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Numerous studies have found an association between shorter sleep duration and higher body mass index (BMI)
in adults. Most previous studies have been cross-sectional and relied on self-reported sleep duration, which may
not be very accurate. In the Coronary Artery Risk Development in Young Adults (CARDIA) Sleep Study (2000–
2006), the authors examine whether objectively measured sleep is associated with BMI and change in BMI. They
use several nights of wrist actigraphy to measure sleep among participants in an ongoing cohort of middle-aged
adults. By use of linear regression, the authors examine whether average sleep duration or fragmentation is
associated with BMI and 5-year change in BMI, adjusting for confounders. Among 612 participants, sleep duration
averaged 6.1 hours and was grouped into 4 categories. Both shorter sleep and greater fragmentation were strongly
associated with higher BMI in unadjusted cross-sectional analysis. After adjustment, BMI decreased by 0.78 kg/m2

(95% confidence interval: �1.6, �0.002) for each increasing sleep category. The association was very strong in
persons who reported snoring and weak in those who did not. There were no longitudinal associations between
sleep measurements and change in BMI. The authors confirmed a cross-sectional association between sleep
duration and BMI using objective sleep measures, but they did not find that sleep predicted change in BMI. The
mechanism underlying the cross-sectional association is not clear.

body mass index; cohort studies; sleep; snoring

Abbreviations: BMI, body mass index; CARDIA, Coronary Artery Risk Development in Young Adults; CI, confidence interval; SD,
standard deviation.

Editor’s note: An invited commentary on this article ap-
pears on page 814, and the authors’ response is published
on page 817.

Numerous studies have found a cross-sectional associa-
tion between sleep duration and body mass index (BMI) in
adults: Those reporting shorter sleep are more likely to have
higher BMI (1–3). The possibility that this is a causal asso-
ciation and that declining sleep hours could be contributing
to the obesity epidemic has heightened interest among re-
searchers and the public (4), but there are critical gaps in the

epidemiologic evidence (5). Cross-sectional studies present
ambiguous evidence concerning the causal direction. In this
case, both directions are plausible. Persons who weigh more
may sleep less, perhaps because of comorbidities or reduced
sleep quality, or persons who sleep less may gain weight,
perhaps because of increased hunger or late-night eating. A
third possibility is that the association is not causal in either
direction but due to as yet unidentified confounding. Some
studies find a U-shaped association with increased risk of
obesity for both short and long sleepers (6–8).

Several established cohorts have sleep information and
have examined this association longitudinally, with mixed
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findings (6, 9–12). Most previous studies have used a survey
question to assess sleep duration, such as ‘‘How many hours
of sleep do you usually get at night (or when you usually
sleep)?’’ (10). Relying on subjective reports is a well-
recognized limitation (3); validation studies of self-reported
habitual sleep suggest that self-reports may be inaccurate
and biased (13, 14).

In this project, we examine the cross-sectional and longi-
tudinal associations between sleep duration and BMI using
an objective measure of sleep—several nights of wrist
actigraphy—in a community-based study of adults in early
middle age.

MATERIALS AND METHODS

Study overview

This is a 5-year ancillary study nested within a larger
ongoing multicenter cohort, the Coronary Artery Risk De-
velopment in Young Adults (CARDIA) Study. When the
CARDIA Study began in 1985–1986, participants were
aged 18–30 years and balanced by sex, race (black and
white), and education (15). The sleep ancillary study includes
participants from 1 of 4 CARDIA Study sites (Chicago,
Illinois). All nonpregnant participants in the year 15 exami-
nation in Chicago (in 2000–2001) were invited to take part
in the sleep study in 2003–2004; 670 of 814 (82%) consented.
Participants and nonparticipants gave similar answers to
questions about sleep duration and trouble falling asleep in
year 15 (16).

Sleep data collection took place in 2 waves between the
year 15 and year 20 regular clinical examinations (Figure 1).
We refer to the year 15 and year 20 examinations as the
‘‘baseline’’ and ‘‘follow-up’’ examinations throughout this
paper. The follow-up examination began after final sleep
data collection in 2005. All participants gave informed writ-
ten consent; the institutional review boards of Northwestern
University and the University of Chicago approved the
study.

Body mass index measurements

Weight and height were measured during each clinical
examination.

Sleep

Participants were asked to wear a wrist activity monitor
(Actiwatch-16; Mini-Mitter, Inc., Bend, Oregon) Wednes-
day through Saturday in each wave, 6 total nights, as pre-
viously described (17). Actigraphs look like wristwatches
with blank faces; they contain highly sensitive omnidirec-
tional accelerometers that digitally count wrist movements.
For each night, participants recorded when they began try-
ing to sleep using an event marker on the actigraph (which
does not affect motion recording) and a sleep log (which
asked the exact time that they began trying to fall asleep and
when they arose in the morning). The log is a backup when
participants forgot to press the event marker. The software
examines this specified period for sleep. Each 30-second
epoch was scored as sleep based on the activity count during
the epoch and 8 adjacent epochs. This activity score is the
sum of the epoch’s own activity count plus one-fifth of the
activity count for the 4 epochs within 1 minute before and
after and one-twenty-fifth of the epoch count for the 4
epochs between 1 and 2 minutes before and after. If the total
score is below a prespecified threshold, the epoch is scored
as sleep. In this study, we used the medium threshold set by
the manufacturer (40 counts). Sleep periods are summed for
total sleep duration.

Our sleep duration variable is the average from all avail-
able nights of actigraphy, 6 for most participants. We pre-
viously found high year-to-year consistency in sleep
duration for the 2 waves (17), suggesting that our 2 time
points characterize a longer window of behavior. To exam-
ine whether there was a U-shaped association between sleep
duration and BMI, we categorize duration into 4 groups:
<4.5 hours, 4.5–<6 hours, 6–<7.5 hours, and �7.5 hours.
Because there was no evidence of a nonlinear association in
cross-sectional analysis, we model sleep as a single ordinal
variable. Analyses were repeated with sleep duration as
a continuous variable and different cutpoints; all produced
similar associations.

Sleep fragmentation is a measure of sleep quality deter-
mined from actigraphy. It is the sum of the percentage of
time spent sleeping when the subject is moving and the
percentage of immobile periods that last a minute or less.
Because there are no intuitive units for fragmentation, we
divide it by its standard deviation.

Actigraphy does not yield information about sleep-
disordered breathing or apnea; apnea is estimated to occur
in about 9% of women and 24% of men aged 40–49 years
(18). Obesity is a powerful risk factor for apnea, which is
usually marked by snoring and daytime sleepiness. We use
the Berlin questionnaire, an apnea risk instrument of high
sensitivity of 0.86 and moderate specificity of 0.77 (19). The
questionnaire defines high apnea risk as the presence of any
2 of 3 components: 1) persistent snoring symptoms, 2) per-
sistent daytime sleepiness, and 3) obesity or hypertension.
Because BMI was our outcome, we could not use an apnea
indicator that included obesity as part of its definition. In-
stead we entered the sleepiness and snoring components
separately into regression models. Persistent snoring was
defined as 2 of the following: snored 3 or more nights per
week; snoring was louder than talking or very loud; or

CARDIA

2001 2002 2003 2004 2005 2006 

Sleep measurement – Wave 2

Sleep measurement – Wave 1
Sleep Study

Baseline Examination Follow-Up Examination 

Figure 1. Timeline for the Coronary Artery Risk Development in
Young Adults (CARDIA) Sleep Study, 2000–2006.
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breathing pauses 3 or more nights per week. Persistent day-
time sleepiness was defined as 2 of the following: tired 3 or
more days per week after sleeping; tired during wake time 3
or more days per week; or fallen asleep while driving. Snor-
ing is a stronger correlate of apnea than daytime sleepiness
(20).

Covariates

The sociodemographic variables collected during each
examination included race (black or white), sex, age, and
educational attainment. We combine sex and race to form 4
race-sex groups. Education is a 5-level ordinal variable: less
than high school degree, high school degree or equivalent,
some college, college graduate, and postgraduate. We in-
clude 2 additional variables likely to influence BMI: current

smoking and a physical activity score, assessed in each
examination using the CARDIA Study Physical Activity
History (21).

Statistical analysis

Typically, projects that include cross-sectional and longi-
tudinal analyses use baseline data for the cross-sectional
association. However, the primary exposure (sleep) was
measured between the baseline and follow-up examinations.
Because sleep data were closer temporally to the follow-up,
our primary cross-sectional analysis examines the associa-
tion of sleep with BMI and covariates measured at follow-
up. We duplicate the cross-sectional analysis with baseline
BMI and covariate data. Similar sleep-BMI associations in
these 2 analyses would strongly suggest that cross-sectional

Table 1. Study Sample Characteristics for Those With Actigraphy, Complete BMI Data, and No History of Bariatric

Surgery (n ¼ 612), the CARDIA Sleep Study, 2000–2006

Total
Average Sleep Duration, hours

Ptrend
<4.5 4.5–<6 6–<7.5 ‡7.5

No. (%)

612 51 (8.3) 211 (34.5) 306 (50.0) 44 (7.2)

Mean (SD)

Age, years 45.2 (3.6) 44.5 (3.6) 45.4 (3.7) 45.2 (3.6) 45.2 (3.4) 0.66

Physical activity, exercise units 334 (264) 306 (209) 323 (277) 350 (258) 309 (300) 0.39

Physical activity 5 years prior,
exercise units

365 (296) 402 (319) 350 (309) 375 (285) 323 (282) 0.66

Sleep fragmentation, score 19.2 (8.0) 28.1 (11.6) 21.0 (7.6) 17.0 (6.2) 15.2 (5.5) <0.001

Frequencies, %

Race-sex groupsa <0.001b

White women 29.7 1.1 17.0 65.4 16.5

Black women 27.8 7.7 48.2 40.0 4.1

White men 26.8 7.3 29.9 58.5 4.3

Black men 15.7 25.0 51.0 24.0 0

Educationa <0.001b

Less than high school 5.1 16.1 61.3 19.4 3.2

High school 16.5 13.9 34.7 44.6 6.9

Some college 25.7 12.7 41.4 27.6 8.3

College degree 24.5 4.0 28.0 60.0 8.7

Postgraduate 28.3 3.5 28.9 61.9 5.8

Smoking groups

Smoker 16.3 15.0 44.0 30.0 11.0 <0.001

Smoker 5 years prior 19.8 16.5 41.3 35.5 6.6 0.01

Apnea symptoms

Snoring 12.9 13.9 31.7 48.1 6.3 0.24

Tiredness 31.7 9.3 34.0 48.5 8.3 0.93

Abbreviations: BMI, body mass index; CARDIA, Coronary Artery Risk Development in Young Adults; SD, standard

deviation.
a Column 1 displays the frequency distribution across race-sex and education groups, and columns 2–5 display

sleep distribution for race-sex or education group.
b P values for race-sex groups and education are not trend tests but global tests of association.
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results would be similar had sleep data been collected at
baseline.

We estimate the unadjusted cross-sectional association
between sleep duration and BMI using linear regression.
We then add covariates: age, race-sex group, education,
smoking, physical activity score, tiredness, and snoring. Us-
ing interaction terms, we test whether the sleep-BMI asso-
ciation varies by race-sex group or by snoring. To fully
exploit the repeated measures structure of the BMI data,
a longitudinal model is then fitted by adding baseline
BMI, smoking, and physical activity to the cross-sectional
model. (Note that modeling follow-up BMI and including

baseline BMI as a covariate are exactly the same as model-
ing 5-year change in BMI, adjusting for baseline BMI.)

We repeat these models with sleep fragmentation instead
of sleep duration. Because there is a strong, highly signifi-
cant inverse correlation between fragmentation and duration
(q ¼ �0.43; P < 0.001), we do not include both in the
same model.

Robust standard errors are used to calculate confidence
intervals and significance tests allowing for heteroskadastic-
ity in BMI. Analyses were carried out using Stata, version
10.0, software (StataCorp LP, College Station, Texas).

RESULTS

Of 670 sleep study participants, 667 had usable actigra-
phy data. Forty-eight did not participate in the follow-up
examination, and 7 reported bariatric surgery, leaving a final
sample of 612. There was no difference in the sleep duration
distribution across 4 sleep categories between the excluded
55 participants and the 612 included. Thirty-six provided
only 1 wave of sleep data.

The average measured sleep duration was 6.1 (standard
deviation (SD), 1.05) hours. Table 1 presents descriptive
characteristics by sleep duration. Race-sex, education, and
smoking all had significant trends across sleep categories.
Only 2 white women were in the shortest sleep category, and
no black men were in the longest. Shorter sleep was more
common in lower educational categories. Shorter sleepers
were more likely to report snoring but not more likely to be
tired. The average fragmentation score was 19.2 (SD, 8.0),
and there was a highly significant inverse trend by sleep
duration.

Figure 2 shows the unadjusted cross-sectional association
between sleep duration and BMI. There appears to be
a monotonic trend for the whole sample, but the trend is
not apparent within all the race-sex subgroups. Figure 3
shows the unadjusted association between sleep categories
and 5-year change in BMI. The average weight gain was 4.5
(SD, 17.4) kg. Change in BMI does not appear to vary across
sleep categories.

The unadjusted cross-sectional association between sleep
and BMI is highly significant,�1.61 kg/m2 per sleep category,
with lower BMI in the longer sleep categories (Table 2). Ad-
justment for covariates attenuates the effect to �0.78 kg/m2

per sleep category, which is marginally significant. The con-
founding is primarily due to education and race (data not
shown). All of the covariates except age (which varies little)
are significantly associated with BMI. Repeating the adjusted
cross-sectional model with baseline BMI and covariates
yields a similar association: �0.81 kg/m2 per sleep level
(95% confidence interval (CI): �1.58, �0.05; P ¼ 0.04)
(results not shown).

The association between sleep duration and BMI does
not vary significantly by race-sex groups (F ¼ 1.13 on 3
df; P ¼ 0.34). However, it is significantly different for
those who do versus those who do not report snoring (term,
Pinteraction ¼ 0.04), with a much stronger association
among those who report snoring. In adjusted models strat-
ified by snoring, there is little association between sleep

Figure 3. Distribution of 5-year change in BMI by average actigraph-
measured sleep duration, the CARDIA Sleep Study, 2000–2006. The
gray boxes show the 25th, 50th, and 75th percentiles, and the tails
show the largest and smallest values, excluding outliers. White
women in the shortest sleep category (n ¼ 2) and black men in the
longest sleep category (n ¼ 0) are not represented. BMI, body mass
index; CARDIA, Coronary Artery Risk Development in Young Adults.

Figure 2. BMI distribution by average actigraph-measured sleep
duration, the CARDIA Sleep Study, 2000–2006. The gray boxes show
the 25th, 50th, and 75th percentiles, and the tails show the largest and
smallest values, excluding outliers. White women in the shortest sleep
category (n ¼ 2) and black men in the longest sleep category (n ¼ 0)
are not represented. BMI, body mass index; CARDIA, Coronary
Artery Risk Development in Young Adults.
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duration and BMI for those who do not report snoring (per
sleep level: 0.35 kg/m2, 95% CI: �0.44, 1.15; P ¼ 0.39),
but there is a strong association for those who report snor-
ing (per sleep level: 3.66 kg/m2, 95% CI: 1.01, 6.31;
P ¼ 0.01).

In the longitudinal model (Table 2), there is no evidence
of an association between sleep and change in BMI in either
unadjusted or adjusted models; the sleep coefficient is close
to zero. Other variables do predict BMI change. Baseline
BMI is highly predictive of follow-up BMI: Each additional
BMI unit 5 years prior is associated with exactly 1 unit
higher BMI after adjusting for other factors. Persons with
less education and persons who report snoring gained more
weight. Persons who began smoking after baseline gained
less weight. The association between sleep and change
in BMI did not vary by race-sex group (F ¼ 1.06 on 3 df;
P ¼ 0.36) or by snoring (P ¼ 0.22).

Fragmentation is strongly associated with BMI in cross-
sectional analyses; there is weak evidence of a longitudinal
effect (Table 3).

DISCUSSION

Using actigraphy, an objective sleep measurement, we
confirmed the cross-sectional association between shorter
sleep duration and higher BMI that has been reported in
previous studies relying on self-reported sleep duration.
However, we find no evidence that sleep duration influences
weight change over 5 years. Our findings advance the evi-
dence about sleep and weight in several additional ways:
1) Markers of socioeconomic status (race and education)
strongly confound the cross-sectional association. 2) Sleep
fragmentation, an index of restlessness, is also associated

Table 2. Cross-sectional Linear Multiple Regression Model of BMI (kg/m2) Regressed on Actigraph Sleep

Categories (4-Level Ordinal Variable) and Longitudinal Regression Model of BMI Regressed on Actigraph Sleep

Categories and BMI 5 Years Prior, the CARDIA Sleep Study, 2000–2006

Model 1—Cross-sectional Model 2—Longitudinal

Coefficient
of BMI
(kg/m2)

95%
Confidence
Interval

P Value
Coefficient

of BMI
(kg/m2)

95%
Confidence
Interval

P Value

Unadjusted

Sleep (per level) �1.61 �2.37, �0.86 <0.001 �0.02 �0.30, 0.25 0.86

BMI 5 years prior, kg/m2 1.01 0.96, 1.05 <0.001

Adjusteda

Sleep (per level) �0.78 �1.55, �0.002 0.05 0.02 �0.27, 0.30 0.91

Age (per year) 0.01 �0.14, 0.16 0.92 �0.01 �0.06, 0.05 0.82

Race-sex groups

White women Referent Referent

White men 1.80 0.70, 2.91 0.001 �0.30 �0.72, 0.13 0.17

Black women 4.06 2.38, 5.74 <0.001 �0.21 �0.78, 0.37 0.48

Black men 1.16 �0.64, 2.95 0.21 �0.50 �1.15, 0.16 0.14

Education (per level) �0.97 �1.51, �0.43 <0.001 �0.29 �0.48, �0.10 0.003

Smoking groups

Nonsmoker Referent Referent

Smoker �1.64 �3.11, �0.17 0.029 �0.13 �0.74, 0.49 0.69

Former smokerb 0.44 �0.30, 1.17 0.24

New smokerb �3.10 �5.86, �0.33 0.03

Physical activity, exercise units

Current (per 100 units) �0.30 �0.49, �0.11 0.002 �0.05 �0.14, 0.04 0.25

5 years prior (per 100 units) 0.03 �0.05, 0.12 0.43

Apnea risk

Snoring 3.70 1.93, 5.45 <0.001 0.78 0.13, 1.43 0.02

Tiredness 0.70 �0.47, 1.87 0.24 �0.17 �0.58, 0.23 0.40

BMI 5 years prior, kg/m2 1.00 0.95, 1.04 <0.001

Abbreviations: BMI, body mass index; CARDIA, Coronary Artery Risk Development in Young Adults.
a Includes all listed covariates.
b Changed smoking status between baseline and follow-up.
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with BMI in the cross-sectional analysis. Few prior studies
have considered measures of sleep quality. Because frag-
mentation and duration, both estimated from actigraphy,
are strongly inversely correlated, their effects cannot be
untangled. 3) Snoring is an effect modifier of the cross-
sectional association. The sleep duration-BMI association
observed across the entire sample is mostly due to the strong
association among the subset who report snoring.

Despite substantial evidence of a cross-sectional correla-
tion between BMI and sleep duration, such data do not prove
causality. Far fewer studies have investigated the prospec-
tive association, which would provide more compelling ev-
idence. The paucity of studies is primarily because so few
cohorts have sleep information. In the First National Health
and Nutrition Examination Survey (NHANES I), there was
a cross-sectional association, but only among those aged
32–49 years (10). Sleep duration did not significantly pre-
dict change in BMI over 8–10 years (n ¼ 3,208). The effect

was in the hypothesized direction but was not adjusted for
baseline BMI. In the Nurses’ Health Study, women aged 39–
65 years (n ¼ 68,183) were followed up to 16 years or to the
age of 65 years (8). After adjustment for baseline BMI and
confounders, self-reported sleep durations of less than 7
hours were significantly associated with slightly greater
weight gain: Those reporting �5 hours and 6 hours gained,
on average, 0.73 kg and 0.26 kg more than those reporting
7 hours. Although all participants were registered nurses,
there may have been residual socioeconomic confounding,
because education and household income do vary among
nurses (22). In the Whitehall II cohort of British civil ser-
vants aged 35–55 years at baseline (n ¼ 4,378), there was
a significant cross-sectional association but no longitudinal
association for changes in BMI, waist circumference, or
incident obesity (12), similar to results from our study.
These studies did not examine effect modification by snor-
ing or apnea.

Table 3. Cross-sectional Linear Multiple Regression Model of BMI (kg/m2) Regressed on Actigraph Sleep

Fragmentation (per Standard Deviation) and Longitudinal Regression Model of BMI Regressed on Actigraph Sleep

Fragmentation and BMI 5 Years Prior, the CARDIA Sleep Study, 2000–2006

Model 1—Cross-sectional Model 2—Longitudinal

Coefficient
of BMI
(kg/m2)

95%
Confidence
Interval

P Value
Coefficient

of BMI
(kg/m2)

95%
Confidence
Interval

P Value

Unadjusted

Fragmentation, score (per SD) 1.20 0.53, 1.88 <0.001 0.17 �0.03, 0.38 0.09

BMI 5 years prior, kg/m2 1.00 0.96, 1.04 <0.001

Adjusteda

Fragmentation, score (per SD) 0.58 �0.03, 1.19 0.06 0.12 �0.08, 0.31 0.25

Age (per year) 0.02 �0.13, 0.17 0.82 �0.005 �0.06, 0.05 0.84

Race-sex groups

White women Referent Referent

White men 1.86 0.74, 2.97 0.001 �0.35 �0.78, 0.08 0.11

Black women 4.35 2.66, 6.04 <0.001 �0.24 �0.83, 0.35 0.43

Black men 1.50 �0.24, 3.23 0.09 �0.59 �1.21, 0.4 0.07

Education (per level) �0.91 �1.45, �0.37 0.001 �0.27 �0.46, �0.09 0.004

Smoking

Nonsmoker Referent Referent

Smoker �1.76 �3.23, �0.30 0.018 �0.17 �0.78, 0.43 0.57

Former smokerb 0.36 �0.36, 1.09 0.33

New smokerb �3.10 �5.87, �0.34 0.03

Physical activity, exercise units

Current (per 100 units) �0.29 �0.48, �0.10 0.003 �0.05 �0.14, 0.04 0.28

5 years prior (per 100 units) 0.03 �0.05, 0.12 0.42

Apnea risk

Snoring 3.53 1.80, 5.27 <0.001 0.76 0.12, 1.40 0.02

Tiredness 0.73 �0.43, 1.90 0.22 �0.17 �0.58, 0.23 0.40

BMI 5 years prior, kg/m2 1.00 0.95, 1.04 <0.001

Abbreviations: BMI, body mass index; CARDIA, Coronary Artery Risk Development in Young Adults; SD, standard

deviation.
a Includes all listed covariates.
b Changed smoking status between baseline and follow-up.

810 Lauderdale et al.

Am J Epidemiol 2009;170:805–813

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/170/7/805/93067 by guest on 24 April 2024



Two smaller studies with self-reported sleep hours were
longitudinal. In a study of 496 adults oversampling persons
with psychological problems, information on sleep hours,
height, and weight was collected at ages 27, 29, 34, and 40
years (11). The primary analysis focused on testing a durable
cross-sectional association rather than a longitudinal trajec-
tory: Sleep duration was associated with concurrent, previ-
ous, and later obesity. The data do not clarify the causal
direction: The odds ratios between sleep duration and pre-
vious obesity are slightly higher than those with later obe-
sity. In a study of 276 adults aged 21–64 years, from
families oversampled for obesity, short sleepers (5–6 hours,
15% of the sample) and long sleepers (9–10 hours, 13% of
the sample) gained more weight over 6 years than did aver-
age sleepers (6). In an adjusted model, the greater weight
gain was 1.8 kg for short sleepers and 1.5 kg for long
sleepers relative to average sleepers.

One prior study among adults examined the cross-
sectional association with actigraphy among 983 persons
aged 57–97 years in the Netherlands (8). In contrast to our
younger US sample, 28% of the Dutch population had 8
hours or more of actigraph-estimated sleep. Duration and
fragmentation were estimated with an average of 6 nights of
actigraphy. There was a quadratic association between sleep
duration and BMI, but the higher BMI at the low end
of sleep duration was not significant when adjusted for
fragmentation.

Interest in sleep duration and BMI has been heightened
by the discovery of a potential biologic mechanism—
sensitivity of the appetite-regulating hormones leptin and
ghrelin to sleep duration. Laboratory studies find that re-
stricting sleep to 4 hours suppresses leptin and increases
ghrelin; it also increases perceptions of hunger (23, 24).
The Wisconsin Sleep Cohort Study also found that ghrelin
levels were responsive to a single night in a sleep laboratory,
while leptin levels correlated with self-reported habitual
sleep (7). However, in the Rancho Bernardo cohort, leptin
and ghrelin levels did not predict weight change (25). In an
exercise intervention for overweight women, there was no
baseline association between self-reported sleep and ghrelin
or leptin. Those who reported improved sleep quality actu-
ally had relatively higher ghrelin and lower leptin levels
(26). If leptin and ghrelin explain the effect of sleep on
BMI, increased caloric consumption should be on the causal
pathway. Sleep studies that have included questions about
diet (or physical activity) have not found this (2, 9, 11);
however, diet and physical activity are difficult to measure.

The opposite causal direction is also plausible, that obe-
sity reduces sleep duration or quality. Obesity is the major
risk factor for apnea, which interrupts sleep with arousals
prompted by oxygen desaturation (27). However, obese per-
sons without apnea also have disturbed sleep and report
greater daytime sleepiness (28). Poor sleep quality tends
to cause persons to report shorter sleep than persons with
better sleep quality who have the same amount of measured
sleep (14, 29), presumably because their sleepiness influen-
ces their estimate of sleep duration. The 2 causal directions
are not necessarily mutually exclusive.

While our objective sleep measurement is an improve-
ment on most prior studies, there is no measurement method

that is both perfectly accurate and nondisruptive. The ‘‘gold
standard’’ is polysomnography, but it requires a technician
and multiple sensors, both of which may affect routine be-
havior. Actigraphy’s advantage is low respondent burden
that does not alter sleep behavior, as there is no ‘‘first night
effect’’ (30–33). Many prior studies have compared actig-
raphy with concurrent polysomnography in a sleep labora-
tory. In a comprehensive review, correlations for sleep
duration were over 0.9 in healthy adults (30). Some of the
discrepancy is because the 2 methods key into different
points in the sleep onset process. Nor is polysomnography
perfectly reliable, particularly for identifying shallow stage
1 sleep (34). Almost all previous epidemiologic studies have
relied on self-reported habitual sleep, which does not corre-
late highly with either polysomnography or actigraphy. In
the Sleep Heart Health Study, the correlation between a sin-
gle night of home polysomnography and previously re-
ported habitual sleep was only 0.18 (13). In the CARDIA
Sleep Study, we used a measurement-error model to evalu-
ate the correlation between self-reported habitual sleep and
3 nights of actigraphy and found a correlation of 0.47 (14).
We also found that obese persons systematically reported
less sleep than the nonobese at the same level of measured
sleep.

There were challenges in actigraphy data collection. Most
participants forgot to press the event marker at least once,
but almost all provided backup data in their sleep log. When
both were missing (fewer than 5% of bedtimes or wake-
times), we used a discernible decline or increase in activity
to mark the beginning or end of the period scanned for sleep.
A few ‘‘actiwatches’’ were not mailed back (even after re-
minders); this occurred more often in the second wave, per-
haps because the personal sleep report was less of an
inducement the second time. Some participants did not wear
the actiwatch the exact days requested. We included 2 week-
nights and 1 weekend night in each wave, but we did not
know participants’ actual work schedules. We designed our
study with 2 waves of data collection, allowing us to de-
termine that day-to-day variability was high but year-to-year
variability was low. Based on this data collection experi-
ence, we would collect a single 7-day period in future
studies.

Another limitation is our reliance on self-reported snoring
in lieu of a clinical apnea diagnosis. Snoring is a highly
sensitive, but not very specific, marker of obstructive sleep
apnea, resulting in moderate positive predictive value (35).
Some persons are unaware that they snore. It is unclear
whether the snoring effect modification would be stronger
or weaker if we knew apnea status. We are unaware of pre-
vious studies that have found that snoring predicts weight
gain, although snoring ascertained at the end of the study
period was associated with greater weight gain over 10 years
in the Nurses’ Health Study (36). This association needs
confirmation in longitudinal studies with snoring ascer-
tained at baseline.

Our measurement of sleep after baseline is another lim-
itation. However, the cross-sectional associations were very
similar whether we used follow-up or baseline BMI, sug-
gesting that baseline sleep measurement would have yielded
similar cross-sectional and longitudinal estimates. In
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separate analyses, our sleep duration measurement has pre-
dicted other longitudinal clinical outcomes (e.g., incident
coronary artery calcification) (37). The lack of a longitudinal
sleep effect on BMI does not seem to be due to a lack of
power to detect any significant predictors of weight change,
since other variables are associated with weight change.

Prior evidence that shorter sleep leads to weight gain
among adults has not been consistent. Differences in the
ages of study populations may contribute to apparent het-
erogeneity, as may variations across populations in the ac-
curacy of self-reported sleep. Future studies are needed to
confirm our finding that the cross-sectional association be-
tween sleep duration and BMI is due to the powerful asso-
ciation among the subset who snore. The mechanism
underlying the cross-sectional association is not clear; this
study does not provide evidence that persons who sleep less
are more likely to gain weight.
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