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Rapid Eye Movement Sleep in Relation
to Overweight in Children and Adolescents
Xianchen Liu, MD, PhD; Erika E. Forbes, PhD; Neal D. Ryan, MD; Dana Rofey, PhD;
Tamara S. Hannon, MD; Ronald E. Dahl, MD

Context: Short sleep duration is associated with obe-
sity, but few studies have examined the relationship be-
tween obesity and specific physiological stages of sleep.

Objective: To examine specific sleep stages, including
rapid eye movement (REM) sleep and stages 1 through
4 of non-REM sleep, in relation to overweight in chil-
dren and adolescents.

Design, Setting, and Participants: A total of 335
children and adolescents (55.2% male; aged 7-17 years)
underwent 3 consecutive nights of standard polysom-
nography and weight and height assessments as part of
a study on the development of internalizing disorders (de-
pression and anxiety).

Main Outcome Measures: Body mass index (calcu-
lated as weight in kilograms divided by height in meters
squared) z score and weight status (normal, at risk for
overweight, overweight) according to the body mass in-
dex percentile for age and sex.

Results: The body mass index z score was significantly
related to total sleep time (�=−0.174), sleep efficiency
(�=−0.027), and REM density (�=−0.256). Compared

with normal-weight children, overweight children slept
about 22 minutes less and had lower sleep efficiency,
shorter REM sleep, lower REM activity and density, and
longer latency to the first REM period. After adjustment
for demographics, pubertal status, and psychiatric diag-
nosis, 1 hour less of total sleep was associated with ap-
proximately 2-fold increased odds of overweight (odds
ratio=1.85), 1 hour less of REM sleep was associated with
about 3-fold increased odds (odds ratio=2.91), and REM
density and activity below the median increased the odds
of overweight by 2-fold (odds ratio=2.18) and 3-fold (odds
ratio=3.32), respectively.

Conclusions: Our results confirm previous epidemio-
logical observations that short sleep time is associated with
overweight in children and adolescents. A core aspect of
the association between short sleep duration and over-
weight may be attributed to reduced REM sleep. Fur-
ther studies are needed to investigate possible mecha-
nisms underpinning the association between diminished
REM sleep and endocrine and metabolic changes that may
contribute to obesity.
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C HILDHOOD OBESITY HAS BE-
come a major public health
concern. During the past 3
decades, the childhood
obesity rate has more than

tripled for children aged 6 to 11 years1,2; cur-
rently, approximately 17% of US adoles-
cents are overweight or obese as defined by
having a body mass index (BMI) (calcu-
lated as weight in kilograms divided by
height in meters squared) greater than or
equal to the 95th percentile for age and sex.3

Obesity is associated with various short-
term and long-term psychosocial, behav-
ioral, and physical health problems.4-6 Mul-
tiple psychosocial, lifestyle, nutritional, and
familial or genetic factors are associated with
childhood obesity.7,8

Obesity results from impaired balance
between energy intake (food calories) and
expenditure (physical activity), but little

is known about what factors alter the bal-
ance.9 Recent epidemiological and labo-
ratory studies suggest that shortened sleep
duration may be one of the risk factors that
alters the energy balance in ways that are
contributing to the obesity pandemic in
modern society.9-11

A number of cross-sectional epidemio-
logical studies have demonstrated a link
between short self-reported sleep dura-
tion and obesity in adults and chil-
dren.9,10 It has been shown that adults who
report sleeping on average less than 5
hours per night tend to have elevated
BMIs.12 A dose-response relationship be-
tween short sleeping hours and obesity has
been observed in a large sample of Japa-
nese children (n=8274).13 Several longi-
tudinal studies have identified short sleep
duration or inadequate sleep as a risk fac-
tor for weight gain or obesity in the fu-
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ture.6,12,14-16 Interestingly, a longitudinal study of UK chil-
dren has shown that short sleep duration at an early age
of 30 months predicts obesity at age 7 years.6 Using ob-
jective sleep measures, several studies have confirmed the
short sleep–obesity association. For example, Gupta et
al17 used 24-hour wrist actigraphy to assess sleep in 383
adolescents and found that 1 hour of sleep loss in-
creased the odds of obesity by 80%. In one comparative
study of 60 overweight adolescents and 20 control sub-
jects, Beebe et al18 reported that obese participants as com-
pared with control subjects slept shorter (469 minutes
vs 507 minutes, respectively) and had lower sleep effi-
ciency (80% vs 87%, respectively) as assessed by 5-night
actigraphy. However, total sleep duration and percent-
age of stages 1, 2, 3, 4, and rapid eye movement (REM)
sleep as assessed by 1 overnight polysomnography (PSG)
sleep in the laboratory did not significantly differ be-
tween the 2 groups.

Sleep loss has been hypothesized to contribute to over-
weight and obesity through endocrine changes, such as
decreased levels of leptin (an adipocyte-derived hor-
mone that suppresses appetite), increased levels of ghrel-
in (a stomach-derived peptide that stimulates appetite),
and compromised insulin sensitivity.14,19-21 Importantly, one
experimental study22 reported that sleep restriction in
healthy young men is associated with decreased leptin lev-
els, elevated ghrelin levels, and increased hunger and ap-
petite. These findings have been confirmed by a large popu-
lation-based study21 (Wisconsin Sleep Cohort Study) that
shows a significant association of sleep duration with lep-
tin and ghrelin levels, independent of age, sex, sleep-
disordered breathing, and self-reported exercise.

The combination of growing epidemiological and labo-
ratory studies points to a conclusion that there is a po-
tential causal relationship between short sleep duration
and obesity mediated by endocrine and metabolic changes.
However, many questions remain to be answered.21 One
of the questions is whether there is a significant interac-
tion effect between sleep and obesity pertaining to spe-
cific sleep stage(s). During the course of a night, a per-
son’s sleep is divided into non-REM (NREM) sleep and
REM sleep. The NREM sleep is further divided into 4
stages. However, it is unknown what sleep stage loss
uniquely contributes to overweight and whether the as-
sociation between short sleep time and overweight dif-
fers across sleep stages.

Human studies have shown that the sleeping meta-
bolic rate is higher in REM sleep and electrophysiologi-
cal alterations are sleep stage dependent.23,24 Specifi-
cally, glucose utilization during REM sleep is higher than
during NREM sleep.25,26 In addition, brain glucose meta-
bolic changes during sleep occur independent of slow-
wave sleep stages but brain metabolism increases dur-
ing REM sleep.26 Research has also shown that children
with short sleep duration (�6 hours) spend proportion-
ally less time in REM sleep.27 Thus, it is possible to specu-
late that the association between short sleep duration and
obesity may also be sleep stage dependent. Specifically,
REM-related sleep may be associated with obesity.

The goal of the current study was to examine whether
the association between short sleep duration and BMI or
overweight differs across sleep stages with a large clini-

cal sample of children and adolescents who underwent
3 consecutive nights of standard polysomnography and
weight and height assessments. Based on previous stud-
ies,23,25-27 we hypothesized that REM sleep time and ac-
tivity are negatively related to BMI and that overweight
children are more likely to have reduced REM sleep than
normal-weight peers.

METHODS

PARTICIPANTS

Participants were children and adolescents in an ongoing mul-
tidisciplinary study of neurobehavioral characteristics of pe-
diatric affective disorders from January 1987.28-30 A total of 339
children and adolescents had undergone PSG sleep assess-
ment, and their sleep PSG had been scored by June 2006. Four
children having no height and weight measurements were ex-
cluded, leaving 335 participants (98.8%) in the current re-
port. Of the 335 participants, 166 had internalizing disorders
(ie, major depressive disorder and anxiety disorders), 86 were
at high risk for but had no history of mood disorder based on
high family loading for major depressive disorder (�1 first-
degree and 1 second-degree relative with a history of major de-
pressive disorder), and 83 were healthy, low-risk participants
(absence of lifetime affective disorder in first-degree relatives
and lifetime major depressive disorder in�20% of second-
degree relatives) with no history of psychiatric disorder. In this
article, high- and low-risk participants were called nonpsychi-
atric control subjects as appropriate. Participants in the inter-
nalizing group were recruited from the Child and Adolescent
Depression Program at Western Psychiatric Institute and Clinic,
Pittsburgh, Pennsylvania, and from radio and newspaper ad-
vertisements. Nonpsychiatric control subjects were recruited
from advertisements.

Diagnoses were determined through administration of the
Schedule for Affective Disorders and Schizophrenia for School-
Age Children–Present and Lifetime version.31 Each participant and
a parent (or guardian) were interviewed separately by a bachelor’s-
level research specialist trained according to local diagnostic re-
liability standards. Reliability for depressive and anxiety diag-
noses was greater than 90% and was maintained through monthly
department-wide diagnostic reviews. A child psychiatrist re-
viewed all of the data with the research specialist and provided
the final best-estimate diagnoses. Participants in the internaliz-
ing groups were in a current episode. First- and second-degree
relatives were interviewed using the Schedule for Affective Dis-
orders and Schizophrenia (for adults) and the Schedule for Af-
fective Disorders and Schizophrenia for School-Age Children–
Epidemiologic version (for child siblings).32

Participants were medication free at the time of the study,
with no use of medication affecting the central nervous sys-
tem or hypothalamic-pituitary effects within the past 2 weeks;
there was no use of fluoxetine hydrochloride within the past
month. Other exclusionary criteria included the following: sig-
nificant medical illness; extreme obesity (weight�150% of ideal
body weight); obstructive sleep apnea; IQ lower than 70; eat-
ing disorder, developmental disorder, or schizophrenia; pho-
bia of intravenous needles; learning disabilities; and use of nico-
tine, drugs, or alcohol.

Pubertal development was determined through physical ex-
amination by a trained physician or nurse practitioner using 5
stages of breast, genital, and pubic hair development as de-
scribed by Marshall and Tanner.33 Agreement for Tanner stage
classification has been 90% or higher. Participants were cat-
egorized as prepubertal or early pubertal if they were below Tan-
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ner stage 3 and as midpubertal or late pubertal if they were at
Tanner stage 3 or higher.

PROCEDURE

The study protocol was approved by the University of Pitts-
burgh Institutional Review Board. Participants’ parents or guard-
ians were told about the procedures of the study and signed an
informed consent form; participants aged 14 to 16 years pro-
vided consent; and participants younger than 14 years pro-
vided verbal assent. Participants were admitted to the Child and
Adolescent Sleep and Neurobehavioral Laboratory at Western
Psychiatric Institute and Clinic for a neurobiological assess-
ment that included 3 consecutive nights of standard PSG.

During the week before the PSG sleep assessment, all of the
participants maintained their usual sleep/wake schedules, were
not permitted to nap during the day, and were instructed to ab-
stain from caffeine, nicotine, and any medications; those partici-
pants who were enrolled in the program project after August 1991
were asked to keep detailed sleep logs in their home environ-
ment. While in the sleep laboratory, participants maintained their
usual bedtime and wake time and were not allowed to nap.

Of the 335 participants who had both PSG sleep assess-
ments and weight and height measurements, 181 had com-
plete sleep logs. Habitual sleep duration was estimated by av-
eraging sleep times (ie, the period from sleep onset to the final
awakening minus the time spent awake during the sleep pe-
riod) recorded in the sleep logs.

POLYSOMNOGRAPHY

Sleep data were analyzed from the second night of sleep
(night 1 was considered an adaptation night, and the protocol
for night 3 included sleep-disrupting procedures).28 Sleep
scoring was conducted in 30-second epochs using standard
criteria.34 Scorers were blinded to diagnosis and achieved ad-
equate interrater reliability. The following variables were
computed: total sleep time, sleep latency, wake after sleep on-
set, sleep efficiency, total REM time, REM latency, REM activ-
ity, REM density, time in sleep stages 1 through 4, and total
delta sleep (sum of time in stages 3 and 4). Sleep onset was de-
fined as the first of 10 consecutive minutes of stage 2 or
deeper sleep. The total sleep time was computed within the
total sleep period. Wake after sleep onset was computed as
wakefulness after sleep onset and before the waking time in
the morning. Sleep efficiency was the total sleep time divided
by the time from lights out until arising in the morning. The
sleep latency was computed as the difference between bed-
time and sleep onset. The total REM time was computed as
the time in REM sleep. The REM latency was computed as the
time from sleep onset to the first epoch of the first REM period
lasting at least 3 minutes. The REM activity was estimated as
the total units of REM during sleep. The REM density was de-
fined as the average semiquantitative estimate of eye move-
ments per minute of REM sleep.

BODY MASS INDEX

Weight and height were recorded to the nearest 0.1 kg and 0.5
cm, respectively, by trained and reliable research associates. Par-
ticipants were asked to remove socks, shoes, and heavy gar-
ments and to remove or push aside any barrettes, braids, or hair-
styles that might interfere with the height measurement. Height
was obtained with a standard stadiometer (Accustat Stadiom-
eter; Genentech, Inc, South San Francisco, California). The
child’s feet were placed flat on the floor and either the knees
or feet were together in the center of the measuring board. The

horizontal headpiece was brought into contact with the most
superior part of the child’s head. Weight was measured with a
Detecto balance scale (Detecto Scales Inc, Brooklyn, New York)
that has a capacity of 140 kg and was calibrated once per month.
The child was asked to stand on the center of the scale plat-
form with arms at the side. Scale weights were pushed across
the beam until the beam was balanced.

STATISTICAL ANALYSIS

Using the Centers for Disease Control and Prevention SAS ver-
sion 9.1 statistical software program (SAS Institute Inc, Cary,
North Carolina), the BMI z score and percentile by the Cen-
ters for Disease Control and Prevention growth charts for age
and sex were computed for each child. The BMI z score re-
flects each child’s BMI relative to children of the same age and
sex, thus allowing for comparison of children of different ages
and sexes. According to the Centers for Disease Control and
Prevention criteria, participants were then divided into 3 groups:
normal weight (BMI z score�85th percentile), at risk for over-
weight (BMI z score of 85th to�95th percentile), and over-
weight (BMI z score�95th percentile).6

Covariates in the current study were age, sex, ethnicity
(white, black, or other), family socioeconomic status as as-
sessed by the Hollingshead Four-Factor Index of Social Sta-
tus, diagnosis (internalizing disorder, high-risk normal, or low-
risk normal), and pubertal status (Tanner stage�3 or�3). These
variables were considered as covariates because they are asso-
ciated with sleep, obesity, or both in the literature.7,8,35-38

General linear models were used to examine the linear re-
lationship between each sleep variable and BMI z score. Analy-
sis of variance and analysis of covariance were then performed
to examine whether there were group differences in sleep vari-
ables across weight status (ie, normal weight, at risk for over-
weight, and overweight) with and without adjustment for co-
variates. Post hoc tests were computed using 1-way analyses
of variance with the least significant difference method.

Logistic regression analyses were performed to examine
the association between each sleep variable and overweight.
Multiple logistic regression analysis was then performed, with
overweight vs not overweight as the dependent variable and
PSG stage 1, stage 2, delta, and REM sleep as independent
variables to determine which sleep stages were independently
associated with overweight after adjustment for covariates. In
logistic regression on the basis of medians, REM activity and
density were dichotomized for explicit interpretation of the
results.

All of the analyses were performed for the entire sample and
separately for children with and without internalizing disor-
ders to examine the interaction of sleep parameters by diagno-
sis. All of the statistical tests were 2-tailed. We used SPSS ver-
sion 15.0 statistical software (SPSS Inc, Chicago, Illinois) for
all of the statistical analyses.

RESULTS

DEMOGRAPHIC AND
SLEEP CHARACTERISTICS

Of 335 participants who had both PSG sleep assess-
ments and BMI measurements, the mean (SD) age was
10.84 (2.28) years (range, 7.0-17.0) years, 185 (55.2%)
were boys, 49 (14.6%) were at risk for overweight, and
45 (13.4%) were overweight. As shown in Table 1, there
were no significant differences in age, sex, family socio-
economic status, and pubertal status across weight sta-
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tus. However, overweight children were more likely than
children at normal weight or at risk for overweight to be
African American and had more internalizing disorders.

The mean (SD) total sleep duration was 524.40 (44.40)
minutes as assessed by PSG in the sleep laboratory. Ac-
cording to sleep logs, habitual sleep duration (mean [SD],
555.00 [54.60] minutes) in the home environment was
on average 31 minutes longer than PSG sleep duration.
The correlation between habitual sleep duration and PSG
total sleep time was 0.51 (P� .001).

There were 4 sleep parameters that differed signifi-
cantly across psychiatric diagnoses. Subjects in the high-
risk and low-risk control groups as compared with chil-
dren with internalizing disorders slept longer (mean [SD],
542.66 [40.37] minutes, 521.68 [42.69] minutes, and
518.45 [44.36] minutes, respectively; F=9.43; P� .001),
fell asleep slightly faster (mean [SD], 19.90 [18.58] min-
utes, 19.40 [15.06] minutes, and 25.43 [22.99] min-
utes, respectively; F=3.48; P=.03), and had longer wake
after sleep onset (mean [SD], 26.52 [20.80] minutes, 29.70
[27.37] minutes, and 21.77 [20.51] minutes, respec-
tively; F=3.73; P=.02). Delta sleep was longest in the high-
risk group (mean [SD], 133.77 [44.78] minutes), fol-
lowed by the low-risk group (mean [SD], 115.23 [39.05]
minutes) and the internalizing disorder group (mean [SD],
111.11 [38.16] minutes) (F=9.27; P� .001).

HABITUAL SLEEP DURATION,
PSG SLEEP PROFILE, AND BMI z SCORE

Table 2 presents results of linear regression analyses for
each sleep variable in relation to the BMI z score. The

BMI z score was significantly and negatively related to
total PSG sleep time (�=−0.174; P= .02), sleep effi-
ciency (�=−0.027; P=.01), and REM density (�=−0.256,
P=.02). The relationship between REM activity and BMI
z score was at the borderline of significance (�=−0.001,
P=.06). Although habitual sleep duration was also nega-
tively related to BMI z score (�=−0.124), the associa-
tion was not statistically significant (P=.13). Similarly,
all of the other sleep parameters were not significantly
related to BMI z score.

According to the quartile on each significant sleep vari-
able, children were divided into 4 groups to better illus-
trate the dose-response relationships between sleep para-
meters and BMI z score. As shown in the Figure, BMI
z scores linearly declined with total PSG sleep time, sleep
efficiency, and REM density, whereas BMI z scores mark-
edly declined when the REM activity was above the me-
dian (ie, REM activity=202).

After adjustment for covariates, total sleep time
(�=−0.179;SE=0.088; t=2.03;P=.04)andsleepefficiency
(�=−0.024; SE=0.011; t=2.28; P=.02) remained signifi-
cantly associated with BMI z score. Stratified analyses for
childrenwithandwithout internalizingdisorders indicated
that only sleep efficiency was significantly related to BMI
z score (�=−0.032; SE=0.015; t=2.21; P=.03) in nonpsy-
chiatric control subjects. The total sleep time–BMI z score
relationships were very similar between children with in-
ternalizingdisorders(�=−0.142;SE=0.104; t=1.36;P=.18)
andnonpsychiatriccontrol subjects(�=−0.162;SE=0.103;
t=1.56; P=.12). Although the relationships between REM
sleep parameters and BMI z score were slightly stronger in
children with internalizing disorders than in nonpsychi-

Table 1. Sample Characteristics According to Weight Status

Characteristic

Weight Statusa

Statistical Test

Total
(N=335)

Normal
(n=241)

At Risk for
Overweight

(n=49)
Overweight

(n=45)
ANOVA
F or �2 P Value

Age, mean (SD), y 10.84 (2.28) 10.72 (2.26) 11.36 (2.48) 10.92 (2.15) 1.64b .20
Male, No. (%) 185 (55.2) 131 (54.4) 25 (51.0) 29 (64.4) 1.97c .37
Ethnicity, No. (%)

White 285 (85.1) 211 (87.6) 45 (91.8) 29 (64.4) 24.63c � .001
Black 40 (11.9) 21 (8.7) 4 (8.2) 15 (33.3)
Other 10 (3.0) 9 (3.7) 0 1 (2.2)

Family SES, mean (SD) 42.10 (13.30) 42.91 (14.12) 40.10 (10.57) 39.86 (10.89) 1.58b .21
Diagnosis, No. (%)

Internalizing disorder 166 (49.6) 111 (46.1) 22 (44.9) 33 (73.3) 12.26c .02
High-risk normal 86 (25.7) 66 (27.4) 15 (30.6) 5 (11.1)
Low-risk normal 83 (24.8) 64 (26.6) 12 (24.5) 7 (15.6)

BMI, mean (SD) 19.24 (3.75) 17.47 (2.14) 22.21 (2.26) 25.45 (3.17) 271.75b � .001
BMI z score, mean (SD) 0.45 (0.98) −0.01 (0.74) 1.35 (0.19) 1.92 (0.19) 232.49b � .001
BMI percentile, mean (SD) 62.93 (28.01) 50.90 (23.85) 90.77 (3.06) 97.03 (1.16) 151.64b � .001
Tanner stage of pubertal status, No. (%)

�3 233 (74.7) 168 (76.0) 34 (70.8) 31 (72.1) 0.74c .69
�3 79 (25.3) 53 (24.0) 14 (29.2) 12 (27.9)

Abbreviations: ANOVA, analysis of variance; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared);
SES, socioeconomic status.

aNormal weight was below the 85th BMI percentile of the Centers for Disease Control and Prevention growth charts for age and sex; at risk for overweight was
from the 85th percentile to less than the 95th percentile; and overweight was at or higher than the 95th percentile.

bValues were tested with ANOVA F.
cValues were tested with �2.
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atric control subjects (REM time: �=−0.116, SE=0.194 vs
�=−0.089,SE=0.201,respectively;REMactivity:�=−0.002,
SE=0.001 vs �=−0.001, SE=0.001, respectively; and REM
density: �=−0.310,SE=0.532vs �=−0.167,SE=0.145, re-
spectively), none was significant.

COMPARISON OF SLEEP PARAMETERS
ACROSS WEIGHT STATUS

Table 3 shows the means and standard deviations of ha-
bitual sleep duration and PSG sleep parameters across
weight status and statistical comparisons.

Analysis of variance showed that total PSG sleep time,
sleep efficiency, and all of the REM sleep variables dif-
fered significantly across weight status. Compared with
normal-weight children, overweight children slept ap-
proximately 22 minutes less and had lower sleep effi-
ciency, less REM sleep time, longer REM latency, and less
REM activity and density. Post hoc test results are pre-
sented in Table 3.

After adjustment for covariates, analysis of covariance
showed that total PSG sleep time, REM time, and REM ac-
tivity were still significantly different across weight sta-
tus, and REM latency was at the borderline of signifi-
cance (P=.06). Stratified analyses showed that most sleep
parameters across weight status were very similar be-
tween children with and without internalizing disorders.
However, REM activity had significant differences be-
tween the overweight group (mean [SD], 167.91 [71.30])
and the groups of normal weight (mean [SD], 205.10
[75.96]) and at risk for overweight (mean [SD], 207.55
[56.55]) (F=3.53; P=.03) in children with internalizing
disorders. Among children without internalizing disor-
ders, total PSG sleep time had significant differences across
the overweight group (mean [SD], 509.40 [61.80] min-

utes), the group at risk for overweight (mean [SD], 520.80
[34.80] minutes), and the normal-weight group (mean
[SD], 537.00 [41.40] minutes) (F=3.50; P=.03).

LOGISTIC REGRESSION ANALYSIS

Table 4 presents unadjusted and adjusted odds ratios
(ORs) and 95% confidence intervals (CIs) of over-
weight for each sleep parameter. As shown in Table 4,
unadjusted ORs were significant for reduced total PSG
sleep time, sleep efficiency, and reduced REM time, ac-
tivity, and density. After adjustment for covariates, re-
duced habitual sleep time became significant (OR=2.12;
95% CI, 1.05-4.28), whereas sleep efficiency was no longer
significant. As another way to illustrate the magnitude
of the effects, 1 hour less of total sleep time as assessed
by both sleep logs and PSG was associated with about
2-fold increased odds of overweight. One hour less of REM
sleep was associated with about 3-fold increased odds for
overweight. The REM density and activity below the me-
dian were associated with 2- and 3-fold increased odds,
respectively, for overweight.

Stratified analyses indicated that most sleep para-
meters had similar associations with overweight be-
tween children with and without internalizing disor-
ders. Consistently, reduced REM time was significantly
associated with overweight for both children with
(OR=3.17; 95% CI, 1.16-8.68; Wald statistic=5.05;
P=.02) and without (OR=5.13; 95% CI, 1.08-24.35; Wald
statistic=4.23; P=.04) internalizing disorders. Reduced
REM activity was significantly associated with over-
weight in children with internalizing disorders (OR=3.17;
95% CI, 1.33-7.54; Wald statistic=6.83; P=.009) but not
in nonpsychiatric control children (OR=2.62; 95% CI,
0.76-9.06; Wald statistic=2.31; P=.13).

Table 2. Linear Regression Analyses for Habitual Sleep Duration, Polysomnographic Sleep Profiles, and Body Mass Index z Score

Sleep Variable

BMI z Score
(N=335)

� SE t P Value

Habitual sleep duration, h (n=181) −0.124 0.081 1.53 .13
Polysomnographic sleep continuity

Sleep latency, mina 0.114 0.081 1.41 .16
Wake time after sleep onset, mina 0.068 0.061 1.11 .27
Total sleep time, h −0.174 0.073 2.40 .02
Sleep efficiency, % −0.027 0.010 2.60 .01

NREM sleep stage, h
Stage 1 −0.169 0.267 0.63 .53
Stage 2 −0.113 0.073 1.55 .12
Delta sleep −0.016 0.078 0.20 .84

REM sleep
Time, h −0.127 0.140 0.91 .36
Latency, h −0.067 0.065 1.03 .31
Activity, units of REMb −0.001 0.001 1.88 .06
Density, units/minb −0.256 0.107 2.39 .02

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); NREM, non–rapid eye movement; REM, rapid eye
movement.

aLog transformed for approximate normal distribution.
bThe REM activity is the total units of REM during sleep, and the REM density is the average semiquantitative estimate of eye movements per minute of REM

sleep.
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Multiple logistic regression analysis was performed to
determine which sleep stage (stage 1, stage 2, delta, or
REM sleep) was independently associated with over-
weight after adjustment for other sleep stages and co-
variates. As indicated in Table5, only reduced REM sleep
was significantly and independently associated with over-
weight (OR=3.00; 95% CI, 1.14-7.90; P=.03). Separate
analysis showed that reduced REM sleep was consis-
tently but not significantly associated with overweight
for both children with internalizing disorders (OR=2.18;
95% CI, 0.67-7.16) and nonpsychiatric control subjects
(OR=4.86; 95% CI, 0.57-41.46).

COMMENT

This study investigated theassociationsbetweensleeppro-
files and high BMI and overweight in a large sample of chil-
dren and adolescents who had participated in a project ex-
amining the neurobiology of pediatric affective disorders.
This is the largest study to our knowledge that reports that
shortPSGsleepdurationissignificantlyrelatedtooverweight
in children and adolescents. This represents the first study
to report specifically that REM sleep seems to be the stage
most strongly associated with childhood overweight.

Consistent with previous epidemiological studies,9,10

we found that elevated BMI and overweight in children
and adolescents were associated with short sleep time as
assessed by both sleep logs and PSG. Although the pre-
cise mechanisms are currently under investigation, the
association between short sleep duration and over-
weight may be attributed to the interaction of behav-
ioral and biological changes as a result of sleep depriva-
tion.9 First, sleep loss causes metabolic and endocrine
changes, such as reduced leptin levels and increased
ghrelin levels and insulin resistance.20-22,39 Second, sleep
loss may promote obesity through increased hunger and
appetite and/or preference for calorie-rich foods.22,40,41

Third, sleep loss causes extra time awake that provides
increased opportunity for eating per 24 hours.9,11 Fourth,
sleep loss increases fatigue and/or excessive daytime sleepi-
ness the following day and decreases daily physical ac-
tivities, which in turn reduces energy expenditure. In ad-
dition, tiredness and irritability may interfere with
inhibitory control and result in less effective avoidance
of unhealthy eating.

Our analyses consistently indicated that reduced REM
sleep time and activity, but not NREM sleep stages, were
associated with elevated BMI or overweight. Because our
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Figure. The associations between sleep parameters and body mass index (BMI) (calculated as weight in kilograms divided by height in meters squared) z score in
335 children and adolescents. Mean (SE) BMI z scores across 4 categories of total sleep time (A), sleep efficiency (B), rapid eye movement (REM) activity (C), and
REM density (D) according to quartile. The BMI z scores are standardized BMI scores according to the Centers for Disease Control and Prevention growth charts
for age and sex. The REM activity is the total units of REM during sleep, and the REM density is the average semiquantitative estimate of eye movements per
minute of REM sleep.
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sample comprised children and adolescents with and with-
out internalizing disorders, whether these findings could
be generalized to the general population of children and
adolescents needs further research. However, while sleep

PSG changes characterized by impaired sleep efficiency,
reduced slow-wave sleep, and disinhibited REM sleep have
been consistently demonstrated in adult depression,42 find-
ings of PSG studies in child depression are equivocal and

Table 3. Habitual Sleep Duration and Polysomnographic Sleep Profiles Across Weight Status and Statistical Comparisons

Sleep Variable

Weight Status, Mean (SD)a Statistical Testb

Normal
(n=241)

At Risk for Overweight
(n=49)

Overweight
(n=45)

ANOVA F
(P Value)

ANCOVA F
(P Value)

Post Hoc Test
by LSDc

Habitual sleep time, hd 560.47 (52.91) 541.94 (51.57) 543.11 (63.46) 2.10 (.13) 1.49 (.22)
Sleep continuity, min

Sleep latencye 2.86 (0.63) 2.89 (0.70) 2.94 (0.77) 0.26 (.77) 0.10 (.91)
WASOe 2.81 (0.89) 2.93 (0.81) 3.06 (0.84) 1.76 (.17) 1.36 (.26)
Total sleep time 530.06 (41.87) 516.45 (33.66) 507.55 (58.65) 5.90 (.003) 4.43 (.01) 1�2, 3
Sleep efficiency, % 92.16 (4.41) 91.37 (4.77) 89.75 (8.25) 3.85 (.02) 1.87 (.16) 1�3

NREM sleep stage, min
Stage 1 21.22 (11.84) 22.02 (9.62) 22.42 (15.37) 0.24 (.79) 0.14 (.87)
Stage 2 276.84 (42.89) 268.89 (43.11) 267.74 (50.20) 1.27 (.28) 0.97 (.38)
Delta sleep 119.78 (41.48) 111.36 (44.96) 117.04 (38.69) 0.78 (.46) 0.32 (.73)

REM sleep
Time, min 112.88 (22.49) 114.68 (20.33) 101.10 (26.33) 5.63 (.004) 3.12 (.04) 1, 2�3
Latency, min 117.88 (49.94) 98.66 (44.23) 122.68 (49.28) 3.65 (.03) 2.92 (.06) 1, 3 �2
Activity, units of REMf 212.96 (75.08) 209.41 (66.88) 171.33 (84.44) 5.83 (.003) 3.08 (.047) 1, 2 �3
Density, units/minf 1.87 (0.51) 1.82 (0.43) 1.62 (0.50) 4.72 (.009) 2.41 (.09) 1 �3

Abbreviations: ANCOVA, analysis of covariance; ANOVA, analysis of variance; LSD, least significant difference; NREM, non–rapid eye movement; REM, rapid eye
movement; WASO, wake after sleep onset.

aNormal weight was below the 85th percentile of body mass index (calculated as weight in kilograms divided by height in meters squared) of the Centers for
Disease Control and Prevention growth charts for age and sex; at risk for overweight was from the 85th percentile to less than the 95th percentile; and overweight
was at or higher than the 95th percentile.

bWithout and with adjustment for age, sex, socioeconomic status, ethnicity (white, black, or other), pubertal status (prepubertal or postpubertal), and diagnosis
(internalizing disorder, high-risk normal, or low-risk normal).

cFor any significant variable with ANOVA. 1 indicates normal weight; 2, at risk for overweight; and 3, overweight.
dThere were 127 normal-weight children, 30 children at risk for overweight, and 24 overweight children.
eLog transformed for approximate normal distribution.
fThe REM activity is the total units of REM during sleep, and the REM density is the average semiquantitative estimate of eye movements per minute of REM sleep.

Table 4. Results of Logistic Regression Analysesa

Sleep Variable

Unadjusted Adjusted

OR (95% CI)
Wald

Statistic
P

Value OR (95% CI)
Wald

Statistic
P

Value

Reduced habitual sleep time, hb 1.32 (0.83-2.11) 1.34 .25 2.12 (1.05-4.28) 4.39 .04
Sleep continuity

Sleep latency, minc 1.18 (0.73-1.89) .05 .49 0.96 (0.55-1.68) 0.02 .88
Wake time after sleep onset, minc 1.37 (0.94-1.99) 2.75 .10 1.26 (0.83-1.92) 1.21 .27
Reduced sleep time, h 1.74 (1.16-2.61) 7.15 .007 1.85 (1.08-3.16) 5.00 .02
Sleep efficiency, % 0.94 (0.89-0.99) 6.11 .01 0.96 (0.90-1.02) 1.95 .16

NREM sleep stage, h
Reduced stage 1 0.65 (0.14-2.98) 0.30 .58 0.73 (0.12-4.50) 0.12 .73
Reduced stage 2 1.26 (0.83-1.91) 1.21 .27 1.35 (0.82-2.23) 1.41 .24
Reduced delta sleep 1.03 (0.65-1.63) 0.01 .90 0.97 (0.50-1.86) 0.01 .92

REM sleep
Reduced REM time, h 3.96 (1.71-9.15) 10.37 .001 2.91 (1.12-7.66) 4.70 .03
REM latency, h 1.21 (0.84-1.76) 1.03 .31 1.22 (0.80-1.87) 0.89 .35
Reduced REM activity below the median, units of REMd 3.20 (1.59-6.45) 10.62 .001 3.32 (1.47-7.50) 8.31 .004
Reduced REM density below the median, units/mind 2.27 (1.18-4.37) 6.02 .01 2.18 (1.03-4.62) 4.19 .04

Abbreviations: CI, confidence interval; NREM, non–rapid eye movement; OR, odds ratio; REM, rapid eye movement.
aWithout and with adjustment for age, sex, socioeconomic status, ethnicity (white, black, or other), pubertal status (prepubertal or postpubertal), and diagnosis

(internalizing disorder, high-risk normal, or low-risk normal). There were 45 overweight children and 290 children who were not overweight.
bThere were 24 overweight children and 157 children who were not overweight.
cLog transformed for approximate normal distribution.
dThe REM activity is the total units of REM during sleep, and the REM density is the average semiquantitative estimate of eye movements per minute of REM sleep.
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REM sleep abnormalities appear to occur less fre-
quently in child depression than in adult depression.43

In the current study, we did not find significant differ-
ences in REM sleep time and REM activity between chil-
dren with and without internalizing disorders. A series
of separate analyses indicated that the associations of high
BMI with most sleep parameters were similar between
children with and without internalizing disorders. Al-
though the association between reduced REM sleep and
BMI and overweight appeared to be slightly stronger in
children with internalizing disorders than in nonpsychi-
atric control subjects, logistic regression analyses showed
that reduced REM sleep was more strongly associated with
overweight in nonpsychiatric control subjects than in chil-
dren with internalizing disorders. Taken together, our
findings suggest that the REM sleep–overweight asso-
ciation may exist independent of psychiatric diagnosis.

The significant association between reduced REM sleep
and overweight suggests that the short sleep–obesity as-
sociation may be attributed to reduced REM sleep. Com-
pared with NREM sleep deprivation, REM sleep loss may
be more likely to alter the balance of energy intake and
expenditure—increasing food intake and decreasing en-
ergy expenditure. This speculation is supported by pre-
vious findings that sleeping metabolic rate and energy
expenditure in humans differ across sleep stages, with
sleeping metabolic rate being significantly higher in REM
sleep,23 and that diminished sleeping metabolic rate is as-
sociated with high BMI.44 It is also speculated that en-
docrine changes may be more sensitive to reduced REM
sleep, such as decreased leptin levels and increased
ghrelin levels. These endocrine changes due to REM sleep
loss may increase hunger and appetite, which in turn in-
crease food consumption. These hypotheses and causal
relationships between reduced REM sleep and endo-
crine and metabolic changes need to be tested in animal
and human experimental studies. Specifically, further
studies would be warranted to do the following: (1) in-
vestigate metabolic and endocrine changes across spe-
cific sleep stages; (2) examine whether REM sleep loss
is more likely than NREM sleep loss to contribute to a
decline in 24-hour energy expenditure and/or an in-
crease in food consumption; and (3) examine whether
the association between reduced REM sleep and obesity
is mediated by peripheral changes in catecholaminergic
tone as plasma catecholamine levels have been reported
to be lowest in REM sleep.45,46

There are several limitations that should be kept in mind
when interpreting our results. First, 1 overnight PSG sleep
in the laboratory was used for our analysis, and this may
not reflect real and stable sleep in the natural home envi-
ronment. For instance, sleep duration measured by 1 night
of PSG was 31 minutes less than that measured by 1 week
of sleep logs, and the correlation between sleep times as-
sessed by sleep logs and PSG was moderate (r=0.51). How-
ever, the associations of BMI with sleep duration as as-
sessed by sleep logs and PSG were similar and in the same
direction. Second, the associations between sleep para-
meters and overweight may be underestimated because our
research design excluded extremely overweight children
for the original project on the neurobiology of pediatric
affective disorders. This may also explain why we did not

find a u-shaped association between sleep time and BMI.21

Third, a single measurement was taken for weight and
height, whereas an average of 3 measurements is usually
recommended. However, our measurements were taken
on standard equipment by trained and reliable operators.
Although there may be a certain margin of measurement
error, this would not be expected to change the results of
a study of this size. Fourth, fat mass was assessed with BMI,
which is a surrogate measure of adiposity that correlates
with fat-free mass as well as total body fat and does not
account for differences in body fat distribution.47 Addi-
tional anthropometric (eg, waist and neck circumfer-
ences) and endocrine (eg, fasting glucose, insulin, leptin,
and ghrelin levels) measurements may be better to inter-
pret the REM sleep loss and overweight association. Fi-
nally, although we statistically controlled for the effects
of age, sex, ethnicity, socioeconomic status, pubertal sta-
tus, and psychiatric diagnosis, we could not control for
the effects of several other important variables, such as
sleep-disordered breathing, food intake, daily activity, fam-
ily history of obesity, and parental BMI, because we did
not collect these data.

In summary, our objective electrophysiological
study of sleep with a large sample of children and ado-
lescents confirms previous epidemiological observa-
tions that short sleep time is associated with elevated
BMI and overweight. Given the fact that the prevalence
of overweight among children and adolescents contin-
ues to increase and chronic sleep insufficiency becomes
more prevalent in modern society, family- and school-
based sleep interventions that aim to enhance sleep hy-
giene and increase sleep duration may have important
public health implications for the prevention and inter-
vention of obesity and type 2 diabetes in children. Fur-
thermore, our results demonstrate an important rela-
tionship between REM sleep and high BMI and obesity,
suggesting that the short sleep–obesity association may
be attributed to reduced REM sleep time and decreased
activity during REM sleep.
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Table 5. Independent Associations Between
Each Sleep Stage and Overweighta

Reduced Sleep
Time, h OR (95% CI) Wald Statistic P Value

Stage 1 sleep 0.91 (0.13-6.24) 0.01 .93
Stage 2 sleep 1.62 (0.86-3.06) 2.22 .14
Delta sleep 1.38 (0.59-3.19) 0.55 .46
REM sleep 3.00 (1.14-7.90) 4.92 .03

Abbreviations: CI, confidence interval; OR, odds ratio; REM, rapid eye
movement.

aAfter adjustment for other sleep stages, age, sex, socioeconomic status,
ethnicity, pubertal status, and diagnosis. There were 45 overweight children
and 290 children who were not overweight.
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