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Clinic-based studies suggest that sleep-disordered breathing (SDB) is associated with glucose intolerance and
insulin resistance. However, in the available studies, researchers have not rigorously controlled for confounding
variables to assess the independent relation between SDB and impaired glucose metabolism. The objective of
this study was to determine whether SDB was associated with glucose intolerance and insulin resistance among
community-dwelling subjects (n = 2,656) participating in the Sleep Heart Health Study (1994–1999). SDB was
characterized with the respiratory disturbance index and measurements of oxygen saturation during sleep.
Fasting and 2-hour glucose levels measured during an oral glucose tolerance test were used to assess glycemic
status. Relative to subjects with a respiratory disturbance index of less than 5.0 events/hour (the reference
category), subjects with mild SDB (5.0–14.9 events/hour) and moderate to severe SDB (≥15 events/hour) had
adjusted odds ratios of 1.27 (95% confidence interval: 0.98, 1.64) and 1.46 (95% confidence interval: 1.09, 1.97),
respectively, for fasting glucose intolerance (p for trend < 0.01). Sleep-related hypoxemia was also associated
with glucose intolerance independently of age, gender, body mass index, and waist circumference. The results
of this study suggest that SDB is independently associated with glucose intolerance and insulin resistance and
may lead to type 2 diabetes mellitus.

diabetes mellitus, type II; glucose intolerance; insulin resistance; respiration; sleep; sleep apnea syndromes

Abbreviations: CI, confidence interval; HOMA, homeostasis model assessment; RDI, respiratory disturbance index; SHHS, 
Sleep Heart Health Study.

Diabetes mellitus is a well-established risk factor for
cardiovascular disease. Data from the Third National Health
and Nutrition Examination Survey indicate that 5.1 percent
of adults in the United States have physician-diagnosed
diabetes and an additional 2.7 percent meet the criterion for
diabetes but remain undiagnosed (1). It is also estimated that
6.9 percent of adults have elevated fasting glucose levels and
15.6 percent have abnormal glucose tolerance test results (1).
Abnormal fasting and 2-hour glucose levels are risk factors
for type 2 diabetes mellitus (2–6) and are independently

associated with higher cardiovascular morbidity (7, 8) and
mortality (9, 10). There are emerging data suggesting that
insulin resistance, a state in which there is a less-than-normal
biologic response to insulin, may also play an important role
in the pathogenesis of hypertension (11–13) and cardiovas-
cular disease (14–16).

Recently, there has been increasing recognition that sleep-
disordered breathing, a condition characterized by reduction
or complete cessation of airflow during sleep, may impair
glucose metabolism (17). Population-based studies have
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shown that self-reported history of snoring, a common
symptom of sleep-disordered breathing, is independently
associated with impaired glucose tolerance and incident type
2 diabetes mellitus (18, 19). A number of clinic-based
studies (20–30) have also examined the cross-sectional rela-
tion between sleep-disordered breathing, as assessed by
overnight polysomnography, and metabolic abnormalities.
Most of these studies demonstrate that sleep-disordered
breathing is associated with impaired glucose tolerance and
insulin resistance. Given that sleep-disordered breathing and
metabolic dysfunction share common etiologic risk factors,
such as central obesity and increasing age, adequate control
for these confounders is critical in establishing an indepen-
dent association between the two disorders. Moreover, the
role of sleep duration, a factor shown to impair glucose
metabolism (31), has not been adequately addressed. Avail-
able studies on the relation between sleep-disordered
breathing and metabolic dysfunction have been based
primarily on clinic samples or selective populations such as
overweight (29) or hypertensive (26) subjects and have
lacked rigorous control for numerous confounders. Thus, the
primary objective of the current investigation was to deter-
mine whether sleep-disordered breathing, as assessed by
polysomnography, was related to glucose intolerance and
insulin resistance in a sample of community-dwelling
subjects. It was hypothesized that sleep-disordered breathing
would be associated with glucose intolerance and insulin
resistance independently of the confounding influences of
age, gender, weight, and body fat distribution. It was also
hypothesized that physiologic indices of intermittent hypox-
emia and recurrent arousals in sleep-disordered breathing
would predict the degree of metabolic dysfunction.

MATERIALS AND METHODS

Study sample

The current investigation was based on a subset of partici-
pants enrolled in the multicenter Sleep Heart Health Study
(SHHS). The specific aims and design of the SHHS have
been previously described (32). Briefly, the SHHS is a
cohort study of the cardiovascular consequences of sleep-
disordered breathing. The baseline cohort for the SHHS was
recruited from nine ongoing epidemiologic studies of cardio-
vascular and respiratory disease. The recruited cohort was
further characterized for the presence of sleep-disordered
breathing with full-montage polysomnography. Participants
from the “parent” studies were considered eligible if they
were at least 40 years of age and were not being treated for
sleep-disordered breathing with positive airway pressure,
oxygen, or tracheotomy. The final SHHS cohort, which
consisted of 6,441 participants, underwent a baseline exami-
nation that included home polysomnography and a battery of
questionnaires on sleep habits. Informed consent was
obtained from all participants, and the study protocol was
approved by the institutional review board of each partici-
pating institution.

The study sample for the current analysis consisted of a
subset of the SHHS cohort that, at a minimum, had a
measurement of fasting glucose level. Three parent studies

had collected data on fasting glucose levels: the Atheroscle-
rosis Risk in Communities Study, the Cardiovascular Health
Study, and the Framingham Heart Study. Results of oral
glucose tolerance testing were also available from the
Atherosclerosis Risk in Communities and Cardiovascular
Health Study cohorts, whereas fasting insulin levels were
available only for participants in the Atherosclerosis Risk in
Communities Study. Because metabolic function was
assessed in accordance with the parent study timeline, only
those measurements that had been made within a year of the
SHHS baseline polysomnogram were included in the current
analysis (n = 2,656). Participants were excluded if they were
receiving insulin therapy or using an oral hypoglycemic
agent. Covariate data on age, gender, race, smoking status
(current, former, or never smoker), weight, height, waist
circumference, and self-reported sleep duration during the
workweek were ascertained as part of the SHHS baseline
examination.

Polysomnography

Unattended polysomnography was conducted in each
participant’s home. It consisted of the following continuous
nocturnal recordings: C3–A2 and C4–A1 electroencephalo-
grams, right and left electrooculograms, a single bipolar
electrocardiogram, and a chin electromyogram. Continuous
nocturnal recordings were also acquired for the following
physiologic parameters: oxyhemoglobin saturation (by pulse
oximetry), chest and abdominal excursion (by inductance
plethysmography), airflow (by an oronasal thermocouple),
and body position (by a mercury gauge). Recordings were
stored in real time and were then shipped to a central reading
center for review and scoring. Details on polysomnographic
equipment, hook-up procedures, failure rates, scoring, and
quality assurance and control have been previously
published (33). Apnea was identified if airflow was absent or
nearly absent for at least 10 seconds. Hypopnea was identi-
fied if discernible, discrete reductions in airflow or thoraco-
abdominal movement (at least 30 percent below baseline
values) occurred for at least 10 seconds. The respiratory
disturbance index (RDI) was defined as the number of
apneas or hypopneas, each associated with a 4 percent
decrease in oxygen saturation, per hour of sleep. Arousals
were identified as abrupt shifts of at least 3 seconds’ duration
in electroencephalogram frequency. During rapid eye move-
ment sleep, scoring of arousals also required concurrent
increases in electromyogram amplitude. An arousal index
was defined as the average number of arousals per hour of
sleep.

Metabolic assessment

Procedures for the collection and processing of blood
samples were independently established by each parent
study. After an overnight fast of at least 12 hours, venipunc-
ture was performed to obtain a blood sample. In the Athero-
sclerosis Risk in Communities and Cardiovascular Health
Study cohorts, a 75-g dose of glucose was then given orally
to consenting nondiabetic participants. A second venipunc-
ture was performed 2 hours after the glucose challenge.
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Extracted serum was stored at –70°C for further analyses.
Serum glucose level was measured by means of the hexoki-
nase method. Serum insulin level was measured by commer-
cial radioimmunoassay. On the basis of the fasting plasma
glucose levels, participants were categorized (34) as having
normal glucose tolerance (<110 mg/dl), having impaired
glucose tolerance (110–125 mg/dl), or being diabetic (≥126
mg/dl). In participants with data from oral glucose tolerance
testing, glucose tolerance was defined (34) as follows:
normal glucose tolerance (<140 mg/dl), impaired glucose
tolerance (≥140 mg/dl and <200 mg/dl), or diabetes (≥200
mg/dl). For participants with data on fasting insulin level and
nondiabetic fasting glucose values, the homeostasis model
assessment (HOMA) index was used as a measure of insulin
resistance (35). The HOMA index, a commonly used surro-
gate for insulin resistance, is calculated as a product of the
fasting glucose (G0) (mmol/liter) and fasting insulin (I0) (µU/
liter) values divided by the constant 22.5: HOMA = (G0 × I0)/
22.5. The HOMA index correlates well with more complex
measures of insulin resistance such as the frequently
sampled intravenous glucose tolerance test at fasting glucose
levels less than 126 mg/dl.

Statistical analysis

Unadjusted differences in continuous and categorical vari-
ables across categories of predictor variables were assessed
for significance using t tests or χ2 tests, as appropriate. The
primary outcome variables included fasting glucose level, 2-
hour glucose level, and HOMA index. Because fasting and
2-hour glucose levels were grouped into normal, impaired,
and diabetic categories, ordinal logistic regression was used
to model the associations between indices of sleep-disor-
dered breathing and impaired glucose metabolism. The
ordinal model specifies a log-linear relation for the odds of
being in one category (e.g., impaired glucose tolerance) as
compared with being in a lower category (e.g., normal
glucose tolerance) and assumes proportional odds for any
dichotomy of the three levels of glucose tolerance status. The
assumption of proportional odds was tested and found to be
valid for the described models.

The primary independent variables included the RDI, the
arousal index, and two different indices of nocturnal hypox-
emia (percentage of sleep time with oxyhemoglobin satura-
tion below 90 percent and average oxyhemoglobin
saturation during sleep). To examine the associations
between physiologic indices of sleep-disordered breathing
and glucose metabolism, we developed separate multivari-
able models for each variable of disease severity. For the
RDI, the following commonly used cutpoints were
employed to define categories of disease severity: <5.0
events/hour (no sleep-disordered breathing), 5.0–14.9
events/hour (mild sleep-disordered breathing), and ≥15
events/hour (moderate to severe sleep-disordered breathing).
These thresholds have been applied previously in a number
of studies on sleep-disordered breathing and are of clinical
value. For other physiologic indices of the severity of sleep-
disordered breathing, the study sample was grouped into
quartiles of the predictor variable, with the lowest quartile
serving as the reference category, using distributions based

on subjects with fasting glucose data. We quantified the rela-
tion between each predictor and outcome by computing the
odds ratio for glucose intolerance in a comparison of the
reference category with other categories of the primary
predictor. To adjust for potential confounders, we entered
covariates into the ordinal model that included the primary
predictor. The following covariates were included in all
multivariable models: age, gender, ethnicity, smoking status,
body mass index (weight (kg)/height (m)2), waist circumfer-
ence, and self-reported sleep duration (≤5, 6, 7, 8, or ≥9
hours). We examined the effects of a multicenter design by
adding a term for each center in the regression models. We
tested for a linear trend in the odds ratios for the primary
predictor by comparing the log-likelihoods from distinct
models that included the predictor variable as an ordinal and
a nominal variable. Associations between the HOMA index
and measures of sleep-disordered breathing were examined
using multivariable linear regression analyses that included
adjustments for the aforementioned confounders.

Because measurements of metabolic function were
derived from parent studies and were not part of the baseline
SHHS examination, a number of sensitivity analyses were
conducted. First, analyses were stratified by parent cohort.
These showed that the inferences were relatively consistent
across the parent cohorts. Thus, information from the parent
cohorts is collectively presented for parsimony. Second,
different time windows around the polysomnogram (3–12
months) were also used. These analyses showed that as the
time window was decreased from 12 months to 3 months, the
strength of the associations increased. A 12-month window
was used for the final analyses, since indices of sleep-disor-
dered breathing are not likely to change over a year (36, 37).
Third, the potential impact of excluding diabetic subjects
who were taking an oral hypoglycemic agent or receiving
insuling therapy (n = 223) was assessed. Analyses that
included participants on diabetic medication in the
“diabetic” category showed that the associations of interest
were similar or slightly stronger. Finally, given the small
number of non-Caucasians in the study sample, we devel-
oped statistical models with and without this subset. Given
that the inferences were not different, results for the aggre-
gate sample are presented. All statistical analyses were
performed using SAS statistical software, version 9.0 (SAS
Institute, Inc., Cary, North Carolina).

RESULTS

Sample characteristics

A total of 2,656 participants met the enrollment criteria
and had data on fasting glucose levels that were obtained
within a 12-month period around the overnight polysomno-
gram. The distribution of participants within the three RDI
categories was as follows: 52.3 percent (<5 events/hour),
30.2 percent (5.0–14.9 events/hour), and 17.5 percent (≥15
events/hour). Numbers of participants from the three parent
cohorts were as follows: 1,144 from the Atherosclerosis Risk
in Communities Study, 981 from the Cardiovascular Health
Study, and 531 from the Framingham Heart Study. Of the
2,656 participants with fasting glucose levels measured
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within a year of the polysomnogram, 1,930 had 2-hour
glucose data from the oral glucose tolerance test and 1,144
had data on fasting insulin level. Table 1 summarizes data on
the demographic variables for the participants included in
the current analyses.

Sleep-disordered breathing and glucose intolerance

To assess whether indices of severity of sleep-disordered
breathing were associated with glucose intolerance, we
initially examined the frequency of impaired or diabetic
glucose values as a function of the RDI. An increase in the
RDI was associated with an increase in the prevalence of
impaired and diabetic fasting glucose levels from 8.7 percent
and 4.0 percent, respectively, in subjects with an RDI of <5
events/hour to 17.5 percent and 8.8 percent, respectively, in
subjects with an RDI of ≥15 events/hour. Similarly, the prev-
alence of impaired and diabetic 2-hour glucose values
increased from 29.1 percent and 9.3 percent, respectively, in
subjects with an RDI of <5 events/hour to 36.0 percent and
15.0 percent, respectively, in subjects with an RDI of ≥15
events/hour. In comparison with an RDI of <5 events/hour
(no sleep-disordered breathing), the unadjusted odds ratios
for glucose intolerance based on the fasting glucose values
for subjects with mild sleep-disordered breathing (RDI of
5.0–14.9 events/hour) and moderate to severe sleep-disor-
dered breathing (RDI of ≥15 events/hour) were 1.67 (95
percent confidence interval (CI): 1.32, 2.11) and 2.44 (95
percent CI: 1.89, 3.16), respectively (p < 0.0001 for linear
trend). Similarly, the unadjusted odds ratios for glucose
intolerance based on the 2-hour glucose levels for subjects
with mild and moderate to severe sleep-disordered breathing
were 1.26 (95 percent CI: 1.03, 1.54) and 1.68 (95 percent
CI: 1.33, 2.13), respectively (p < 0.0001 for linear trend).

To determine whether sleep-disordered breathing was
independently associated with glucose intolerance, we used
multivariable ordinal logistic models to examine the associ-
ations between the RDI and glucose tolerance. Although
there was attenuation in the strength of the associations with
multivariable adjustment, we noted a positive and significant
linear trend in the odds of glucose intolerance with
increasing RDI after adjusting for age, gender, race, body
mass index, waist circumference, smoking history, and self-
reported sleep duration (table 2). Inclusion of subjects with
diagnosed diabetes mellitus who were taking medication
slightly increased the magnitude of the association between
RDI and metabolic dysfunction (data not shown).

We further investigated the association between sleep-
disordered breathing and metabolic dysfunction by modeling
the relations between degree of nocturnal hypoxemia,
arousal frequency, and glucose intolerance. Average oxyhe-
moglobin saturation during sleep and percentage of sleep
time below an oxyhemoglobin saturation level of 90 percent
were used as separate indices of sleep-related hypoxemia. As
table 2 shows, increasing hypoxemia during sleep was inde-
pendently associated with glucose intolerance, on the basis
of either fasting glucose values or 2-hour glucose values.
Average oxyhemoglobin saturation during sleep and
percentage of sleep time below an oxyhemoglobin saturation
level of 90 percent were associated with fasting glucose
intolerance. Similar but somewhat modest associations were
also noted between the 2-hour measure of glucose tolerance
and average oxyhemoglobin saturation during sleep and
percentage of sleep time below an oxyhemoglobin saturation
level of 90 percent. In contrast, no significant associations
between arousal frequency and glucose tolerance were noted
with either the fasting values or the 2-hour values (table 2).

TABLE 1.   Demographic characteristics of the study sample, Sleep Heart Health Study, 1994–1999

* ARIC, Atherosclerosis Risk in Communities; IQR, interquartile range; RDI, respiratory disturbance index.
† Weight (kg)/height (m)2.

Entire study sample 
(n = 2,656)

ARIC* Study participants 
(n = 1,144)

Cardiovascular Health Study 
participants (n = 981)

Framingham Heart Study 
participants (n = 531)

% or median IQR* % or median IQR % or median IQR % or median IQR

Gender (%)

Male 45.7 48.1 42.4 46.7

Female 54.3 51.9 57.6 53.3

Race (%)

Caucasian 93.4 99.1 83.4 99.6

Non-Caucasian 6.6 0.9 16.6 0.4

Median age (years) 68 60–75 63 58–68 77 74–80 60 53–67

Median body mass index† 27.4 26.7–30.6 28.0 25.1–31.5 26.9 24.1–29.4 27.4 24.7–30.8

Median waist 
circumference (cm) 99.0 91.0–108.0 101.5 93.0–111.0 97.0 89.0–104.5 97.2 88.9–106.1

Median RDI* value (no. of 
events/hour) 4.61 1.44–11.38 4.44 1.42–11.27 5.55 1.89–12.58 3.36 1.06–8.87
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Sleep-disordered breathing and insulin resistance

We investigated the association between severity of sleep-
disordered breathing and insulin resistance by modeling the
relation between the RDI and the HOMA index. Figure 1
shows the adjusted values for the HOMA index as a function
of the RDI. Participants with moderate to severe sleep-disor-
dered breathing (RDI of ≥15 events/hour) were noted to have
higher values for the HOMA index, indicating an insulin-
resistant state, independently of age, gender, ethnicity,
smoking status, body mass index, waist circumference, and
sleep duration. As the time window between the metabolic

assessment and the sleep study was decreased from 12
months to 3 months, a stronger association between the two
variables was observed (figure 1).

To investigate the differential impact of sleep-related
hypoxemia and arousals on insulin resistance, we examined
indices of nocturnal hypoxemia and arousal frequency as
predictors of the HOMA index. Both average oxyhemo-
globin saturation during sleep and percentage of sleep time
below a saturation level of 90 percent were independently
associated with the HOMA index. Figure 2 shows adjusted
levels of the HOMA index as a function of the two indices of

TABLE 2.   Adjusted odds ratios for glucose intolerance based on fasting and 2-hour 
glucose levels, Sleep Heart Health Study, 1994–1999*,†

* Odds ratios and 95% confidence intervals were based on multivariable ordinal logistic
regression. Each row represents a distinct multivariable model that included adjustments for
age, gender, race, body mass index, waist circumference, smoking history, self-reported
sleep duration, and study site.

† Fasting glucose and 2-hour glucose levels were modeled as ordinal variables (normal,
impaired, diabetic). The cutpoints were as follows—normal: fasting, <110 mg/dl; 2-hour, <140
mg/dl; impaired: fasting, 110–125 mg/dl; 2-hour, 140–199 mg/dl; diabetic: fasting, ≥126 mg/dl;
2-hour, ≥200 mg/dl.

‡ NS, not significant (p > 0.05).

Predictor

Fasting glucose level 
(n = 2,656)

2-hour glucose level 
(n = 1,930)

Odds 
ratio

95% 
confidence 

interval

Odds 
ratio

95% 
confidence 

interval

Respiratory disturbance index (no. 
of events/hour)

<5.0 1.00 1.00

5.0–14.9 1.27 0.98, 1.64 1.09 0.88, 1.35

≥15.0 1.46 1.09, 1.97 1.44 1.11, 1.87

p for linear trend 0.0090 0.0096

Average oxyhemoglobin saturation 
during sleep (%)

≥95.72 1.00 1.00

94.57–95.71 1.52 1.05, 2.20 1.16 0.88, 1.53

93.32–94.56 1.75 1.21, 2.53 1.14 0.86, 1.52

<93.32 1.95 1.34, 2.84 1.40 1.05, 1.88

p for linear trend 0.0007 0.0321

Percentage of sleep time with 
oxyhemoglobin saturation 
<90%

<0.01 1.00 1.00

0.01–0.25 1.14 0.80, 1.61 1.08 0.83, 1.41

0.26–2.16 1.41 1.01, 1.98 1.32 1.01, 1.74

≥2.17 1.56 1.10, 2.20 1.32 1.00, 1.75

p for linear trend 0.0053 0.0246

Arousal index (no. of events/hour)

<12.36 1.00 1.00

12.36–17.12 0.92 0.66, 1.28 0.87 0.67, 1.14

17.13–24.17 1.23 0.90, 1.69 1.00 0.76, 1.30

≥24.18 1.25 0.91, 1.71 1.23 0.94, 1.61

p for linear trend NS‡ NS
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sleep-related hypoxemia. In addition to the relation between
the HOMA index and hypoxemia during sleep, we also noted
a modest and statistically significant association between the

HOMA index and the arousal frequency. Participants in the
highest quartile of arousal frequency (≥24.18 events/hour)
had a mean adjusted HOMA level of 2.84 (standard error,

FIGURE 1. Adjusted mean value of the homeostasis model assessment (HOMA) index as a function of the respiratory disturbance index (RDI)
for 12-month (n = 1,067) and 3-month (n = 405) time windows, Sleep Heart Health Study, 1994–1999. Data were adjusted for age, gender, smok-
ing status, body mass index, waist circumference, and self-reported sleep duration. Bars, standard error.

FIGURE 2. Adjusted mean value of the homeostasis model assessment (HOMA) index according to two different indices of sleep-related
hypoxemia (12-month time window; n = 1,067), Sleep Heart Health Study, 1994–1999. Data were adjusted for age, gender, smoking status, body
mass index, waist circumference, and self-reported sleep duration. *p = 0.04 and **p = 0.01 for comparisons with the first quartile. Bars, standard
error.
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0.13), whereas subjects in the lowest quartile (<12.36 events/
hour) had a mean adjusted HOMA level of 2.51 (standard
error, 0.13) (p = 0.02).

DISCUSSION

The results of this cross-sectional study in a large sample
of community-dwelling subjects demonstrate that sleep-
disordered breathing is independently associated with
glucose intolerance and insulin resistance. Using full-night
polysomnography to characterize breathing abnormalities
during sleep, we have demonstrated that sleep-disordered
breathing is associated with higher odds of metabolic
dysfunction after adjustment for several confounding covari-
ates, including age, gender, smoking status, body mass
index, waist circumference, and self-reported sleep duration.
The severity of sleep-disordered breathing, as assessed by
the RDI, was also found to be independently associated with
degree of insulin resistance. Further analyses of physiologic
indices related to sleep-disordered breathing showed that the
degree of sleep-related hypoxemia was strongly associated
with indices of glucose tolerance and insulin resistance,
whereas disruption of nocturnal sleep continuity, as assessed
by the frequency of arousals, was found to be associated only
with insulin resistance, not glucose tolerance.

The results of this study are consistent with several other
clinic-based studies on the association between sleep-disor-
dered breathing, glucose tolerance, and insulin resistance.
Earlier studies that used self-reported symptoms, such as
snoring and witnessed apneas, as markers for sleep-disor-
dered breathing showed that habitual snoring was indepen-
dently associated with glucose intolerance and elevated
fasting insulin levels (18, 19). Cross-sectional clinic-based
studies (20–30) that have used polysomnography to quantify
the severity of sleep-disordered breathing have also
supported the finding that sleep-disordered breathing is inde-
pendently associated with altered metabolic function.
However, the generalizability of these studies has been in
question because of a number of methodological limitations,
including the use of clinical populations, limited sample
sizes, lack of objective data on sleep parameters, and inade-
quate control for the confounding effects of obesity. The
present study overcomes many of these methodological limi-
tations and provides strong support for an independent cross-
sectional association between sleep-disordered breathing
and altered glucose metabolism. The unique aspects of this
study include the use of a community-based sample, a large
sample size, polysomnographic assessment of breathing
during sleep, objective measures of metabolic function, and
the inclusion of numerous confounding covariates.

Although this study adds to the evidence for an indepen-
dent association between sleep-disordered breathing and
metabolic dysfunction, currently there are no prospective
data on whether this association is causal or whether inter-
mittent hypoxemia and/or recurrent arousals are in the puta-
tive causal pathway. The data presented here indicate that
indices of sleep-related hypoxemia are related to metabolic
dysfunction. Support for the hypothesis that hypoxia may be
an etiologic factor comes from experimental data in humans
which show that exposure to high altitude (38) or hypobaric

hypoxia (39) is acutely associated with a >50 percent
decrease in insulin sensitivity. The importance of hypoxia in
the pathogenesis of metabolic dysfunction is further evident
in animal studies (40–42) that illustrate an increase in insulin
levels with exposure to hypoxic conditions. Taken together,
currently available data suggest that hypoxia has a signifi-
cant role in the development of metabolic dysfunction.
Cyclical hypoxia could lead to glucose intolerance and
insulin resistance by promoting the release of proinflamma-
tory cytokines, such as interleukin-6 and tumor necrosis
factor-α. In fact, two clinic-based studies (25, 43) have
shown that plasma levels of interleukin-6 and tumor necrosis
factor-α are higher in patients with sleep-disordered
breathing than in control subjects. Interleukin-6 is correlated
with indices of insulin resistance, and higher levels are asso-
ciated with an increased risk of type 2 diabetes mellitus (44–
46). Recent data also indicate that tumor necrosis factor-α
has a potential role in the development of insulin resistance
(47–50). Although the mechanisms through which these
cytokines potentiate metabolic dysfunction need further clar-
ification, there is increasing acceptance that glucose intoler-
ance and insulin resistance may be mediated, in part, by an
inflammatory response.

In contrast to the effects of hypoxia, there are no data on
the effects of recurrent arousals from sleep on metabolic
function. Experimentally induced partial sleep deprivation in
normal, healthy men has been shown to induce glucose intol-
erance (31). Recent data from the Nurses’ Health Study (51)
provide further support for the hypothesis that sleep loss may
lead to type 2 diabetes mellitus. Whether the secondary sleep
loss that occurs in sleep-disordered breathing because of
recurrent arousals has a similar effect on metabolic function
is not known. The results of the current study would suggest
that sleep fragmentation, as indicated by recurrent cortical
arousals measured by standard criteria, is associated with
indices of insulin resistance and might also be important in
the causal pathway to metabolic dysfunction. These data
should be interpreted with caution, however, since the
conventional definition of arousal used may not accurately
reflect aspects of arousal most relevant to metabolic func-
tion. Moreover, the known lack of reliability (52) in
measurement of cortical arousal makes arousal frequency a
weaker correlate of sleep-disordered breathing severity than
measures of hypoxemia.

There are two other pathways through which sleep-disor-
dered breathing may lead to metabolic dysfunction. First,
numerous studies have shown that patients with sleep-disor-
dered breathing exhibit elevated levels of sympathetic neural
traffic (53–56). Sympathetic hyperactivity can influence
glucose homeostasis by increasing glycogen breakdown and
gluconeogenesis. Further predisposition toward metabolic
dysfunction may also occur through effects of sleep-disor-
dered breathing on the hypothalamic-pituitary-adrenal axis.
Experimental partial or total sleep deprivation has been
shown to increase levels of plasma cortisol on the following
evening at a time when the circadian rhythm of the hypo-
thalamic-pituitary-adrenal axis is at its nadir (57). The
increase in evening cortisol can markedly elevate serum
glucose levels and insulin concentrations and increase
insulin secretion (58). Although the paradigm of sleep
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disruption in sleep-disordered breathing is different from
that of sleep loss, a study of patients with sleep-disordered
breathing has shown an increase in levels of serum cortisol
(59).

Several methodological limitations should be recognized
in interpreting these results. First, the assessment of parame-
ters of metabolic function, which were measured as part of
the parent study protocols, was not in close temporal prox-
imity to the overnight polysomnogram. To our knowledge,
no field studies have examined the link between sleep-disor-
dered breathing and metabolic dysfunction in a large
nonclinical sample. Thus, the current study provides unique
information on the potential impact of sleep-disordered
breathing on the risk of metabolic dysfunction. As expected,
sensitivity analyses confirmed that as the time window
between the metabolic assessment and the polysomnogram
decreased, the strength of the associations increased.
Second, although we avoided the potential for confounding
by race by using a sample that was predominantly White, the
generalizability of the presented results to other racial and
ethnic groups is limited. Third, the study sample was based
on independently recruited parent cohorts, and the possi-
bility of confounding by cohort effects must be considered—
including the possibility of residual confounding due to age,
given the heterogeneity of age distributions across parent
cohorts. Finally, assessment of glucose tolerance and insulin
resistance was based on measures of fasting serum glucose
or insulin level and oral glucose tolerance testing, instead of
more sensitive measures such as the intravenous glucose
tolerance test or the euglycemic insulin clamp method (60).
However, the participant burden associated with more sensi-
tive measures precludes their use in large-scale epidemio-
logic studies.

Despite these limitations, the results of this study have
significant implications given the alarming trends in obesity,
a well-established risk factor for sleep-disordered breathing.
Although obesity can have detrimental effects on metabolic
function, the results presented here indicate that sleep-disor-
dered breathing may also impair glucose homeostasis and
thus explain the excess risk of hypertension and cardiovas-
cular disease associated with sleep-disordered breathing.
Epidemiologic studies support the notion that hyperglycemia
and insulin resistance promote atherosclerosis (61) and
increase the risk of myocardial infarction (14–16), stroke
(62, 63), and peripheral vascular disease (64). Previous work
(65) from the SHHS has shown that subjects with clinically
diagnosed type 2 diabetes mellitus are more likely to mani-
fest periodic breathing during sleep, an abnormality in respi-
ratory control. Because the current study excluded subjects
with a clinical diagnosis of type 2 diabetes mellitus, the
reported associations support the potential of a bidirectional
relation between sleep-disordered breathing and metabolic
abnormalities.

In summary, the results of this study provide unique
evidence that sleep-disordered breathing is associated with
glucose intolerance and insulin resistance independently of
confounding variables, including age, gender, smoking
status, body mass index, regional adiposity, and self-
reported sleep duration. Of the pathophysiologic derange-
ments in sleep-disordered breathing, hypoxemic stress and

sleep disruption were found to be associated with impair-
ment in metabolic function. Further studies are needed to
define the mechanisms through which sleep-disordered
breathing promotes glucose intolerance and insulin resis-
tance and to determine whether sustained treatment of sleep-
disordered breathing reverses the associated metabolic
disturbance.

ACKNOWLEDGMENTS

This study was supported by the National Heart, Lung, and
Blood Institute through the following cooperative agree-
ments: UO1HL53940 (University of Washington),
UO1HL53941 (Boston University), UO1HL63463 (Case
Western Reserve University), UO1HL53937 (Johns
Hopkins University), UO1HL53938 (University of
Arizona), UO1HL53916 (University of California, Davis),
UO1HL53934 (University of Minnesota), UO1HL63429
(Missouri Breaks Research), and UO1HL53931 (New York
University). Dr. Naresh Punjabi was also supported by grant
HL075078.

This study included data on participants covered by the
Indian Health Service (US Department of Health and Human
Services). The opinions expressed in this paper are those of
the authors and do not necessarily reflect the views of the
Indian Health Service.

REFERENCES

1. Harris MI, Flegal KM, Cowie CC, et al. Prevalence of diabetes, 
impaired fasting glucose, and impaired glucose tolerance in 
U.S. adults: the Third National Health and Nutrition Examina-
tion Survey, 1988–1994. Diabetes Care 1998;21:518–24.

2. Unwin N, Shaw J, Zimmet P, et al. Impaired glucose tolerance 
and impaired fasting glycaemia: the current status on definition 
and intervention. Diabet Med 2002;19:708–23.

3. Shaw JE, Zimmet PZ, de Court, et al. Impaired fasting glucose 
or impaired glucose tolerance: what best predicts future diabe-
tes in Mauritius? Diabetes Care 1999;22:399–402.

4. Gabir MM, Hanson RL, Dabelea D, et al. The 1997 American 
Diabetes Association and 1999 World Health Organization cri-
teria for hyperglycemia in the diagnosis and prediction of dia-
betes. Diabetes Care 2000;23:1108–12.

5. Vaccaro O, Ruffa G, Imperatore G, et al. Risk of diabetes in the 
new diagnostic category of impaired fasting glucose: a prospec-
tive analysis. Diabetes Care 1999;22:1490–3.

6. Martin BC, Warram JH, Krolewski AS, et al. Role of glucose 
and insulin resistance in development of type 2 diabetes melli-
tus: results of a 25-year follow-up study. Lancet 1992;340:
925–9.

7. Bjornholt JV, Erikssen G, Aaser E, et al. Fasting blood glucose: 
an underestimated risk factor for cardiovascular death. Results 
from a 22-year follow-up of healthy nondiabetic men. Diabetes 
Care 1999;22:45–9.

8. Coutinho M, Gerstein HC, Wang Y, et al. The relationship 
between glucose and incident cardiovascular events: a meta-
regression analysis of published data from 20 studies of 95,783 
individuals followed for 12.4 years. Diabetes Care 1999;22:
233–40.

9. Glucose tolerance and mortality: comparison of WHO and 



Sleep-Disordered Breathing, Glucose, and Insulin   529

 Am J Epidemiol   2004;160:521–530

American Diabetes Association diagnostic criteria. The 
DECODE Study Group. European Diabetes Epidemiology 
Group. Diabetes Epidemiology: Collaborative Analysis of 
Diagnostic Criteria in Europe. Lancet 1999;354:617–21.

10. DECODE Study Group, the European Diabetes Epidemiology 
Group. Glucose tolerance and cardiovascular mortality: com-
parison of fasting and 2-hour diagnostic criteria. Arch Intern 
Med 2001;161:397–405.

11. Denker PS, Pollock VE. Fasting serum insulin levels in essen-
tial hypertension: a meta-analysis. Arch Intern Med 1992;152:
1649–51.

12. Ferrannini E, Natali A, Capaldo B, et al. Insulin resistance, 
hyperinsulinemia, and blood pressure: role of age and obesity. 
European Group for the Study of Insulin Resistance (EGIR). 
Hypertension 1997;30:1144–9.

13. Diabetes Prevention Program Research Group. Hypertension, 
insulin, and proinsulin in participants with impaired glucose 
tolerance. Hypertension 2002;40:679–86.

14. Folsom AR, Szklo M, Stevens J, et al. A prospective study of 
coronary heart disease in relation to fasting insulin, glucose, 
and diabetes: The Atherosclerosis Risk in Communities (ARIC) 
Study. Diabetes Care 1997;20:935–42.

15. Ruige JB, Assendelft WJ, Dekker JM, et al. Insulin and risk of 
cardiovascular disease: a meta-analysis. Circulation 1998;97:
996–1001.

16. Pyorala M, Miettinen H, Laakso M, et al. Plasma insulin and 
all-cause, cardiovascular, and noncardiovascular mortality: the 
22-year follow-up results of the Helsinki Policemen Study. 
Diabetes Care 2000;23:1097–102.

17. Punjabi NM, Ahmed MM, Polotsky VY, et al. Sleep-disordered 
breathing, glucose intolerance, and insulin resistance. Respir 
Physiol Neurobiol 2003;136:167–78.

18. Elmasry A, Janson C, Lindberg E, et al. The role of habitual 
snoring and obesity in the development of diabetes: a 10-year 
follow-up study in a male population. J Intern Med 2000;248:
13–20.

19. Al Delaimy WK, Manson JE, Willett WC, et al. Snoring as a 
risk factor for type II diabetes mellitus: a prospective study. Am 
J Epidemiol 2002;155:387–93.

20. Levinson PD, McGarvey ST, Carlisle CC, et al. Adiposity and 
cardiovascular risk factors in men with obstructive sleep apnea. 
Chest 1993;103:1336–42.

21. Tiihonen M, Partinen M, Narvanen S. The severity of obstruc-
tive sleep apnoea is associated with insulin resistance. J Sleep 
Res 1993;2:56–61.

22. Davies RJ, Turner R, Crosby J, et al. Plasma insulin and lipid 
levels in untreated obstructive sleep apnoea and snoring: their 
comparison with matched controls and response to treatment. J 
Sleep Res 1994;3:180–5.

23. Strohl KP, Novak RD, Singer W, et al. Insulin levels, blood 
pressure and sleep apnea. Sleep 1994;17:614–18.

24. Stoohs RA, Facchini F, Guilleminault C. Insulin resistance and 
sleep-disordered breathing in healthy humans. Am J Respir Crit 
Care Med 1996;154:170–4.

25. Vgontzas AN, Papanicolaou DA, Bixler EO, et al. Sleep apnea 
and daytime sleepiness and fatigue: relation to visceral obesity, 
insulin resistance, and hypercytokinemia. J Clin Endocrinol 
Metab 2000;85:1151–8.

26. Elmasry A, Lindberg E, Berne C, et al. Sleep-disordered 
breathing and glucose metabolism in hypertensive men: a 
population-based study. J Intern Med 2001;249:153–61.

27. Ip MS, Lam B, Ng MM, et al. Obstructive sleep apnea is inde-
pendently associated with insulin resistance. Am J Respir Crit 
Care Med 2002;165:670–6.

28. Manzella D, Parillo M, Razzino T, et al. Soluble leptin receptor 
and insulin resistance as determinant of sleep apnea. Int J Obes 

Relat Metab Disord 2002;26:370–5.
29. Punjabi NM, Sorkin JD, Katzel LI, et al. Sleep-disordered 

breathing and insulin resistance in middle-aged and overweight 
men. Am J Respir Crit Care Med 2002;165:677–82.

30. Meslier N, Gagnadoux F, Giraud P, et al. Impaired glucose-
insulin metabolism in males with obstructive sleep apnoea syn-
drome. Eur Respir J 2003;22:156–60.

31. Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on 
metabolic and endocrine function. Lancet 1999;354:1435–9.

32. Quan SF, Howard BV, Iber C, et al. The Sleep Heart Health 
Study: design, rationale, and methods. Sleep 1997;20:1077–85.

33. Redline S, Sanders MH, Lind BK, et al. Methods for obtaining 
and analyzing unattended polysomnography data for a multi-
center study. Sleep Heart Health Research Group. Sleep 1998;
21:759–67.

34. Expert Committee on the Diagnosis and Classification of Dia-
betes Mellitus. Report of the Expert Committee on the Diagno-
sis and Classification of Diabetes Mellitus. Diabetes Care 2000;
23(suppl 1):S4–20.

35. Matthews DR, Hosker JP, Rudenski AS, et al. Homeostasis 
model assessment: insulin resistance and beta-cell function 
from fasting plasma glucose and insulin concentrations in man. 
Diabetologia 1985;28:412–19.

36. Ancoli-Israel S, Kripke DF, Klauber MR, et al. Natural history 
of sleep disordered breathing in community dwelling elderly. 
Sleep 1993;16(suppl):S25–9.

37. Redline S, Schluchter MD, Larkin EK, et al. Predictors of lon-
gitudinal change in sleep-disordered breathing in a nonclinic 
population. Sleep 2003;26:703–9.

38. Larsen JJ, Hansen JM, Olsen NV, et al. The effect of altitude 
hypoxia on glucose homeostasis in men. J Physiol (Lond) 1997;
504:241–9.

39. Braun B, Rock PB, Zamudio S, et al. Women at altitude: short-
term exposure to hypoxia and/or alpha(1)-adrenergic blockade 
reduces insulin sensitivity. J Appl Physiol 2001;91:623–31.

40. Cheng N, Cai W, Jiang M, et al. Effect of hypoxia on blood glu-
cose, hormones, and insulin receptor functions in newborn 
calves. Pediatr Res 1997;41:852–6.

41. Raff H, Bruder ED, Jankowski BM. The effect of hypoxia on 
plasma leptin and insulin in newborn and juvenile rats. 
Endocrine 1999;11:37–9.

42. Polotsky VY, Li J, Punjabi NM, et al. Intermittent hypoxia
increases insulin resistance in genetically obese mice. J Physiol
2003;552:253–64.

43. Liu H, Liu J, Xiong S, et al. The change of interleukin-6 and 
tumor necrosis factor in patients with obstructive sleep apnea 
syndrome. J Tongji Med Univ 2000;20:200–2.

44. Fernandez-Real JM, Vayreda M, Richart C, et al. Circulating 
interleukin 6 levels, blood pressure, and insulin sensitivity in 
apparently healthy men and women. J Clin Endocrinol Metab 
2001;86:1154–9.

45. Hak AE, Pols HA, Stehouwer CD, et al. Markers of inflamma-
tion and cellular adhesion molecules in relation to insulin resis-
tance in nondiabetic elderly: The Rotterdam Study. J Clin 
Endocrinol Metab 2001;86:4398–405.

46. Pradhan AD, Manson JE, Rifai N, et al. C-reactive protein, 
interleukin 6, and risk of developing type 2 diabetes mellitus. 
JAMA 2001;286:327–34.

47. Lang CH, Dobrescu C, Bagby GJ. Tumor necrosis factor 
impairs insulin action on peripheral glucose disposal and 
hepatic glucose output. Endocrinology 1992;130:43–52.

48. Hofmann C, Lorenz K, Braithwaite SS, et al. Altered gene 
expression for tumor necrosis factor-alpha and its receptors 
during drug and dietary modulation of insulin resistance. 
Endocrinology 1994;134:264–70.

49. Uysal KT, Wiesbrock SM, Marino MW, et al. Protection from 



530   Punjabi et al.

 Am J Epidemiol   2004;160:521–530

obesity-induced insulin resistance in mice lacking TNF-alpha 
function. Nature 1997;389:610–14.

50. Ventre J, Doebber T, Wu M, et al. Targeted disruption of the 
tumor necrosis factor-alpha gene: metabolic consequences in 
obese and nonobese mice. Diabetes 1997;46:1526–31.

51. Ayas NT, White DP, Al Delaimy WK, et al. A prospective 
study of self-reported sleep duration and incident diabetes in 
women. Diabetes Care 2003;26:380–4.

52. Whitney CW, Gottlieb DJ, Redline S, et al. Reliability of scor-
ing respiratory disturbance indices and sleep staging. Sleep 
1998;21:749–57.

53. Carlson JT, Hedner J, Elam M, et al. Augmented resting sym-
pathetic activity in awake patients with obstructive sleep apnea. 
Chest 1993;103:1763–8.

54. Somers VK, Dyken ME, Clary MP, et al. Sympathetic neural 
mechanisms in obstructive sleep apnea. J Clin Invest 1995;96:
1897–904.

55. Peled N, Greenberg A, Pillar G, et al. Contributions of hypoxia 
and respiratory disturbance index to sympathetic activation and 
blood pressure in obstructive sleep apnea syndrome. Am J 
Hypertens 1998;11:1284–9.

56. Narkiewicz K, van de Borne PJ, Pesek CA, et al. Selective 
potentiation of peripheral chemoreflex sensitivity in obstructive 
sleep apnea. Circulation 1999;99:1183–9.

57. Leproult R, Copinschi G, Buxton O, et al. Sleep loss results in 
an elevation of cortisol levels the next evening. Sleep 1997;20:
865–70.

58. Plat L, Leproult R, L’Hermite-Baleriaux M, et al. Metabolic 
effects of short-term elevations of plasma cortisol are more pro-
nounced in the evening than in the morning. J Clin Endocrinol 
Metab 1999;84:3082–92.

59. Bratel T, Wennlund A, Carlstrom K. Pituitary reactivity, andro-
gens and catecholamines in obstructive sleep apnoea: effects of 
continuous positive airway pressure treatment (CPAP). Respir 
Med 1999;93:1–7.

60. Bergman RN, Finegood DT, Ader M. Assessment of insulin 
sensitivity in vivo. Endocr Rev 1985;6:45–86.

61. Beckman JA, Creager MA, Libby P. Diabetes and atherosclero-
sis: epidemiology, pathophysiology, and management. JAMA 
2002;287:2570–81.

62. Folsom AR, Rasmussen ML, Chambless LE, et al. Prospective 
associations of fasting insulin, body fat distribution, and diabe-
tes with risk of ischemic stroke. The Atherosclerosis Risk in 
Communities (ARIC) Study Investigators. Diabetes Care 1999;
22:1077–83.

63. Adachi H, Hirai Y, Tsuruta M, et al. Is insulin resistance or dia-
betes mellitus associated with stroke? An 18-year follow-up 
study. Diabetes Res Clin Pract 2001;51:215–23.

64. Schaper NC, Nabuurs-Franssen MH, et al. Peripheral vascular 
disease and type 2 diabetes mellitus. Diabetes Metab Res Rev 
2000;16(suppl 1):S11–15.

65. Resnick HE, Redline S, Shahar E, et al. Diabetes and sleep dis-
turbances: findings from the Sleep Heart Health Study. 
Diabetes Care 2003;26:702–9.


