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OVER THE PAST 40 YEARS, INSUFFICIENT SLEEP DU-
RATION AMONG ADOLESCENTS HAS MARKEDLY IN-
CREASED, WHEREBY TODAY ONLY ABOUT 33% OF 
teens are getting the recommended 9 hours of sleep.1 Concur-
rent with this rise in short sleep duration is the epidemic of obe-
sity.2 Obesity in children and adolescents is a growing health 
concern because of its adverse impact on metabolism, blood 
pressure, respiratory disease, and quality of life,3 as well as its 
association with adult obesity and chronic illnesses, including 
cardiovascular diseases, cancer, musculoskeletal disease, and 
gastrointestinal disease.4,5,6 

A number of studies have suggested that there is a link be-
tween sleep loss and weight gain in adults.7-9 For children, this 
finding has been consistent across large samples studied in 
various countries10,11 and in prospective studies.12 Studies with 
older children or adolescents have found the relationship be-
tween short sleep duration and obesity for males but not for 
females.13-15 Physiologic studies have shown that sleep depriva-
tion may influence weight through effects on appetite, physical 

activity, and/or thermoregulation.16,17 Experimental reductions 
in sleep duration have been hypothesized to alter metabolic rate 
or to affect the levels of appetite regulatory hormones, leptin 
and ghrelin.16-21 An association between insufficient sleep and 
increased caloric intake has been demonstrated in some,22 but 
not other,23 studies. Differences in the literature may relate to 
differences in experiment design. Understanding the associa-
tion between insufficient sleep and obesity in the population has 
been limited by a paucity of research that has quantified both 
energy intake and sleep duration in individuals studied in their 
native environments. Thus, it is unclear whether the mecha-
nisms that mediate sleep loss and energy balance are through 
appetitive pathways, changes in energy expenditure, or altered 
metabolism. 

In this study, we examined the association between weekday 
sleep duration and energy consumption in adolescents aged 16 
to 19 years studied in their natural environment. Using rigor-
ously collected multiple-pass 24-hour food recalls and objec-
tively measured sleep duration from wrist actigraphy, we tested 
the hypothesis that shorter sleep is associated with altered nutri-
ent intake, including altered proportions of caloric intake from 
fats, carbohydrates, and snacks. 

METHODS

Study Population
The study sample comprised adolescents participating in 

the late-adolescent examination of the Cleveland Children’s 
Sleep and Health Study, an ongoing longitudinal cohort study 
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designed to evaluate sleep measures and their health outcomes. 
As previously described,24 this birth cohort of children has 
been studied �������������������������������������������������3������������������������������������������������ times since 1998. For this examination, all co-
hort participants, now aged 16 to 19 years, were invited to par-
ticipate. Although recruitment for this wave of data collection 
is ongoing, at the time of this report, data on macronutrient-
intake and mean weekday sleep duration were available for 
240 participants. 

Study Protocol
Overnight polysomnography and physiologic and anthropo-

metric assessments were performed using a standardized pro-
tocol in a dedicated clinical research facility. While at home 
during the week prior to the examination in the clinical research 
unit, participants wore a wrist actigraph and completed a daily 
sleep log for 5 to 7 consecutive 24-hour periods. Two compli-
mentary 24-hour food recalls were administered, one conducted 
by phone during the week prior to the examination in the clini-
cal research unit and the other in person at the clinical research 
unit. The protocol for this cross-sectional study was approved 
by the University Hospitals of Cleveland Institutional Review 
Board. Written consent and/or assent was obtained from the 
study participants for participants and their primary caregiver. 

Measurements

Nutrition
To quantify total caloric and macronutrient intake as well 

as consumption of food from specific categories, dietary data 
were extracted from the 24-hour recall interviews conducted by 
trained staff using a multipass approach.25 This method is con-
sidered the “gold standard” for ascertaining a quantitative mea-
sure of food intake in epidemiologic nutrition studies. Currently 
used by the National Health and Nutrition Examination Surveys 
(NHANES), this standardized approach allows for numerous 
opportunities during the interview for subjects to recall their di-
etary intake. The interview includes collecting details about the 
food items and portion sizes, as well as details about the timing, 
location, meal type, and preparation of each item. The first pass 
of the collection phase allows for the participant to recall food 
items consumed over a 24-hour period, typically between mid-
night and midnight. During this pass, the subject is instructed 
to recall all food and beverage items consumed, with limited 
probing from the interviewer. The second pass involves probing 
by the interviewer to describe each food item with greater detail 
(i.e., percent of fat of milk consumed, addition of salt during the 
preparation, cut of meat). Food portions are verified using stan-
dard measuring utensils, rulers, and 2-dimensional food-portion 
visuals. The third pass is to review and ultimately confirm the 
dietary record with the subject. Validation studies have shown 
that data collected using this method agree between 10% and 
15% with actual intake for children and adolescents.26,27 The 
nutrition data were analyzed using the Nutrition Data System 
for Research (NDS-R; developed by Nutrition Coordinating 
Center, University of Minnesota, Minneapolis, MN), a compre-
hensive nutrient database including energy and macronutrients 
(NDS-R software versions 2007 and 2008).28

Energy consumption and macronutrient intake were cal-
culated for each meal, during snacks, during 3 time periods 

throughout the day [early morning (05:00 to < 07:00), daytime 
(07:00 to < 21:00), and nighttime (21:00 to < 05:00)] and for 
each 24-hour period. Carbohydrate and fat intake were calcu-
lated as the percentage of total calories from carbohydrates 
and fats, respectively, averaged over the 2 recalls for 84.2% 
(n = 202) of individuals and from 1 available recall for 15.8% 
(n = 38) of individuals. Although the distributions of percent-
age of calories from carbohydrates and fats were approximately 
normal, the distribution of caloric intake from snacks revealed 
a 0-inflated, right-skewed distribution. Given this distribution, 
we chose to create a binary variable indicating high caloric in-
take from snacks using the top quintile of sample distribution 
(≥ 475 kcal). 

Actigraphy
Sleep-wake estimation was made using wrist actigraphy 

(Octagonal Sleep Watch 2.01; AMI, Ambulatory Monitoring 
Inc., Ardsley, NY) analyzed using the Action-W software and 
the Time Above Threshold algorithm. Actigraphy was used, as 
opposed to the “gold-standard” polysomnography, in order to 
obtain estimates of sleep in free-living conditions. To enhance 
the reliability of estimated mean sleep duration, average week-
day sleep duration was calculated for participants with at least 
3 weekdays of actigraphy data. Though data on weekend sleep 
were available, they were not included in this analysis due to 
concerns that ������������������������������������������������1����������������������������������������������� to 2 days of weekend data would be poorly rep-
resentative of a teen’s usual weekend behavior that may change 
from week to week. Participants with a mean weekday sleep 
duration of less than 8 hours, which is approximately 1 sample 
SD (1.1 hours) less than the recommended amount of sleep 
for adolescents in this age group,29 were categorized as having 
shorter sleep. 

Subject characteristics
Demographic data include age, sex, and race (African 

American versus other races). Preterm status was defined as a 
gestational age less than 37 weeks and was ascertained from 
birth records. Weight was obtained on a digital scale (Health-
o-meter, Shelton, CT) and was calibrated daily using standard 
NST-certified weights. Height was obtained using a stationary 
stadiometer (Holtain Ltd, Pembrokeshire, UK), and was cali-
brated daily using a 600-mm calibration rod. Body mass index 
(BMI) was calculated as the ratio of weight to the square of 
height (kg/m2) and converted into age- and sex-adjusted per-
centiles.30 Obesity was defined as a BMI of 30 kg/m2 or greater 
or a BMI greater than the 95th percentile for age and sex. Socio-
economic status was determined as highest self-reported educa-
tion of the parents and categorized as high school diploma or 
less, some college, or college degree. 

Statistical Analyses
Subject characteristics, weekday sleep duration, and macronu-

trient intake were summarized using means and SD for normally 
distributed variables, medians and inter-quartile ranges (IQR) 
for markedly non-normally distributed variables, and counts and 
proportions for categorical variables. The primary exposure was 
defined as shorter mean weekday sleep duration (< 8 h; “shorter 
sleep”); mean weekday sleep duration as a continuous measure 
also was examined as a secondary exposure. The ��������������3������������� outcome mea-
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sures were the average percentage of daily calo-
ries consumed from fats, average percentage of 
daily calories consumed from carbohydrates, 
and high caloric intake from snacks (≥ 475 kcal; 
i.e., the highest quintile of calories from snack-
ing). (Total daily energy consumption [kcal] 
also was examined; however, since 24-h recall 
interviews are considered to provide less reli-
able information on total energy consumption 
than proportionate macronutrient intake due to 
potential incomplete dietary reporting, it was 
not used as a primary outcome.) Linear regres-
sion was used to assess the association between 
sleep duration and percentage of daily calories 
from fats and carbohydrates. Two sets of mul-
tiple regression models were fit: (1) adjusted 
for subject characteristics that may confound 
the association between sleep duration and 
the outcome (age, sex, race, and parent educa-
tion) and term status (a “design” variable used 
to adjust for the sampling design reflecting the 
construction of the cohort that was assembled 
to represent approximately equal proportions of 
children born prematurely and at term) and (2) 
adjusted for these prior subject characteristics 
as well as BMI, which may reflect adjustment 
for distal effects of sleep duration as well as 
for potential underreporting of caloric intake. 
Logistic regression was used to examine the re-
lationship between sleep duration and the odds 
of high caloric intake from snacks. To avoid 
model overfitting due to small event size, the 
final adjusted logistic regression models did not 
include parent education as a covariate because this factor did 
not appreciably confound the association between sleep duration 
and high caloric intake from snacks. In exploratory analyses, the 
models were refitted stratifying by sex to assess possible effect 
modification by sex. Additional exploratory analyses were con-
ducted to examine the relationship between sleep duration and 
time period when calories were consumed. Results are summa-
rized using β coefficients and standard errors for linear regres-
sion models and adjusted odds ratios (aOR) and 95% confidence 
intervals (95% CI) for logistic-regression analyses. Statistical 
significance was set at 0.05 and no adjustments were made for 
multiple comparisons. Analyses were performed using SAS 9.1.3 
(SAS Institute, Inc., Cary, NC). 

RESULTS

Subject Characteristics
The distributions of subject characteristics, including sleep 

duration and nutrition information, are shown in Table 1. Sub-
jects were 17.7 years of age on average; approximately half 
were male (48%) and about one fifth of the sample was of Afri-
can American race (21%). The mean height and weight for boys 
were 175.6 ± 6.5[± SD] cm and 77.3 ± 17.2 kg, respectively; on 
average, girls were 163.1 ± 7.2 cm tall and weighed 66.2 ± 17.4 
kg. The median BMI for the sample was 23.1 kg/m2 (IQR 21.1, 
27.1), and 18% were obese. Just over half of the participants 

had at least ������������������������������������������������1����������������������������������������������� parent with a college degree (51%). Mean week-
day sleep duration ranged from 4.3 to 11.0 hours, with an aver-
age of 7.55 ± 1.14 hours. Only one-third (n = 81; 34%) slept 
at least 8 hours on weekdays on average. The median number 
of kilocalories consumed was 1917 (IQR 1573, 2403), and, on 
average, approximately half of those calories were from carbo-
hydrates (50.8 ± 8.4) and one-third were from fat (35.0 ± 6.9). 
Three quarters of the adolescents reported eating snacks. As ex-
pected, the proportion of calories from carbohydrates and fats 
were strongly negatively correlated (r = -0.88). BMI was posi-
tively correlated with the proportion of calories consumed from 
fats (r = 0.17; P = 0.009) and negatively associated with the 
proportion of calories consumed from carbohydrates (r = -0.25; 
P < 0.001). 

Bivariate analyses showed that adolescents who averaged 
less than 8 hours of sleep on weekdays did not significantly 
differ from those who slept at least 8 hours with respect to age, 
race, preterm status, or parent education (Table 1). However, 
the prevalence of shorter mean sleep duration was significantly 
higher for obese, compared with non-obese, adolescents (80% 
vs 63%, P = 0.04) as well as for boys, compared with girls (77% 
vs 57%, P = 0.001). 

Sleep Duration and Average Daily Nutrient Intake
Unadjusted bivariate analyses showed that, on average, ado-

lescents with shorter sleep duration (< 8 h) had a 2.7-percent-

Table 1—Sample characteristics for the total sample analyzed and stratified by mean weekday 
sleep duration

Subject Characteristics

Total sample 
analyzeda

(n = 240)

Sample according to mean 
weekday sleep durationb

P 
Value < 8 h (n = 159)  ≥ 8 (n = 81)

Age, y 17.7 ± 0.4 17.6 ± 0.4 17.7 ± 0.4 0.18
Sex

Male 115 (47.9) 88 (76.5) 27 (23.5) 0.001
Female 125 (52.1) 71 (56.8) 54 (43.2)

Race
African American 50 (20.8) 37 (74.0) 13 (26.0) 0.19
Non-African American 190 (79.2) 122 (64.2) 68 (35.8)

Term status
Preterm 102 (42.5) 66 (64.7) 36 (35.3) 0.66
Full term 138 (57.5) 93 (67.4) 45 (32.6)

BMI, kg/m2 23.1 (21.1, 27.1) 23.3 (21.4, 28.3) 22.8 (20.6, 25.9) 0.09
Obesityc

Obese 44 (18.3) 35 (79.6) 9 (20.4) 0.04
Nonobese 196 (81.7) 124 (63.3) 72 (36.7)

Socioeconomic Status
Highest parent education level

≤ High-school diploma 38 (15.8) 27 (71.1) 11 (28.9)
Some college 79 (32.9) 51 (64.6) 28 (35.4) 0.78
College degree 123 (51.3) 81 (65.9) 42 (34.1)

Data are presented as number (%) except age, which is mean ± SD, and body mass index 
(BMI), which is mean (interquartile range). aColumn percentages shown; bRow percentages 
shown; cObesity is defined as a BMI ≥ 95th percentile or BMI ≥ 30.
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and longer sleep duration (2.2% ± 1.0% [mean ± SE], P = 0.02) 
and a decrease in the percentage of calories from carbohy-
drates (-3.0% ± 1.2%, P = 0.01) (Table 3 and Figure 1). Fur-
ther adjusting for BMI, which may reflect “over” adjustment 
for distal effects of sleep duration, resulted in only a modest 
attenuation of these associations (Table 3). Secondary analy-
ses stratified by sex and adjusted for participant characteris-
tics suggest that the association between shorter sleep duration 
and increased consumption of calories from fats is significant 

among girls (3.3% ± 1.3%, P = 0.01) but not 
boys (0.9% ± 1.6%, P = 0.55). Similarly, the 
association between shorter sleep duration 
and decreased carbohydrates was significant 
in girls (-3.8% ± 1.5%, P = 0.01) but not boys 
(-2.2% ± 1.8%, P = 0.22).

The results of the linear regression models 
defining the exposure as sleep duration con-
tinuously measured are summarized in Figure 
2. The results are consistent with the find-
ings when short sleep duration was modeled 
as a dichotomous exposure: decreased sleep 
duration was associated with increased con-
sumption of calories from fats and decreased 
consumption of calories from carbohydrates. 
After adjusting for subject characteristics, the 
results show that, on average, each ����������1���������-hour de-
crease in sleep duration was associated with a 
0.8-percentage point increase in consumption 
of calories from fats (0.8% ± 0.4%, P = 0.06) 
and a 1.2-percentage point decrease in con-
sumption of calories from carbohydrates 
(-1.2% ± 0.5%, P = 0.01). The results of the 
sex-stratified analyses are also consistent with 
the primary analyses for percentage of calo-
ries from fats; the association between shorter 
sleep and increased consumption of calories 
from fats is significant among girls (-1.0% ± 
0.6%, P = 0.06) but not among boys (-0.6% 
± 0.6%, P = 0.31) after adjusting for subject 
characteristics. However, unlike the primary 
analysis, the magnitude of the associations 
between shorter sleep and percentage of calo-
ries from carbohydrates were similar for girls 
(1.3% ± 0.7%, P  =  0.06) and boys (1.4% ± 
0.7%, P = 0.05).

Sleep Duration and Nutrient Intake from 
Snacking

Shorter sleep duration was also associated 
with high caloric intake from snacks in un-
adjusted analyses; adolescents with a mean 
sleep duration of less than 8 hours had 2.1-
fold increased odds of high caloric intake 
from snacks (OR = 2.14, 95% CI: 1.03, 4.44, 
P = 0.04). However, this association was at-
tenuated and no longer statistically signifi-
cant after adjusting for subject characteristics 
(aOR = 1.69, 95% CI: 0.79, 3.63, P = 0.18). 
Similar results were obtained when sleep du-

age point increase in the proportion of energy from dietary fats 
and a 3.7-percentage point decrease in the proportion of energy 
from carbohydrates per day, compared with those who slept 
at least 8 hours on weekdays (fats: 35.9% ± 6.7% vs 33.2% ± 
6.9% [mean ± SD], P = 0.004; carbohydrates: 49.6% ± 8.2% 
vs 53.3% ± 8.3%, P = 0.001) (Table 2). After adjusting for po-
tential confounders, shorter sleep was significantly associated 
with an increase in the percentage of calories consumed from 
fats (average adjusted difference between those with shorter 

Figure 1—Mean and 95% confidence intervals for the percentage of calories from fats and 
carbohydrates, adjusted for age, sex, race, preterm status, and parent education in adolescents 
with average weekday sleep durations < 8 h and ≥ 8 h. 
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Table 2—Sample characteristics for the analytic sample and stratified by shorter mean weekday 
sleep duration	

Mean weekday sleep 
duration based on 
actigraphy

Total sample 
analyzeda 
(n = 240)

Sample according to mean 
weekday sleep durationb

P 
Value< 8 h (n = 159) ≥ 8 (n = 81)

Duration, h 7.55 ± 1.14 6.91 ± 0.69 8.83 ± 0.67 NA
Duration category, h

< 6.5 
6.5 to < 7 
7. to < 8 
8. to < 8.5 

≥ 8.5 

38 (15.8)
47 (19.6)
74 (30.8)
33 (13.8)
48 (20.0)

38 (100)
47 (100)
74 (100)

0 (0)
0 (0)

0 (0)
0 (0)
0 (0)

33 (100)
48 (100)

NA

Nutrition Measures
Total energy, kcal 1917 (1573, 2403) 1968 (1618, 2461) 1723 (1409, 2150) 0.009
Percentage of calories from

Fat 35.0 ± 6.9 35.9 ± 6.7 33.2 ± 6.9 0.004
Carbohydrates 50.8 ± 8.4 49.6 ± 8.2 53.3 ± 8.3 0.001
Protein 15.1 ± 3.6 15.4 ± 3.6 14.6 ± 3.7 0.13

Calories consumed from snacks 0.04
Highest quintile 51 (21.3) 40 (78.4) 11 (21.6)
Other quintiles 189 (78.7) 119 (63.0) 70 (37.0)

Data are shown as mean ± SD or number (%), except total energy, which is shown as is median 
(interquartile range). aColumn percentages shown; bRow percentages shown; cThe highest 
quintile included snacks comprising ≥ 475 kcal.
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Sleep Duration and Timing of Nutrient Intake
Exploratory analyses revealed that a significantly greater 

proportion of participants with shorter sleep duration (< 8 h) 
consumed food in the early morning period (05:00- < 07:00) 
compared with longer sleepers (25% vs 14%; P  =  0.04). 
Among adolescents who ate during this time period, those 
with a shorter sleep duration consumed a larger proportion of 
their total daily calories (17.6% vs 10.9%, P = 0.04) and daily 
calories from carbohydrates (9.8% ± 6.5% vs 5.9% ± 4.7%, 
P = 0.04) between 05:00 and 07:00, compared with those who 
slept at least 8 hours on weekdays. In contrast, the proportion 
of adolescents reporting eating food at night (21:00-05:00) was 
similar for adolescents with shorter and longer sleep duration 
(41% vs 49%, P = 0.21), as were the proportions of calories 
from fats and carbohydrates and total daily calories consumed 
during this time period.

ration was modeled as a continuous measure; after adjusting 
for subject characteristics, for each 1-hour increase in sleep 
duration, the odds of high caloric intake from snacks decreased 
by 21% on average (OR = 0.79, 95% CI: 0.59, 1.06, P = 0.12). 
In unadjusted sex-stratified analyses, the association between 
shorter sleep (< 8 h) and high caloric intake from snacks 
was stronger among girls (OR = 4.18, 95% CI: 1.14, 15.37, 
P = 0.03) than boys (OR = 1.00, 95% CI: 0.39, 2.56, P = 0.99). 
Due to small event size, these sex-stratified analyses were not 
adjusted for covariates. 

Table 4—Key subject characteristics by LER status 

Not LER
(n = 106)

LER
(n = 134)

P 
Value

Age, y 17.7 ± 0.4 17.6 ± 0.4 0.56
Sex

Male
Female

51 (44.4)
55 (44.0)

64 (55.6)
70 (56.0)

0.96

Race
African American
Non-African American

21 (42.0)
85 (44.7)

29 (58.0)
105 (55.3)

0.73

Term Status
Preterm
Full term

45 (44.1)
61 (44.2)

57 (55.9)
77 (55.8)

0.99

BMI, kg/m2 22.0 (20.5, 24.6) 24.7 (21.8, 29.3)  < 0.001
Obesity

Obese
Nonobese

11 (25.0)
95 (48.5)

33 (75.0)
101 (51.5)

0.005

Mean weekday sleep durationd

Duration, h 7.65 ± 1.12 7.48 ± 1.15 0.27
Short
Long 

67 (42.1)
39 (48.1)

92 (57.9)
42 (51.9)

0.38

Data are shown as number (%) except age, which is mean ± SD, and 
body mass index (BMI), which is median (interquartile range). LER 
refers to low energy-intake reporters. aColumn percentages shown; bRow 
percentages shown; cObesity is defined as a BMI ≥ 95th percentile or BMI 
≥ 30; dSleep duration is defined as short (< 8 h) and long (≥ 8 h).

Table 3—Association between shorter sleep duration and percentage of calories from fats and carbohydrates from multivariable linear regression models

Subject Characteristics

Percentage of Calories from Fats Percentage of Calories from Carbohydrates
Model 1 Model 2 Model 1 Model 2

β SE P Value β SE P Value β SE P Value β SE P Value
Shorter Sleep 2.21 0.95 0.02 2.01 0.95 0.04 -3.00 1.16 0.01 -2.52 1.15 0.03
Age -0.22 1.12 0.85 -0.31 1.12 0.78 0.87 1.37 0.53 1.08 1.35 0.43
Male sex 1.24 0.91 0.17 1.26 0.90 0.16 -1.83 1.11 0.10 -1.88 1.09 0.08
African American race 2.88 1.14 0.01 2.64 1.14 0.02 -2.56 1.39 0.07 -2.00 1.38 0.15
Preterm 0.03 0.91 0.97 -0.01 0.91 0.99 0.24 1.11 0.83 0.33 1.09 0.76
Parent educationd

≤ HS diploma 0.96 1.32 0.62 0.67 1.33 0.78 -2.21 1.61 0.39 -1.53 1.60 0.60
Some college 0.88 1.01 0.65 1.02 -0.62 1.24 -0.08 1.23

BMI 0.13 0.08 0.11 -0.30 0.10 0.002

aShorter sleep is defined as < 8 h; bCollege is the reference value.

Figure 2—Mean and 95% confidence interval of the association between 
mean weekday sleep duration and percentage of calories from fats and 
carbohydrates, adjusted for age, sex, race, preterm status, and parent 
education. 
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foods.16,20,21,36,37 Our data are consistent with these experimental 
findings with regard to higher fat intake for adolescents who 
report shorter sleep durations and further suggest that levels 
of sleep deprivation commonly found in the population, es-
pecially in adolescents, are associated with unhealthy dietary 
habits.38-40 Furthermore, our data suggest that this association 
is significant among girls but not boys. 

Nutrition intake was estimated using multiple-pass 24-hour 
dietary recalls and NDSR software, a research-quality, di-
etary, data-collection and nutrient-calculation tool specifical-
ly used in epidemiologic studies.25,41 Utilizing the multipass 
method, NDSR is highly accurate in assessing macronutrient 
intake.26,27 Weber et al., for example, have shown that chil-
dren are able to correctly recall 75% of the foods they were 
observed consuming and correctly recall 83% of foods by 
food group.26 Still, because individuals may systematically 
underreport food intake, the NDSR multiple-pass approach is 
generally considered to provide more accurate data on pro-
portionate intake of macronutrients rather than quantification 
of absolute nutrient and caloric intake. Therefore, our primary 
outcomes were proportion of calories derived from fats and 
carbohydrates, respectively. A higher proportion of calories 
consumed from fat may be interpreted as indicating greater 
energy intake. Although estimating total energy consumption 
with the use of this method has known limitations, our find-
ing that shorter sleepers have a greater daily total caloric in-
take is consistent with this latter interpretation and suggests 
that shorter sleepers follow a dietary pattern that predisposes 
to weight gain. Increased fatty-food intake per se also may 
adversely impact health through the effects of dietary fat on 
lipogenesis42 and inflammatory cytokines,43 increasing the risk 
of developing chronic health disorders, such as high blood 
pressure and coronary artery disease.44 

The link between short sleep and a pro-obesogenic dietary 
pattern has been documented in adults.16,21,22 Less data are avail-
able in children. In a large study of Finnish children ages 9 to 
11 years old assessed by self-reported questionnaires, shorter 
weekday, but not weekend, sleep was associated with increased 
consumption of energy-rich foods.45 In a US study of adoles-
cents, daytime sleep, but not nocturnal sleep, was associated 
with food cravings and hunger.46

Prior experimental research identified increased hunger for 
energy-rich foods, specifically, high carbohydrates, followed 
sleep restriction.21 Our results, showing that chronic sleep cur-
tailment is associated with a proportionate increase in fat in-
take with a reciprocal proportionate decrease in carbohydrate 
intake, is not inconsistent with these findings. When macronu-
trients are expressed as proportions of total calories consumed, 
a reciprocal relationship between fat and carbohydrates is ex-
pected due to the relatively small daily proportion of calories 
associated with protein intake. An increased proportionate fat 
intake is consistent with an increase in absolute consumption of 
energy-rich foods. Diets that consist of a proportionate increase 
in carbohydrates are not necessarily unhealthy, since lower 
energy-dense diets may include carbohydrates derived from 
fruits, vegetables, beans, and other food sources. The health ef-
fects of carbohydrate intake may vary according to the types of 
carbohydrates consumed, as was shown by a longitudinal study 
of 572 healthy adults that found that BMI was not related to 

Sensitivity Analyses to Examine Potential Confounding Due to 
Underreporting

Exploratory and sensitivity analyses were used to examine 
under-reporting as a potential confounder of the results of this 
study. Although previous studies have shown that low energy-
intake reporters (LER) tend to underestimate their fat intake,31 
to the best of our knowledge, prior research has not examined 
the association between LER and sleep duration. In this study, 
LER could potentially bias the association between sleep dura-
tion and percentage of calories consumed from fats if partici-
pants with longer sleep durations were more likely to be LER. 
To examine the association between LER and sleep duration, 
we calculated the estimated basal metabolic rate (BMRest) for 
each participant,32 and adolescents with an energy intake-to-
BMRest ratio less than 1.2 were classified as LER. The mean 
energy-intake:BMRest ratio in this study (1.22 ± 0.42) was 
somewhat higher than the mean reported in previous studies of 
adolescents,31,33-35 indicating less underreporting in this study. 
Exploratory bivariate comparisons of key subject characteris-
tics by LER showed that the proportion of LER was not signifi-
cantly different for participants with shorter and longer sleep 
durations (57.9% vs 51.9%, P = 0.38), and LER was not sig-
nificantly associated with mean weekday sleep duration (as a 
continuous measure), age, sex, race, or preterm status (Table 4). 
Consistent with the literature, LER was positively associated 
with BMI and obesity.31

Sensitivity analyses were used to further address the possi-
bility that LER underreported the proportion of calories con-
sumed from fats, possibly confounding the results of this study. 
Based on previously reported differences in the percentage of 
calories consumed from fats by LER and non-LER partici-
pants,31 the proportion of calories consumed from fats by LER 
participants was modeled to increase from 1% to 5% in 1% 
increments, and the multivariable linear regression models with 
short sleep duration as the primary exposure were refitted. Ad-
ditionally, these regression models were adjusted for character-
istics associated with LER, including sex, race, and BMI.31 The 
results of the sensitivity analyses were similar to the original 
findings: shorter sleep duration was significantly associated 
with an increase in the proportion of calories consumed from 
fats (adjusted mean differences ranged from 2.03 ± 0.95 to 2.10 
± 0.97, P values < 0.05).

DISCUSSION
The key finding in this study was that macronutrient intake 

assessed using multiple-pass 24-hour food-recall interviews 
was associated with objectively measured sleep duration 
among adolescents studied in their natural environments. Spe-
cifically, shorter sleep duration was associated with a relative 
increase in caloric intake derived from fat and a decrease in 
caloric intake from carbohydrates. These findings persisted 
even after considering potential confounders, including sex, 
race, and parent education. These data extend the observa-
tions of Van Cauter and colleagues, who have shown that ex-
perimental sleep deprivation over several days in a laboratory 
setting results in increased levels of the appetite-stimulating 
hormone ghrelin, decreased levels of anorexinergic hormone 
leptin, and increased subjective ratings of hunger and appe-
tite, with morning cravings for high-fat, high-carbohydrate 
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of older adolescents, it is possible that eating behaviors in re-
sponse to short sleep may have been influenced by socio-cul-
tural or developmental influences. Considering the literature on 
sex differences in eating behaviors, our findings may be ex-
plained by an increased propensity of female adolescents, com-
pared with males, for emotional eating.55 These observations 
suggest the importance of further research examining the links 
among sleep duration, stress, and eating behaviors, including 
emotional eating.55 

Study strengths include objectively measured sleep duration 
in a community-based sample of adolescents studied in their 
natural environments. Macronutrient intake was also rigorously 
assessed using a multiple-pass 24-hour food-recall approach, 
which is considered to be the gold standard for research in nu-
trition epidemiology.25-27 There are limitations inherent to this 
diet-assessment technique, however, including the potential 
for underreporting of food intake.31 Still, for LER to confound 
the association between sleep duration and macronutrient in-
take, LER must be associated with sleep duration. Exploratory 
analyses revealed that LER was not significantly associated with 
mean weekday sleep duration or short sleep duration in the pres-
ent study, and, thus, we do not have reason to believe that LER 
has significantly directed our findings. Ideally, 24-hour recalls 
should be administered over 3 periods to maximize reliability. 
The use of only 2 recalls may have reduced reliability, an effect 
that would be anticipated to bias the findings toward the null. 
Also, a small proportion of the sample answered only 1 recall, 
further reducing reliability. However, since neither sleep dura-
tion nor nutrient intake differed in these children, as compared 
with��������������������������������������������������������������� those completing 2 recalls, it is unlikely that this apprecia-
bly biased the results. Only 20% of this sample was of minority 
race, and further work is needed to assess the generalizability of 
these findings across population groups. Our findings show an 
association between sleep duration and macronutrient intake, but 
causation cannot be determined from a cross-sectional analysis. 

In summary, chronic sleep deprivation and obesity have be-
come increasingly prevalent in modern society, due to, among 
other factors, our over programmed lifestyles and frequent uti-
lization of fast food, respectively. Emerging data indicate that 
these health conditions may be causally related through effects 
of sleep deprivation on thermoregulation56 and appetite-regu-
lating hormones (leptin and ghrelin),19,37 autonomic function,57 
and hypothalamic pituitary function.51 However, the relative in-
fluences of sleep deprivation on energy consumption, as com-
pared with energy intake, are unclear. Our analyses suggest that 
short sleepers engage in pro-obesogenic eating behaviors, spe-
cifically, ingesting increased amounts of fatty foods, and also 
eat more in the early morning. These findings underscore the 
importance in targeting sleep behaviors for health promotion 
and obesity prevention and suggest a role for improving sleep 
duration as a component of weight management programs. 
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daily carbohydrate intake or to percentage of calories from car-
bohydrates. Instead, it was glycemic index, which is a measure 
of glycemic response associated with ingesting different types 
of carbohydrates, that was positively associated with BMI.47 

The health impact of daily average increases of fat con-
sumption by 2 to 3 percentage points is difficult to quantify. 
However, it is well known that positive energy balance that 
is small but persistent may cumulatively increase the risk of 
developing obesity.48 Our findings relating shorter sleep and 
changes in fat and carbohydrate consumption are remarkably 
similar to a recent report of Chinese adults who also under-
went food-recall assessments but who had sleep duration es-
timated from questionnaires.49 Although the relative increase 
in fat consumption was small (2 to 3 percentage points), this 
dietary pattern, if chronically followed, could contribute to 
cumulative increases in energy consumption that would be 
expected to increase the risk of developing obesity. Long 
term, consistently over consuming energy can lead to an in-
creased risk of developing obesity and over consuming cal-
orie-dense foods that are high in fat that may contribute to 
overconsumption.50

Not only did macronutrient intake differ in shorter, as com-
pared with longer, sleepers, but shorter sleepers also were more 
likely to consume high-energy snacks. Although these asso-
ciations weakened after covariate adjustment, this finding is 
consistent with that of Nedeltcheva and colleagues who, in a 
laboratory study of 11 adults, reported that sleep curtailment 
to approximately 5.5 hours per night for 2 weeks led to in-
creased caloric intake associated with snacking but no increase 
in calories from eating scheduled meals.22 Since, in their study, 
snacking was most common during the night and early morning 
hours, they concluded that sleep curtailment may increase en-
ergy consumption by providing greater opportunities to eat. Al-
ternatively, given the well-recognized neural interconnections 
between food and sleep regulatory systems in the hypothala-
mus and the sensitivity of the amygdala to sleep deprivation, 
increased snacking and consumption of high-energy foods 
may reflect effects of sleep curtailment on stress responses 
and reward-seeking behaviors.18,51 As shown in animal stud-
ies52 and reports of shift workers,53 eating that occurs at times 
misaligned with circadian rhythms also may have particularly 
adverse metabolic consequences, leading to obesity and insulin 
resistance.54 Our exploratory analyses revealed that a greater 
proportion of short sleepers ate during the early morning hours. 
Given that most adolescents are “phase delayed,” it is possible 
that this eating pattern is misaligned with their circadian phase 
and could predispose them to developing adverse metabolic re-
sponses. However, additional research that includes measure-
ment of circadian patterns concurrently with eating behaviors 
is needed to further understand the intersection among sleep 
duration, sleep timing, and eating behaviors. 

Our data suggest that the association between short sleep 
and pro-obesogenic dietary habits may be stronger in girls than 
boys. The basis for sex differences is not presently understood. 
Studies examining sleep duration and weight in children have 
shown stronger associations in boys than girls.13 In a study of 9- 
to 11-year-old Finnish children, self-reported consumption of 
high energy-dense foods also was reported to be more strongly 
associated with short sleep in boys than in girls.45 In our sample 
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