased platelet adhesiveness (9, 10), vascular
endothelial dysfunction (11–13), and early signs of atherosclero-
sis (14)—conditions that put patients at increased risk for cardio-
vascular events, including stroke.

There is increasing evidence that SDB is a risk factor for
stroke. For example, in two large prospective epidemiologic
studies, a history of self-reported snoring was associated with
an increased risk for a self-reported stroke (15, 16). Moreover,
Marin and colleagues (17) found, in an observational study of
a sleep-clinic population, that those with untreated SDB had a
higher rate of fatal and nonfatal cardiovascular events, including
ischemic heart disease and stroke, than healthy subjects. How-
ever, none of these studies established a direct link between
SDB and stroke because self-reported snoring was used as a
surrogate for SDB and/or the outcome was the combined rate
of stroke and coronary artery disease rather than stroke alone.
In a cross-sectional analysis of the Sleep Heart Health Study
cohort, a modest association between SDB, identified by unat-
tended home polysomnography, and prevalent stroke, was re-
ported (18). However, subjects in that cohort were recruited
from middle-aged to older individuals, with high prevalences of
known risk factors for stroke (18, 19) that could have weakened
the ability to detect an independent relationship between SDB
and stroke. The authors of recent reviews of this subject came
to the conclusion that, whereas there is evidence favoring SDB
as a modifiable risk factor for stroke, this evidence has not
established a relationship of SDB with stroke that is independent
of known risk factors, and that prospective studies are needed
to determine whether a cause-and-effect relationship between
SDB and stroke might exist (20, 21).

Our objectives, therefore, were to test the hypotheses that
SDB is associated with an increased prevalence of stroke and
also with an increased incidence of stroke. To test the first hy-
pothesis, we performed a cross-sectional analysis of the Wiscon-
sin Sleep Cohort Study. To test the second hypothesis, we per-
formed a longitudinal analysis of the same cohort. Some of these
data have been previously published in abstract form (22).

METHODS

Details on the sample construction, measurements and statistical analy-
sis of the Wisconsin Sleep Cohort Study have been reported previously
(7, 8, 23).

Participants and Collection of Data

The Wisconsin Sleep Cohort Study is based on a stratified random
sample, assembled in 1988, of state employees in Wisconsin aged be-
tween 30 and 60 yr. Exclusion criteria were pregnancy, unstable cardio-
pulmonary disease, airway cancers, and recent surgery involving the
upper airway. Individuals were also excluded if they had sleep studies
with unusable physiologic measurements, an inadequate period of sleep
(� 4 h), or no episodes of REM sleep. For the prospective analysis,
individuals who had a history of stroke before entry into the study were
excluded.

The 1,475 participants accepted were studied at the University of
Wisconsin General Clinical Research Center with overnight protocols,
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first as a baseline and then, as follow-up, after 4, 8, and 12 yr. The
protocol at all visits included assessment of SDB by polysomnography,
measurement of blood pressure (8, 24) and serum cholesterol, history
of physician-diagnosed stroke, and history of known risk factors for
stroke, such as age, sex, body mass index, physician-diagnosed diabetes,
cigarette smoking, and alcohol intake. All participants gave written,
informed consent to undergo the protocol for the Wisconsin Sleep
Cohort Study, which was approved by the institutional review board
of the University of Wisconsin Medical School.

SDB and Occurrence of Stroke

SDB was defined by the apnea–hypopnea index (AHI; frequency of
apneas and hypopneas per hour of sleep) assessed by attended polysom-
nography using previously described standard methodology and scoring
criteria (8, 23, 25). The AHI measured by these criteria has been pre-
viously validated as a clinically important metric within the same cohort
by demonstrating a graded relationship between AHI and the preva-
lence and severity of important clinical outcomes including hyperten-
sion (7, 8). Categories of SDB were defined according to the AHI: less
than 5, no SDB; 5 or greater to less than 20, mild SDB; and 20 or
greater, moderate to severe SDB. Participants and their physicians were
given a summary of their overnight study that includes the AHI. In
addition, a recommendation to consult their physician was given to
participants with an AHI of more than 15 or to those with excessive
sleepiness.

In this analysis, stroke was defined as self-reported, physician-
diagnosed stroke. Participants were asked if they had had a stroke
diagnosed by a doctor. To avoid overreporting of the diagnosis of
stroke, details on when the stroke occurred and what treatment was
received were required. Furthermore, consistency of details of the re-
ported stroke was checked with data collected at follow-up visits subse-
quent to the stroke. Incident stroke was defined as a stroke that occurred
in persons with no history of stroke after completing at least one over-
night polysomnographic study.

Statistical Analysis

To assess the association of SDB with stroke, we performed a cross-
sectional analysis of the Wisconsin Sleep Cohort, including 1,475 partici-
pants. Data were analyzed with SAS statistical software (SAS Institute,
Cary, NC) (26) for descriptive statistics, contingency tables, and logistic
regression. Logistic regression was used to calculate the odds ratios of
prevalent stroke according to the severity of SDB while adjusting for
possible confounders.

The following baseline variables were examined as covariates: age,
sex, body mass index, hypertension, serum cholesterol, history of physician-
diagnosed diabetes, and weekly cigarette and alcohol use. Serum choles-
terol did not substantially alter the regression coefficient for the AHI
and was not entered into the final model. As there is growing evidence
that diabetes and hypertension may be in the causative pathway be-
tween SDB and cardiovascular diseases (6–8, 27–31), we examined
models with and without these variables.

Furthermore, we investigated the association of SDB in those with
no history of stroke and the incidence of stroke during each 4-yr follow-
up interval. For this analysis, 1,189 participants contributed 2,340 data
points: 1,166 with baseline data from Visit 1 and follow-up data from
Visit 2, 803 with baseline data from Visit 2 and follow-up data from
Visit 3, and 371 with baseline data from Visit 3 and follow-up data
from Visit 4. An individual may contribute several 4-yr follow-up data
points in this analysis. For example, an individual with a baseline study
and two 4-yr follow-up studies with no incident stroke would contribute
two data points in this analysis. The first data point will relate SDB
and covariables at baseline to stroke incidence at the first follow-up
visit and the second data point will relate SDB and covariables at the
first follow-up visit to stroke incidence at the second follow-up visit.
Once an individual had an incident stroke, they were excluded from
further analyses.

For this prospective analysis, the odds ratios for developing a stroke
during follow-up at 4-yr intervals relative to the SDB category from
the previous 4 yr were calculated using the SAS Genmod procedure as
described previously (26). We used the generalized estimating equations
approach (32) designed for repeated measures to account for intrasub-
ject correlation and the number of repeated visits per individual. This

method produces robust standard errors for testing hypotheses and
computing confidence intervals. Due to the small number of incident
strokes in our cohort, we limited the number of covariates in the pro-
spective analysis. Similar to previous epidemiologic studies (33–36), we
found the association of body mass index and stroke to be weak
(� coefficient � 0.0494; p � 0.063). Therefore, we examined models
with and without body mass index in the prospective analysis.

RESULTS

Characteristics of the Subjects

Baseline characteristics of participants of the cross-sectional
analysis, grouped by the AHI, are shown in Table 1. Of the
1,475 participants, 76% did not have SDB, 17% had mild SDB,
and 7% had moderate to severe SDB. Subjects with moderate
to severe SDB were predominantly male and had a significantly
increased body mass index compared with subjects with mild or
no SDB (Table 1). Furthermore, participants with SDB had
higher prevalences of hypertension and diabetes than the group
with no SDB (Table 1).

SDB and Prevalent Stroke

Of the 1,475 participants included in the cross-sectional analysis,
22 suffered a first-ever stroke. One subject who reported a stroke
did not meet the other criteria for this diagnosis and was not
counted as having suffered a stroke. All strokes occurred in
adulthood at a mean age of 53 � 9 yr. The number (prevalence
in %) of strokes in the AHI less-than-5, 5-or-greater to less-than-
20, and 20-or-greater groups were 14 (1.2), 2 (0.8), and 6 (6.1),
respectively. None of the participants with prevalent stroke and
SDB had atrial fibrillation.

Odds ratios for the prevalence of stroke in the AHI groups
are given in Table 2. Results from three models are presented.
The first parsimonious model (model 1A) adjusted for the vari-
ables of age, sex, body mass index, and weekly alcohol and
cigarette use. The odds ratio for prevalent stroke in subjects
with an AHI of 20/h or greater was increased significantly at
4.33 (95% confidence interval [CI], 1.32–14.24) compared with
the reference category (AHI � 5/h). In model 2A, in which
hypertension was added as a potential confounder or explana-
tory variable, the odds ratio for stroke associated with moderate
to severe SDB compared with the reference group remained
significantly higher at 3.87 (95% CI, 1.19–12.63), but was reduced
compared with model 1A. In model 3A, in which diabetes was
added as a potential confounder or explanatory variable, the
odds ratio for stroke associated with moderate to severe SDB
remained significantly higher at 3.83 (95% CI, 1.17–12.56), and
was unchanged compared with model 2A. Therefore, adding
diabetes into the model did not alter the relationship between
moderate to severe SDB and prevalent stroke. In the group with
mild SDB (AHI � 5 to � 20/h), odds ratios for the prevalence
of stroke were not significantly different from the reference
group in any of the three models (Table 2). We also investigated
a variable to reflect SDB with symptoms of sleepiness and found
that the addition of excessive daytime sleepiness did not change
the association of SDB (AHI � 20) and stroke.

SDB and Incident Stroke

In our 4-yr prospective analysis, 14 participants suffered a first-
ever stroke at a mean age of 56 � 8 yr. The number of strokes
in the AHI less-than-5, 5-or-greater to less-than-20, and 20-or-
greater groups were 9, 1, and 4, respectively. The overall inci-
dence of stroke was 1.33 per 1,000 person-yr. In the subgroups
of participants with an AHI less than 5, 5 to less than 20, and
20 or greater, the incidences of strokes were 1.33, 0.54, and 5.75
per 1,000 person-yr, respectively. Table 3 displays odds ratios
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TABLE 1. CHARACTERISTICS OF PARTICIPANTS INCLUDED IN THE CROSS-SECTIONAL ANALYSIS
GROUPED BY THE APNEA–HYPOPNEA INDEX

Baseline AHI

� 5 � 5 to � 20 � 20 Entire Group
Characteristics (n � 1,121; 76%) (n � 255; 17%) (n � 99; 7%) (n � 1,475)

Age, yr � SD 47 � 8 50 � 8 50 � 9 47 � 8
Male sex, no. (%) 568 (51) 166 (65) 75 (76) 809 (55)
Body mass index, kg/m2 � SD 29 � 6 33 � 7 37 � 8 30 � 7
Hypertension, no. (%) 302 (27) 107 (42) 67 (68) 476 (32)
History of diabetes, no. (%) 25 (2) 12 (5) 10 (10) 47 (3)
Alcoholic drinks/wk, no. � SD 4 � 6 4 � 6 4 � 7 4 � 6
Current cigarette smoker, no. (%) 209 (19) 38 (15) 18 (18) 265 (18)

Definition of abbreviation: AHI � apnea–hypopnea index.

for incident stroke after 4 yr of follow-up in the AHI groups,
after correction for repeated measurements. In the unadjusted
model (model 1B) and in the model controlled for age and sex
(model 2B), we found participants with a baseline AHI of 20/h
or greater had significantly higher odds ratios for the incidence
of stroke (odds ratio, 4.31; 95% CI, 1.31–14.15; and odds ratio,
4.48; 95% CI, 1.31–15.33; respectively). After additional adjust-
ment for body mass index (model 3B), the odds ratio for moder-
ate to severe SDB was still higher at 3.08 (95% CI, 0.74–12.81),
but was no longer statistically significant (Table 3). In all three
models, the odds for incident stroke in the group with mild SDB
(AHI of � 5 to � 20/h) were not significantly different compared
with the reference group.

DISCUSSION

Two novel and important observations have arisen from this
analysis of the Wisconsin Sleep Cohort Study. First, in the cross-
sectional analysis, we provide the first evidence of a significant
relationship between SDB (indicated by an AHI of at least 20),
assessed objectively by attended in-laboratory polysomnogra-
phy, and prevalent stroke in a sample of the general population,
after adjustment for known confounding factors. Second, in the
longitudinal analysis, we provide the first prospective epidemio-
logic evidence on the temporal relationship between SDB and
stroke by demonstrating that an AHI of at least 20 is associated
with a highly increased probability of suffering a stroke within
the next 4 yr.

The only other epidemiologic study assessing the relationship
between SDB, diagnosed by the AHI on polysomnography, and
stroke was cross-sectional in design (18). In that study, Shahar
and colleagues (18) analyzed data from more than 6,000 subjects
from the Sleep Heart Health Study. They found a modest, but
significantly higher, linear trend for the odds of prevalent stroke

TABLE 2. ADJUSTED ODDS RATIOS FOR THE PREVALENCE OF STROKE FOR SUBJECTS GROUPED
BY THE APNEA–HYPOPNEA INDEX

Model 1A Model 2A Model 3A

OR (95% CI ), adjusted OR (95% CI ), adjusted for OR (95% CI ), adjusted for
for age, sex, BMI, age, sex, BMI, alcohol, age, sex, BMI, alcohol,

alcohol, smoking, smoking, diabetes,
AHI (events/h) and smoking p Value and hypertension p Value and hypertension p Value

� 5* 1.0 1.0 1.0
� 5 to � 20 0.50 (0.11–2.33) 0.38 0.48 (0.10–2.27) 0.36 0.49 (0.10–2.81) 0.36
� 20 4.33 (1.32–14.24) 0.02 3.87 (1.19–12.63) 0.02 3.83 (1.17–12.56) 0.03

Definition of abbreviations: AHI � apnea–hypopnea index; BMI � body mass index; CI � confidence interval; OR � odds ratio.
* This category served as the reference group.

(1.58) among subjects with SDB who had an AHI of 11/h or
greater, when using a parsimonious model that did not adjust for
body mass index and hypertension. Compared with our cohort,
theirs was 13 yr older, and had more coexisting cardiovascular
risk factors and diseases, such as hypertension (40 vs. 32%) and
diabetes (10 vs. 3%) (18). Therefore, the influence of comorbidit-
ies in the assessment of the potential association between SDB
and stroke would have been greater in that study than in ours.
As a result, the strength of the relationship between SDB and
stroke may have been underestimated in that study even though
there were more cerebrovascular events (18).

The present findings support and complement those of Shahar
and colleagues (18) in three novel ways. First, in our cohort, we
confirmed that there is a significant association between SDB
and prevalent stroke. In addition, we demonstrated that this
relationship was also independent of potential confounding by
obesity, was not fully explained by hypertension, and was not
explained by atrial fibrillation. Second, we found an adjusted
odds ratio of prevalent stroke associated with an AHI of 20 or
greater that was more than double that reported for an AHI of
more than 19/h in the Sleep Heart Health Study (3.83 vs. 1.80)
(18). Third, in our prospective analysis, we established that mod-
erate to severe SDB was associated with a highly increased
probability of suffering a stroke within the next 4 yr (unadjusted
odds ratio, 4.31). This novel finding sheds light on the temporal
relationship between SDB and stroke by demonstrating that
SDB preceded and was strongly associated with the incidence
of stroke. Although no other studies have directly examined the
temporal relationship between SDB and stroke, several previous
studies suggested that SDB precedes stroke in many cases. For
example, it was reported that the frequency and severity of SDB
in patients with strokes and transient ischemic attacks was similar,
that there was no significant relationship between the location or
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TABLE 3. ADJUSTED ODDS RATIOS FOR THE INCIDENCE OF STROKE FOR SUBJECTS GROUPED
BY THE APNEA–HYPOPNEA INDEX

Model 1B Model 2B Model 3B

OR (95% CI), OR (95% CI), adjusted OR (95% CI), adjusted
AHI (events/h) unadjusted p Value for age, sex p Value for age, sex, and BMI p Value

� 5* 1.0 1.0 1.0
� 5 to � 20 0.40 (0.05–3.18) 0.39 0.35 (0.05–2.69) 0.31 0.29 (0.04–2.36) 0.25
� 20 4.31 (1.31–14.15) 0.02 4.48 (1.31–15.33) 0.02 3.08 (0.74–12.81) 0.12

For definition of abbreviations, see Table 2.
* This category served as the reference group.

severity of stroke and the presence of SDB (37, 38), and that
there was no significant decline in the frequency of obstructive
apneas several months after the acute phase of stroke (38).

Two prospective population-based studies (15, 16) reported
higher odds ratios of 2.08 and 1.33, respectively, for developing
self-reported ischemic heart disease or stroke in subjects with
self-reported habitual snoring compared with those not reporting
habitual snoring. Assuming that the relationship between snor-
ing and stroke is through SDB, the relatively low odds ratio for
new-onset ischemic heart disease and stroke associated with
snoring almost certainly underestimates the odds of having these
disorders in relationship to SDB because SDB is only present
in approximately 50% of snorers (23). In general, our results
also lend support to those of Marin and colleagues (17), who
found that patients in a sleep-clinic population with untreated
SDB had a higher rate of fatal and nonfatal cardiovascular
events, including ischemic heart disease and stroke, than healthy
subjects from the general population.

A very high prevalence of SDB (69–77%) has also been
reported in patients who have had a stroke (39–41). Because
sleep studies were not performed before the strokes, it was not
possible to determine which came first, the SDB or the stroke.
In any case, the literature to date suggests that the presence
of SDB after stroke has adverse prognostic implications: it is
associated with worse functional capacity, a longer period of
post-stroke rehabilitation (41–44), and a higher death rate (40,
43, 45). Therefore, not only does SDB appear to predispose to
stroke but once a stroke has occurred, the presence of SDB may
have a negative effect on outcome.

As in previous large-scale epidemiologic studies (16, 18, 33)
in this field, in our analysis, stroke was defined as self-reported,
physician-diagnosed stroke. Okura and colleagues (46) com-
pared self-reported stroke from a questionnaire similar to ours
with information from medical records and found, in participants
aged between 45 and 64 yr, that there was 99% agreement
between them. These data indicate that self-reported stroke is
a reliable indicator that a stroke actually occurred.

It is possible that cases of stroke, particularly fatal strokes,
were lost to follow-up. There could be bias if these cases were
differentially related to SDB status. However, we were able to
investigate mortality records for the entire cohort and we did
not find any case of death attributed to stroke in any participants
who had not had a prior stroke.

The incidence of stroke in the Wisconsin Sleep cohort was
1.33/1,000 person-yr, comparable to the rate reported in the
Atherosclerosis Risk in Communities cohort, in subjects aged
45 to 64 yr (2.44/1,000 person-yr) (47). This low incidence of
stroke, reflecting the young age of our cohort, compromises
study power for explanatory analyses including, for example,
the role of hypertension as a mediator on the pathway between
SDB and the development of stroke. In view of the weak associa-
tion of body mass index and incidence of stroke in our cohort,

the drop in statistical significance for the association between
an AHI of 20 or greater and incidence of stroke once body mass
index is taken into account (Table 3) is likely to reflect the lack
of study power rather than a lack of association.

In conclusion, we found, in a cross-sectional analysis of the
Wisconsin Sleep Cohort Study, a strong association between
SDB and the prevalence of stroke. This association was indepen-
dent of known confounding factors. Furthermore, our longitudi-
nal analysis provides the first prospective evidence that SDB
after adjustment for age and sex is related to significantly in-
creased odds of suffering a stroke over the next 4 yr. Although
our analysis cannot shed light on the pathway by which SDB
affects stroke risk, these novel findings add justification for con-
sidering SDB as a condition that precedes and may contribute
to the development of stroke.

Our results raise the question of the potential role that treat-
ment of SDB might play in primary and secondary prevention
of stroke. In addition to the evidence presented herein that SDB
contributes to the development of stroke, the presence of SDB
after stroke may have adverse prognostic implications (40–45).
This is a very important public health issue, because stroke is
the commonest cause of long-term disability in the United States,
where more than 1,100,000 individuals are affected, and where
direct and indirect costs of stroke are estimated to be $56.8
billion in 2005 (48). Randomized clinical trials will be required
to determine whether treatment of SDB prevents strokes or
improves stroke outcome.
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