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      Obesity affects more than one-third of the American 
population  1   and if left unchecked is projected to 

become the leading cause of preventable death in the 
United States.  2   Interventions to prevent and treat 
obesity are a major public health priority.  3   Short sleep 
duration may be an important but unrecognized fac-
tor promoting obesity.  4   Population-based studies have 
reported a dose-response relationship between short 
sleep duration and high BMI,  5-12   and there may be an 
association with weight gain.  6,7,13,14   Voluntary sleep 
restriction is common: 28% of the adult population 
in the United States reports getting  �  6 h of sleep 
per night.  15   Although the secular trends have not been 
well defi ned,  16   the number of young adults report-
ing  ,  7 h of sleep per night has doubled since 1960,  17   

and insuffi cient sleep has been described as a public 
health epidemic.  18   

 Sleep duration may affect circulating levels of the 
hormones that regulate appetite and caloric intake, 
with an increase in the orexigenic hormone ghrelin 
and a reduction in the anorexic hormone leptin,  19-22   
and experimental studies suggest that sleep restriction 
may increase hunger and caloric consumption.  23,24   On 
the other hand, sleep appears to conserve energy,  25-27   
and a night of sleep restriction resulted in increased 
energy expenditure estimated from actigraphy  23  ; how-
ever, others have reported no change in total energy 
expenditure during sleep restriction.  28   Thus, although 
epidemiologic studies suggest a correlation between 
short sleep duration and obesity, and experimental 
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 Screening Evaluation 

 Subjects underwent a screening evaluation consisting of a phys-
ical examination, dietary surveys, an assessment of hemoglobin 
concentration, a urine pregnancy test, and an overnight polysom-
nogram (PSG). Subjects left our facility the morning after the 
PSG wearing a digital actigraph (Actiwatch 2; Philips Respironics  ) 
and wore it continuously for at least 1 week while engaging in 
their usual activities. 

 Inpatient Phase 

 One week to 1 month after the screening examination, subjects 
were admitted to the Clinical Research Unit and began the 15-day 
and 14-night inpatient phase of the study ( Fig 1    ). Temperature 
and lighting were controllable and left to the discretion of the 
subjects, who were allowed access to clocks and were aware that 
awakening would consistently occur at 6:00  am  during the study. 
The fi rst 3 days and 3 nights consisted of an acclimation phase 
during which subjects were allowed to go to sleep ad lib. The 
experimental phase consisted of the subsequent 8 days and 8 nights. 
A computer-generated list of random numbers was used to create 
simple randomization to the sleep-deprivation or control group 
1:1 stratifi ed by sex. Allocation concealment and blinding of par-
ticipants, study staff, and researchers, except for the lead physician 
(A. D. C.) and lead sleep technologist (C. W.), until the experi-
mental phase was achieved as much as possible through the use of 
a single protocol with identical procedures except for the provi-
sion that bedtime would be according to randomization status 
during the experimental phase. On the morning of the fourth day, 
participants and staff were informed of the randomization status. 
During the experimental phase, those randomized to sleep dep-
rivation were asked to stay awake between 6:00  am  and their 
bedtime, which was calculated to give an in-bed time equal to 
two-thirds of their usual sleep time using data from the actigraph. 
Those randomized to the control group were allowed to go to sleep 
ad lib. During the experimental phase of the study protocol, nurses 
checked on each subject every 30 min and recorded their activ-
ities between 7:00  am  and bedtime. After the experimental phase, 
subjects entered the recovery phase for 4 days/3 nights during 
which all subjects continued to be awakened at 6:00  am  and all 
were allowed to go to bed ad lib. 

 Sleep Monitoring 

 PSGs were performed at the screening examination and each 
night during the inpatient phase of the study. PSGs were digi-
tally recorded (Siesta; Compumedics Limited) and scored using 
Profusion3 PSG (Compumedics Limited) software  . Recorded 
parameters included three-channel EEG, two-channel electrooc-
ulography, oronasal airfl ow by pressure transducer and thermocouple 
sensors, submental and limb electromyograms, ECG, transcuta-
neous pulse oximetry, thoracic and abdominal respiratory effort 
by inductance plethysmography, snoring by tracheal microphone 
or piezocrystal sensor, and body position by calibrated body posi-
tion sensor and video monitoring. During the daytime, wakeful-
ness was assessed by continuous three-channel EEG, two-channel 
electrooculography, submental and electromyograms, and ECG 
using the Siesta device. Scoring of sleep stages, disordered breath-
ing events, oxygen desaturation, and periodic limb movement was 
performed by an experienced polysomnographer, and results were 
reviewed by a qualifi ed physician in accordance with current 
American Academy of Sleep Medicine guidelines.  32   

 Dietary Access and Monitoring 

 During the study, subjects were allowed ad lib food and drink 
without restrictions. Subjects were allowed to order from both the 

studies suggest a potential mechanistic link among 
sleep restriction, hormonal changes, and increased 
caloric intake, the overall effect on energy balance 
remains unclear. Given that sleep restriction is often 
voluntary and potentially avoidable, understanding 
whether and how insuffi cient sleep leads to any posi-
tive energy balance and, hence, development of obe-
sity is crucial to clinical interventions, public health 
policy, and informing future studies.  29-31   We, therefore, 
tested the hypothesis that sleep restriction would 
increase caloric intake while reducing activity energy 
expenditure, and that circulating levels of leptin would 
decrease and ghrelin would increase. 

 Materials and Methods 

 This was a parallel-group study, randomized 1:1 to sleep depri-
vation vs control sleep, stratifi ed by sex, conducted at the Clinical 
Research Unit at Saint Marys Hospital, part of the Center for 
Translational Science Activities   of Mayo Clinic. Individuals gave 
written informed consent. This study was approved by the Mayo 
Clinic institutional review board   (IRB No. 08-006780). 

 Subjects 

 Eligible individuals were between the ages of 18 and 40 years, 
of normal weight (BMI, 18.5-24.9 kg/m 2 ), and sedentary (defi ned 
as less than four 20-min episodes of moderate- or vigorous-intensity 
physical activity in the prior 4 weeks), had no medical conditions 
requiring ongoing treatment, and were taking no medications 
other than oral contraceptive pills for birth control. Exclusion 
criteria were pregnancy or plans to become pregnant in the 
next year, tobacco use, anemia, any sleep disorder, and inability to 
follow the study protocol. 
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acclimation period during inpatient days 2 to 4, during the exper-
imental phase (days 6-8 and 9-11), and during the recovery phase 
(days 13-15). 

 Biochemical Measurements 

 Venous blood was collected by standard venipuncture on the 
last day of each study period between 6:10  am  and 6:30  am  prior 
to arising from recumbency. Leptin and total ghrelin were mea-
sured by radioimmunoassay (Millipore). 

 Statistical Analysis 

 The primary outcome measure was change in total caloric con-
sumption for the last 2 days in each study period (days 10 and 11 
for the experimental period and days 13 and 14 for the recovery 
period) relative to baseline (days 2 and 3). A   full factorial repeated-
measures analysis of variance model (main effect of randomized 
treatment, study period, and their interaction) was fit while 
accounting for the repeated measures within participant (ie, a 
mixed model with a random subject effect). Contrasts of estimated 
means were used to test for differences in caloric consumption 
between groups. Changes in physical activity level and other bio-
chemical outcomes were tested using similar methodology. Analyses 

general hospital menu and from the Metabolic Kitchen and were 
allowed to bring in food from outside the hospital as long as the 
staff were allowed to inspect the food. Snack foods, tailored to the 
preferences of the individual, were kept in cabinets in the sub-
jects’ rooms and were refi lled on a daily basis. Dieticians assessed 
dietary intake daily from receipts from the hospital menu, logs 
from the Metabolic Kitchen, food logs, and inspections of the 
subjects’ snack foods. Those assessing caloric intake were not aware 
of condition assignment until the experimental phase began, at 
which time blinding would not have been possible for practical 
reasons. The duration of this study was too short to reliably see 
changes in fat mass and weight, although to provide exploratory 
data, subjects were weighed on a digital scale at the end of the 
acclimation, experimental, and recovery periods. 

 Physical Activity Monitoring 

 Energy expenditure was assessed using the physical activity 
monitoring system (PAMS). The PAMS is composed of four incli-
nometers and two triaxial accelerometers worn as part of specially 
designed undergarments, and the data are stored every one-half 
second. Prior studies have shown an excellent correlation between 
the PAMS and energy expenditure ( r  2   5  0.99), measured using 
doubly labeled water.  33-37   All subjects wore the PAMS during the 

  Figure  1. Study diagram  .   

  Figure  2. Enrollment, allocation, follow-up, and analysis of study participants.   
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jects, on average, consuming 3,060 (835) kcal/d com-
pared to 2,382 (578) in the experimental group ( P   5  .09). 
Weight among those randomized to sleep restric-
tion increased over the experimental period (median, 
 1 0.9 kg; interquartile range, 0.4-1.9 kg;  P   5  .039 signed 
rank test) but not among those randomized to ad lib 
sleep (median,  1 0.6 kg; interquartile range, 0.2-1.0; 
 P   5  .129). The change in weight over the experimental 
period did not differ by study group ( P   5  .53). 

 Physical Activity 

 Total accelerations did not differ statistically by 
group or time ( P   5  .70). There was no difference in 
the change in total accelerations from the acclimation 
to experimental time points between groups ( P   5  .62) 
or from the acclimation to recovery phase between 
groups ( P   5  .41). Similarly, no change in total accelera-
tions between the acclimation and experimental time 
points was seen in either the sleep-deprived group 
( P   5  .90) or the control group ( P   5  .39) ( Table 2 ), and 
no change was seen between the acclimation and 
recovery time points in either the sleep-deprived group 
( P   5  .38) or the control group ( P   5  .79). 

 Leptin and Ghrelin Concentrations 

 There were no signifi cant differences in leptin 
or ghrelin levels by group or time ( P   5  .29,  P   5  .43, 
respectively). Ghrelin levels remained similar between 
the acclimation and experimental periods in the 

were performed with SAS, version 9.3 (SAS Institute, Inc). For all 
comparisons  P   ,  .05 was considered signifi cant. 

 Results 

 Subject Characteristics 

 We were contacted by 27 individuals asking about 
potential study participation, of whom 17 felt that 
they could participate and were formally assessed for 
this study ( Fig 2  ). Of these, all 17 subjects entered the 
study, none was excluded, and all were randomized to 
either sleep deprivation or control. All randomized 
participants completed the study and our analysis 
set consisted of 11 men and six women, of whom fi ve 
men and three women were randomized to sleep 
deprivation. No differences in baseline anthropomor-
phic or sleep characteristics were seen (Table 1 ). 

 Adherence to Study Protocol 

 Total sleep time in the control and sleep-deprived 
groups during the acclimation, experimental, and 
recovery periods averaged 405 and 372 min, 417 and 
312 min, and 408 and 465 min, respectively   ( Fig 3  ). 

 Caloric Intake 

 The incremental change in total calories at the end 
of the experimental and recovery periods relative to 
the acclimation period is presented in  Table 2  . Mean 
(SD) change in caloric consumption for the sleep 
deprived and control groups were  1 559 (706) ( P   5  .006) 
and  2 118 (386) ( P   5  .51) kcal/d, respectively. The net 
increase in caloric intake in the sleep-deprived group 
was, thus, 677 kcal/d (95% CI, 148-1,206 kcal/d;  P   5  .014) 
higher than that of the control group. Caloric intake 
remained nonsignifi cantly elevated during the recov-
ery phase in those randomized to sleep deprivation 
( 1 147 [494],  P   5  .44) while caloric intake in those 
randomized to the control group remained stable 
( 2 3 [585],  P   5  .99). There were, however, potentially 
clinically relevant differences in baseline caloric con-
sumption between the two randomized groups at the 
end of the acclimation period with the control sub-

  Figure  3. Total sleep duration per day in the control and sleep-
deprived groups during the acclimation, experimental, and recov-
ery periods. Subjects randomized to the sleep-restriction group 
were allowed only two-thirds their normal time in bed. Total sleep 
duration per day in the control and sleep-deprived groups during 
the acclimation, experimental, and recovery periods averaged 405 
and 372 min, 417 and 312 min, and 408 and 465 min, respectively. 
Error bars represent SDs.   

 Table 1— Baseline Subject Characteristics  

Characteristic    Sleep-Deprived Group Control Group  P  Value

No. 8 9 …
Age, y 24.1  �  4.5 25.4  �  4.7 .60
Male (female) 5 (3) 6 (3) .86
BMI, kg/m 2 22.9  �  1.8 22.4  �  2.5 .66
Time in bed,  a   h 8.1  �  0.7 7.9  �  1.2 .69
Total sleep time,  a   h 7.5  �  0.7 7.0  �  1.4 .20
Sleep effi ciency,  a   % 92.7  �  3.6 87.6  �  8.8 .18

Data are presented as mean  �  SD.
 a Values are estimated from home actigraphy recordings.
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sleep-deprived group (799 [241] and 759 [284] pg/mL; 
 P   5  .35) and in the control group (708 [166] to 
740 [226] pg/mL;  P   5  .41). The between-group differ-
ence for these changes was not statistically signifi cant 
( P   5  .21). Leptin similarly did not change in the sleep-
deprived group ( P   5  .45) or in the control group 
( P   5  .41) ( Table 2 ). The between-group difference 
on the change scores was not signifi cant ( P   5  .27). 

 Discussion 

 We found that modest sleep restriction over an 
8-day period is associated with a signifi cant increase 
in caloric intake without any change in activity energy 
expenditure. The magnitude of the increase in caloric 
intake was striking, with those randomized to sleep 
restriction consuming an additional 559 kcal/d. Con-
trary to our hypothesis, we found no change in circu-
lating leptin and ghrelin levels. 

 Our fi ndings suggest that sleep restriction alters 
the drive to eat because we found that caloric intake 
increased in the absence of changes in energy expen-
diture. Although it has been suggested that sleep 
restriction acutely reduces concentrations of leptin 
and increases concentrations of ghrelin, differences 
in leptin concentration have not been seen in all cross-
sectional studies  38   nor have changes in leptin con-
centration been found in all acute sleep-restriction 
studies.  39   We found no changes in leptin nor ghrelin con-
centration after 8 days of sleep restriction. Whether 
this was due to the longer study duration than was 
used previously  19-21   is unclear, although one prior study 
that allowed ad lib access to food during 14 days of 
sleep restriction also found no changes in leptin and 
ghrelin.  28   Meanwhile, Buxton and colleagues  22   found 
that sleep restriction with circadian misalignment did 
decrease leptin and increase ghrelin when food intake 
was held constant. Thus, it seems most plausible that 
although sleep restriction and/or circadian misalign-
ment may decrease leptin concentrations and increase 
ghrelin concentrations, at least acutely, over time, a 
net positive energy balance with consequent increase 
in body fat may mask these changes. Leptin and ghrelin 
signaling was not directly assessed in this study, but 
it seems likely that changes in the hedonic response 
to food in the CNS occur in response to sleep restric-
tion.  24,40   Finally, there is some evidence that the risk 
of weight gain seems most closely related to disinhib-
ited eating,  41   implying that the normal regulatory sig-
naling mechanisms may not function appropriately in 
response to sleep restriction. 

 We found no change in activity energy expenditure. 
Others have found that sleep restriction likely does 
not change the resting metabolic rate, thermic effect 
of food, or total energy expenditure.  28   These results 
imply that the increased caloric intake associated with 
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derangements seen with restricted sleep,  45   which 
may promote obesity,  22   something that has not been 
explored in epidemiologic studies, which have generally 
examined total sleep time and not sleep patterns.  46   
Finally, our study sample size was relatively modest. 
There were small differences in baseline sleep param-
eters and caloric intake. It is possible, but seems 
unlikely, that these baseline differences affected our 
results, given the signifi cant within-group changes in 
caloric intake. 

 Conclusions 

 In conclusion, modest sleep restriction in relatively 
young healthy individuals is accompanied by increases 
in caloric intake without any signifi cant changes in 
energy expenditure. Similar magnitudes of sleep restric-
tion are relatively common in the general population 
and may contribute to the high and rising prevalence 
of obesity. 
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sleep restriction may provide a powerful impetus for 
the development of obesity. This is supported by our 
data suggesting that those undergoing sleep restric-
tion had a tendency toward weight gain. 

 The strengths of our study include the ecologically 
relevant sleep conditions together with ad lib access 
to food coupled with comprehensive monitoring in a 
group of healthy normal individuals without underlying 
sleep pathology. Importantly, sleep and wakefulness 
were monitored objectively by EEG on a continuous 
basis, the only exception being when patients were 
showering, when they were assumed to be awake. 
The magnitude of sleep restriction was likely relevant. 
Data from the National Health and Nutrition Exami-
nation Survey show that 26.8% of individuals reported 
a usual sleep duration of  �  6 h/d,  15   although it is unclear 
how this self-reported usual sleep time compares 
with our sleep-restricted group, who went from a 
PSG-confi rmed total sleep duration of 6.2 to 5.2 h/d. 
Similarly, caloric intake and activity energy expendi-
ture were measured comprehensively and on a virtu-
ally continuous basis. To the best of our knowledge, 
no prior randomized controlled study of sleep restric-
tion has conducted simultaneous monitoring of caloric 
intake, activity, and sleep-wakefulness in as robust a 
manner. 

 Our study has several limitations. First, participants 
were relatively young and healthy. It is the young 
population that is most commonly sleep deprived,  42   
because of the widespread recent use of electronic 
entertainment and communication technology,  43   and 
who may conceivably face a lifetime of sleep restric-
tion and potential negative health implications. How-
ever, it is unclear if our results would have been 
different had we included older individuals and those 
with medical conditions. Second, our laboratory-based 
protocol was of intermediate duration, and it is unclear 
to what extent our model mimics the experience of 
free-living individuals. Furthermore, it is unclear from 
our data if caloric intake remains elevated after the 
period of sleep restriction ends and ad lib sleep is 
allowed. Third, our study protocol had unique aspects 
that require consideration. Sleep was proportionally 
reduced within each subject and although this may 
help attenuate the natural variation in sleep duration 
among individuals, it may not fully refl ect the different 
patterns by which individuals may limit their sleep 
times. Furthermore, sleep onset was delayed, whereas 
awakening time was held constant. This may have 
induced some degree of circadian misalignment. The 
extent to which our fi ndings were due to sleep restric-
tion vs circadian misalignment is unclear, although 
this may refl ect the common experience of free-living 
individuals, especially those involved with shift work.  44   
Furthermore, sleep restriction together with circa-
dian disruption appear to contribute to the metabolic 
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