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Short sleep duration has been shown to be associated with
elevated body mass index (BMI) in many epidemiological
studies. Several pathways could link sleep deprivation to weight
gain and obesity, including increased food intake, decreased energy expenditure, and changes in levels of appetite-regulating
hormones, such as leptin and ghrelin. A relatively new factor
that is contributing to sleep deprivation is the use of multimedia
(e.g. television viewing, computer, and internet), which may
aggravate sedentary behavior and increase caloric intake. In
addition, shift-work, long working hours, and increased time
commuting to and from work have also been hypothesized
to favor weight gain and obesity-related metabolic disorders,
because of their strong link to shorter sleep times. This article
reviews the epidemiological, biological, and behavioral
evidence linking sleep debt and obesity.
Key words: Energy expenditure, energy intake, epidemiology,
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Introduction
Sleep is a restorative process that plays an important role in
the balance of psychological, emotional, and physical health.
Increasing evidence suggests that not having enough sleep may
be associated with adverse health effects, such as obesity, type 2
diabetes, hypertension, and cardiovascular disease (1–3).
Reduced sleep duration and sleep quality are increasingly frequent in modern society and are likely linked to changes in the
socio-economic environment and lifestyle (4). The percentage of
adults who reported sleeping 6 hours or less increased by 5%–6%
between 1985 and 2004 (5). Most studies in college students indicate that they are chronically sleep-deprived with self-reported
average sleep duration of around 7 hours per night (6) versus the
9–10 hours usually recommended for adolescents.
Simultaneously, obesity has become a major public health
epidemic worldwide. In the past three decades, obesity rates for
adults have doubled, and rates for children have tripled (7).The
increasing prevalence of obesity affects all industrialized countries. In 2008, 1.46 billion adults worldwide had a body mass
index (BMI) of 25 kg/m2 or greater, and, of these, 205 million

Key messages
• Epidemiological data have identified an association
between short sleep duration and overweight and/or
obesity. This association is more consistent in children
than in adults.
• Sleep restriction results in metabolic and endocrine
alterations (e.g. increased levels of ghrelin, decreased
levels of leptin, increased hunger and appetite, decreased
glucose tolerance, decreased insulin sensitivity, increased
evening concentrations of cortisol).
• Insufficient sleep is associated with increased food
intake, snacking, and poor diet quality.

men and 297 million women were obese (BMI ⬎ 30 kg/m2) (8).
The prevalence of obesity is not distributed equally across nations
and socio-economic groups; for example, in France, national
epidemiological data in 2012 showed that 32% of adults were
overweight and 15% obese (9). Asian countries, in comparison
with others countries such as USA, have lower but increasing
rates of overweight and obesity (10). Economic development,
industrialization, urbanization, decreased physical activity, and
disturbed food habits may probably partly explain this increasing
prevalence of obesity observed.
Obesity is a multifactorial disease occurring as the result
of complex interactions between genetic and environmental
factors (11). The dramatic increase in obesity prevalence
observed in the last decade seems to be largely attributable to
environmental changes promoting the intake of energy-dense
foods and/or the reduction in physical activity associated with
the high number of sedentary jobs, available transportation
systems, and increasing urbanization (11). Although poor diet
and reduced physical activity both play a major role in the risk
of weight gain and the obesity epidemic, other factors may also
be involved.
Reduced sleep duration was proposed as a possible contributing factor 15 years ago (12). In adults, short sleep is usually
defined as reported sleep duration of ‘less than 6 hours per
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regular (working or active) day’ including night sleep, napping,
and resting (13). Epidemiological studies suggest that sleeping
for less than 6 h is associated with increased morbidity in
terms of development of obesity, type 2 diabetes, cardiovascular
disease, and risk of accidents (14).
Based on the literature, no consensus definition exists for the
term ‘sleep debt’, which may reflect a voluntary (due to work conditions, transport, or leisure) or involuntary (due to insomnia or
noisy environment) shortening of sleep duration (13). Similarly,
there is no agreed definition of inadequate sleep, which can refer
to short sleep duration (generally ⬍ 6 hours per night) or to poor
sleep quality with or without sleep disorder (15).
In this review, we focus only on reduced sleep duration with
no associated sleep disorder (e.g. insomnia, sleep apnea). We
first review the epidemiological data that support an association
between short sleep duration and obesity. We then examine the
different physiological and behavioral pathways that may explain
the association between sleep reduction and weight gain. Finally,
we wonder whether improving sleep duration could be a preventive tool against weight gain and obesity.

Sleep debt and obesity: the
epidemiological evidence
The reduction in sleep quantity and quality has been associated
with obesity in numerous epidemiological surveys.

Review and meta-analyses
One of the first observations published on the association between
sleep duration and weight was a case–control study in which
327 obese children and 704 controls aged 5 years were observed
(16). Several environmental factors contributing to child obesity
(snacks, television viewing) were highlighted, but the most important factor identified was the reduction in sleep duration; this
was the only risk factor that remained significant after adjustment
(adjusted OR ⫽ 1.4). Since this study, numerous cross-sectional
and longitudinal epidemiological studies have examined the association between sleep duration and weight gain in children,
adolescents, and adults, and we will discuss the results of some
recent meta-analyses on this issue.
Cappuccio et al. provided quantitative estimates of the crosssectional association between sleep duration and obesity in
children and in adults (17). Thirty-six studies were included
in the meta-analysis, with a total of 30,002 children and
604,509 adults. In children, the pooled OR for short duration
of sleep (⬍ 10 hours) and obesity (BMI ⬎ 95th percentile) was
1.89 (1.43–1.68; P ⬍ 0.0001). In adults, the pooled OR was 1.55
(1.43–1.68; P ⬍ 0.0001). The authors also demonstrated that
adults reporting five or fewer hours of sleep per night were at a
higher risk of being obese and that every additional hour of sleep
was associated with a 0.35 kg/m2 decrease in BMI.

The same year, another meta-analysis of cohort and
cross-sectional studies in the general pediatric population identified 17 studies (18). The pooled OR predicting obesity from short
sleep duration was 1.58 (1.26–1.98). This meta-analysis supported
a sex difference in the association, with boys having a stronger
inverse association than girls (OR ⫽ 2.50 (1.88–3.84) versus
OR ⫽ 1.24 (1.07–1.45)). The results also showed a significant
linear dose–response relationship between decreased sleep duration and increased BMI in young children (⬍ 10 years old).
Two key aspects can be drawn from these meta-analyses: First,
the association is more robust in children than in adults; second,
a gender difference may exist.

Are children more vulnerable than adults?
Several systematic reviews concluded that short sleep duration was
consistently associated with a higher risk of obesity in children,
but not in adults (Table I) (19–22), with an effect of sleep duration
on weight gain declining when age increases in the adults population. The association is also more difficult to assess in adults due
to the higher percentage of associated sleep disorders (insomnia,
sleep apnea) which may disturb total sleep time (22).
A recent systematic review of 20 longitudinal studies produced similar results (23). Among the 13 studies in adult
populations, 4 found an association between short sleep duration and weight gain, 4 found an association between short and
long sleep durations and weight gain, and 5 studies found no
significant association. All the 7 longitudinal studies involving
children reported an association between short sleep duration
and increased weight.
Data from the National Health and Nutrition Examination
Survey demonstrated that, among participants without depression or a diagnosed sleep disorder, sleep duration was associated
with BMI and waist circumference and the association was stronger among young adults (age between 20 and 39 years) (24).
However, a recent large cross-sectional study also showed an
association between short sleep duration and obesity in adults
aged 45 years or older (25). This result was confirmed by data
from the NIH-AARP Diet and Health Study Cohort. Among
participants aged 51–72 years and followed during 7.5 years,
who were not obese at baseline, those who reported less than
5 hours of sleep per night had an approximately 40% higher risk
of developing obesity than did those who reported 7–8 hours of
sleep (26).
In summary, the impact of short sleep duration on obesity risk
appears greater in children than in adults and probably greater in
young adults than in mid-life or late life, although the relationship
is still present at older ages. This finding suggests that children
and adolescents may be more vulnerable to the effects of insufficient sleep. Sleep is important for brain development. Sleep loss at
young age may alter the hypothalamic mechanisms that regulate
appetite and energy expenditure. Another possibility to explain

Table I. Summary of principal systematic reviews examining the association between sleep duration and obesity in
child and in adult populations. This table shows that almost all the studies performed in children found an association
between short sleep duration and obesity, but not in adults, especially for prospective (1/7) or longitudinal (8/13)
studies.
Total number of studies analyzed (n)
References of systematic reviews
Patel and Hu, 2008 (19)
Marshall et al., 2008 (20)
Van Cauter and Knutson, 2008 (21)
Nielsen et al., 2011 (prospective studies) (22)
Magee and Hale, 2012 (longitudinal studies) (23)

Positive results/n

Children studies

Adults studies

Children

Adults

n ⫽ 13
n ⫽ 15
n⫽7
n⫽8
n⫽7

n ⫽ 23
n ⫽ 21
n ⫽ 30
n⫽7
n ⫽ 13

13/13
14/15
7/7
8/8
7/7

17/23
13/21
25/30
1/7
8/13
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the effect of age is that the impact of sleep duration on weight
gain may alter over time such that short-duration sleepers may
not continue to gain weight linearly.
However, we did not find any longitudinal survey which allows
us to determine which age group may be determinant in the association. Another important limitation in studies on children is
that different methods were used to determine obesity.
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Is there a gender effect?
Gender differences are consistently found in some sleep disorders:
for example, insomnia is more prevalent in women, and sleep
apnea in men. However, the gender difference in the association
between sleep duration and obesity remains unclear.
In children, the majority of studies have not reported a gender
difference. For example, a recent cross-sectional study on 1589
children demonstrated that short sleep duration was associated
with obesity in girls (RR 1.2; 95% CI 1.0–1.4) and boys (PR 1.3;
95% CI 1.1–1.5) after adjustment for behavioral problems and
social risk factors (27). Researchers who did identify a gender
difference suggested that girls may be more resilient to environmental stressors than boys and would probably need greater sleep
deprivation to affect their metabolism than boys (18,28,29).
Similarly, in adults, it is unclear whether sleep duration is differentially related to obesity according to gender. Some studies
observed no differences by gender or ethnicity (24), whereas
others reported a positive association only in men (30,31). In a
prospective study, Watanabe et al. found an association between
short sleep duration and obesity in men but not in women. In
men, the adjusted odds ratios for development of obesity were
1.91 (95% CI 1.36–2.67) and 1.50 (95% CI 1.24–1.80), respectively, in those who slept less than 5 hours and in those who slept
between 5 and 6 hours (31). In this study, the sex difference could
have been explained by the low prevalence of obesity and newly
developed obesity in the women.
Still others report that the link is stronger or only present in
women (32,33). Mezick et al. have investigated associations between sleep and anthropometric variables using both subjective
and objective measures of sleep (32). Participants (n ⫽ 1248, age
ranged from 34 to 84 years, 43% men) reported their habitual sleep
duration, and 441 of them (40% men) underwent 7 nights of wrist
actigraphy. Among all participants, increased BMI was associated
with shorter and less efficient sleep. But further examinations by
gender have shown that these associations were only present in
women. One possible explanation for this finding is that ‘women
often report needing more sleep and feeling less rested than men’;
it is therefore possible that the physiological consequences of
sleep loss may be more pronounced in women (32). Moreover,
menopausal state has an influence on sleep, and menopause is
often related to weight gain, which may, thus, explain the greater
difference observed in women in some studies.

Limitations of epidemiological studies: objective
measures of sleep
An important issue in epidemiological studies is that reliable and
valid measures of both sleep duration and obesity need to be used.
Most of the literature examining the relationship between sleep
and obesity is based on self-reported sleep assessments, and the
correlation between self-reported sleep and objective measures of
sleep is moderate (34). In population-based samples, self-reports
of habitual sleep duration are biased by systematic over-reporting
compared to objective measures of sleep duration.
Another issue is that the causes of short sleep duration are
generally not reported, and it is particularly difficult to know
whether short sleep duration was the result of voluntary chronic

restriction in a healthy sleeper or of the inability to sleep longer
in an individual suffering from a sleep disorder (35).
A few studies have provided data on objective duration of
sleep and BMI. In 2004, Taheri et al. used polysomnography
records (PSG, the gold standard of sleep evaluation) in a large
longitudinal survey and demonstrated a U-shaped curvilinear association between sleep duration and BMI. In subjects sleeping
less than 8 hours, increased BMI was proportional to decreased
sleep (36).
Another recent study also used PSG and found that short sleep
duration was associated with central obesity (waist circumference and abdominal diameter), a risk factor for cardiometabolic
disorders, in a population of middle-aged women (33). The results of this study indicated that the loss of slow-wave sleep and
REM sleep (two qualitatively essential stages of sleep) may play
an important role in the association between short sleep and
obesity (33). A relationship between slow-wave sleep and waist
circumference was also previously reported in elderly men in a
cross-sectional study (30).
In a pediatric sleep clinic population, short sleep duration (assessed by PSG and defined as 1 hour of sleep less than the duration
recommended per age) was correlated to obesity independently
of the presence of obstructive sleep apnea (37).
Several other PSG studies did not, however, identify a strict association between sleep duration and weight gain (34,36,38,39).
In a longitudinal population-based study using PSG, Vgontzas
et al. found that the incidence of obesity was higher in women
and in individuals who reported poor sleep, but also in subjects
with subjective short sleep duration and emotional stress (40).
The associations were stronger in young and middle-aged adults.
However, objective short sleep duration was not significantly
associated with obesity (40). The authors suggested that an
individual’s perception of sleep duration may more clearly correlate with obesity than does objective sleep loss. One explanation is
that self-reported short sleep duration does not reflect real short
sleep duration, but may be a marker of sleep complaints, such as
insomnia, poor sleep, and chronic psycho-social stress (41).
In 2008, in a large population study (Penn State Cohort), the
same authors showed that obese individuals reporting short sleep
duration had a higher incidence of subjective sleep disturbances
and a higher score for chronic and emotional stress than did
non-obese subjects (40). Data from the National Health Interview
Survey indicated that adults who usually slept less than 6 hours
were more likely to engage in certain health risk behaviors (cigarette smoking, alcohol drinking, physical inactivity) than adults
who slept 7–8 hours (42). Furthermore, these behaviors used to
reduce stress and to improve sleep were associated with increased
food intake and significant weight gain.
Reducing emotional stress may become a target of preventive
strategies against obesity. Stress and emotional disturbance have
also been associated with sleep duration and obesity and may
represent a potential link between these two factors.

Limitations of epidemiological studies: objective measures
of adiposity or visceral fat
Self-report of BMI (based on weight and height) is often used to
determine overweight and obesity status. However, BMI does not
necessarily provide accurate estimates of percentage body fat or
of body composition.
Few epidemiological studies have evaluated the association
between sleep duration, body weight, and adiposity. Among
330 young adult women (20.2 ⫾ 1.5 years), inconsistent sleep
patterns and poor sleep efficiency were related to adiposity (43).
In this study, sleep was monitored by actigraphy and physical
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activity, and body composition was also objectively measured.
Interestingly, other sleep variables, such as sleep quality and sleep
efficiency, had a stronger association with BMI than did sleep
duration. These findings support the importance of considering
consistent sleep, which can be defined as sleep with no interruption, and wake schedules in future studies.
A study conducted in two minority groups in the US—African
American and Hispanic adults—focused not only on BMI but
on visceral and subcutaneous fat. These investigators found that
younger subjects (18–39 years old) who slept less than 5 hours
per night experienced a larger increase in BMI, visceral fat, and
subcutaneous fat over 5 years than those who slept 6–7 hours
per night (44). No association between sleep and BMI or fat was
observed in older subjects (⬎ 40 years old).
Recently, the association between sleep time (assessed by actigraphy) and BMI was reported in women but not in men (32).
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Perspectives
It is important to mention that epidemiological evidence alone
cannot establish a cause–effect relationship between sleep
duration and obesity. Inadequate sleep may lead to obesity, but
obese individuals are more likely to have inadequate sleep. A
bidirectional effect may thus exist: short sleep duration leading
to weight gain and weight gain leading to short sleep duration in
a vicious cycle. Epidemiological studies have also included many
confounders, which vary across the studies, and some important
confounders are not always taken into account in the analyses,
such as socio-economic status, physical activity, alcohol, caffeine
consumption, mood, and psychological disorders. For example,
despite the inverse relationship observed between sleep duration
and weight gain, a recent publication demonstrated that parental
rules may confound the association, particularly in 3-year-old
children (45). Three-year-old children and their parents were
recruited in nursery schools in socio-economically deprived and
non-deprived areas. Parents were interviewed to assess their use
of sleep, television-viewing, and dietary rules. Children were
measured for height, weight, waist circumference, and triceps
and sub-scapular skin fold thicknesses. Parental rules were associated with longer night-time sleep and were more prevalent
Behavioral
Pathways

Energy
expenditure ?

Physical
activity

Snacking
Alcohol consumption
Poor diet quality

in the non-deprived area. Television-viewing and dietary rules
were associated with leaner body composition. As rules cluster
across behavioral domains and are associated with sleep duration
and body composition, the authors conclude that this could
play a role and confound the association observed between sleep
duration and obesity in young adults. However, this preliminary
study needs to be replicated (45).
It is also important to note that the majority of research has
been conducted in Western countries, with the exception of
Japan (31,46). However, the findings from Japan and Western
countries did not differ. In Japan’s studies, short sleep remains
associated with weight gain and development of obesity. Comparative research on sleep and its association with obesity is
lacking (15). Only the Behavioral Risk Factor Surveillance
System (BRFSS) showed, in a multi-ethnic sample of US adults,
that perceived insufficient rest or sleep was independently associated with cardiovascular disease, stroke, diabetes mellitus,
and obesity (47).
To clarify the effects of sleep duration on the risk of obesity, randomized prospective interventional trials are needed.
Although depriving subjects of sleep for extended periods of time
may be unethical, extending sleep in individuals with short sleep
duration and obesity could help to clarify the relationships (48).

Sleep debt and obesity: the biological hypothesis
In addition to epidemiological data, several hormonal and metabolic pathways may be involved in the association between short
sleep duration, overweight, and obesity (Figure 1).
It is well known that during sleep the secretion of various
hormones varies, contributing to the metabolism and energy
balance of our body (49). Sleep reduction or deprivation may
disturb this balance. Overweight or obesity is usually associated
with an energy intake that is greater than energy expenditure
(15). Energy intake is dependent on appetite regulation, which
determines the quantity and quality of food intake (15). Two
peripheral hormones, leptin (a 16-kDa polypeptide cytokine)
and ghrelin, act on the hypothalamic nuclei to regulate energy
balance and food intake (50). Leptin is produced mainly by the

Sleep Debt

Time
to eat

Hunger
Appetite

Biological
Pathways

Leptin
Ghrelin

Sympathetic
nervous activity

Orexin

Insulin
secretion

Brain glucose
utilization

Night-time
Growth Hormone

Altered glucose metabolism
Glucose tolerance

Neuropeptide Y
Insulin resistance

Food intake

Type 2 diabetes

Weight gain
Obesity
Figure 1. Schematic representation of the possible biological and behavioral pathways linking sleep debt and obesity.
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adipocytes and inhibits appetite, whereas ghrelin is released by
the stomach and stimulates appetite (35).
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Sleep duration and BMI
The Wisconsin Sleep Cohort Study, a population-based longitudinal study of sleep disorders, included 1024 volunteers with
stable sleep duration, who underwent questionnaires about their
sleep habits, completed sleep diaries, had nocturnal polysomnography (PSG), and had fasted blood samples taken the morning
following the PSG. Serum leptin, ghrelin, glucose, insulin, and
lipid profiles were measured. After controlling for confounding
factors, a U-shaped curvilinear association was found between
sleep duration and BMI. Subjects sleeping less than 8 h had an
increased BMI proportional to the decreased length of sleep.
Short sleep duration was associated with low leptin (predicted
15.5% lower leptin for sleep of 5 h versus 8 h) and high ghrelin
(predicted 14.9% higher ghrelin for sleep of 5 h versus 8 h), independent of BMI, age, sex, and other confounding factors (36).
No significant correlation was found between sleep duration,
insulin, glucose, and lipid profiles.

Sleep restriction and leptin and ghrelin
As early as 2003, Mullington et al. showed that prolonged sleep
loss (88 consecutive hours of sleeplessness) in 10 healthy men
decreased the circadian amplitude of leptin (51). Experimental
studies of partial sleep restriction in humans were conducted
in Van Cauter’s laboratory in Chicago. The first studies were
conducted in 11 healthy young, non-obese men (4 hours in bed
for 6 nights followed by 6 nights with 12 hours in bed) and in 8
healthy men (4 hours in bed for 2 nights followed by 10 hours
of sleep extension) with a constant glucose infusion as the only
source of calories. Caloric intake and activity level were carefully
controlled in the studies. The first study showed a 30% reduction of the leptin maximum amplitude during sleep restriction
compared with rested conditions (12). In the other study, sleep
restriction was associated with an 18% reduction in mean leptin
level, a 28% increase in ghrelin level, and increased hunger and
appetite for every kind of food but especially for carbohydrates.
A strong association was found between the leptin/ghrelin ratio
increase and hunger (50). In another experiment, seven days
of sleep restriction (4 hours per 24 h) in eight young men was
also associated with a significant decrease in the leptin rhythm
amplitude (52). Interestingly, one study observed 15 healthy
women with sleep restricted to 3 h for a single night, and found
a very small increase in leptin level after sleep restriction with no
change in appetite (53).
Leptin has not always been found to be altered by sleep
restriction. In 14 healthy young men who underwent 24 h total sleep deprivation, Benedict et al. found no change in the
leptin circadian rhythm (54). Similar findings were reported in
a prospective study in 21 lean teenage boys (15–19 years) after
three consecutive nights of 4 h sleep duration (55). Finally, no
change in leptin levels was observed in young men (20–40 years
old) submitted to a single night of 4.5 h sleep duration compared to 1 night of 7.5 h sleep, despite increased ghrelin levels
and hunger (56).

Sleep restriction and other nutrition hormones
Blood levels of other hormones have also been assessed during
chronic partial sleep loss studies (12). Thyrotropin concentrations
were depressed and growth hormone (GH) secretion patterns biphasic with a first pre-sleep circadian pulse (during wakefulness
in sleep restriction conditions with delayed sleep onset) and a
post-sleep pulse (during sleep).The pre-sleep pulse, which was the

larger one, occurred at the habitual time of the first cycle of sleep.
The post-sleep onset pulse was negatively related to the pre-sleep
onset GH secretion but tended to be positively correlated with the
amount of concomitant slow-wave activity (SWA). The amount
of GH secreted during the first 3 hours of sleep was less during
sleep restriction (34% of 24 h secretion) than during sleep extension (53% of 24 h secretion). During sleep extension, the subjects
recovered their normal GH secretion profile (57).

Sleep restriction and glucose
It has been shown that glucose regulation is markedly affected
by the sleep–wake cycle. Glucose levels decline during sustained
wakefulness and remain quite stable during overnight sleep.
Whole-brain metabolism declines from wakefulness to NREM
sleep, resulting in reduced glucose utilization. As brain glucose
is not mediated by insulin, the decline in brain glucose utilization results in reduced glucose effectiveness. Glucose tolerance
is optimal in the morning and decreases during the day and the
night (58).
Some experimental studies of sleep restriction showed a link
between sleep debt and impairments in glucose metabolism leading to a risk of type 2 diabetes. In 11 young men, Spiegel et al.
compared glucose tolerance, cortisol, and activity of the sympathetic nervous system after sleep restriction of 4 hours in bed for
6 nights and 12 hours sleep recovery for 7 nights (12). During the
sleep restriction period, insulin sensitivity was lower than during
sleep recovery, but this difference did not reach statistical significance; glucose tolerance (ability of the tissues to absorb glucose
from blood and return blood glucose level to baseline), measured
using the intravenous glucose tolerance test, was lower than in
recovery conditions (P ⬍ 0.02) as observed in older adults with
impaired glucose tolerance; and glucose effectiveness (ability of
glucose to mediate its own disposal independently of insulin) was
30% lower, as was the acute insulin response (P ⫽ 0.05), which
is an early marker of diabetes. Glucose tolerance returned to the
normal range after sleep extension. Evening cortisol was higher
during sleep restriction (P ⫽ 0.0001), and activity of the sympathetic nervous system was increased (P ⬍ 0.02). Glucose metabolism was also studied during a frequently sampled intravenous
glucose tolerance test (IVGTT) after 5 days of sleep restriction and
after 6 days of sleep recovery. Glucose tolerance was 40% lower at
the end of the sleep restriction period than after sleep extension.
The insulin profile showed a biphasic pattern with the first phase
(corresponding to the rapid release of insulin from the β cells)
reduced by 30%, as was the level of C-peptide by 25%. Glucose effectiveness, a measure of non-insulin-dependent glucose uptake,
was also reduced by 30%–40%. The disposition index (product of
acute insulin response to glucose and insulin sensitivity index)
considered as a predictor of diabetes risk was decreased by 37%
in sleep debt compared with the rested state (59). More extended
periods of less severe sleep curtailment gave similar results, as
did a study with a randomized cross-over design—2 nights with
4 hours in bed and 2 nights with 10 hours in bed—to eliminate
an order effect (49). The suppression of slow-wave sleep (SWS)
without any reduction in total sleep time resulted in decreased
insulin sensitivity, reduced glucose tolerance, and increased risk
of type 2 diabetes (60). Nedeltcheva et al. noted that 5.5 hours
in bed for 14 nights provoked an 18% reduction in insulin
sensitivity and 10% decrease in glucose tolerance compared
with 2 weeks of 8.5 hours in bed per night (61); in these two
conditions, weight gain was similar. In another experimental
study, 20 young (20–35 years) men spent 10 h in bed for 8 nights
or more followed by 5 hours in bed for 7 nights (62). After
the sleep restriction period, insulin sensitivity was reduced by
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approximately 11% (11% to 20% according to measurement
method), and glucose tolerance was reduced (62). Even a single
night of 4 hours was able to decrease peripheral insulin sensitivity
by 20%–25% and increase hepatic insulin resistance (63).
Interestingly, a recent study evaluated the effect of sleep
restriction on insulin signaling in human adipocytes in a randomized, two-period, two-condition, cross-over protocol (4 days
of reduced sleep of 4.5 h versus 8.5 h) in seven young healthy
volunteers, under controlled conditions of caloric intake and
physical activity (64). Four nights of reduced sleep led to increased
insulin resistance and a 30% decrease in insulin sensitivity in fat
cells. The impaired cellular insulin sensitivity paralleled a 16%
reduction in total body insulin sensitivity. Thus, reducing sleep
may have deleterious effects even at the cell level.
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Sleep restriction and obesity: a biological hypothesis?
In summary, sleep restriction has a deleterious impact on BMI,
which may involve multiple biological pathways. Sleep deprivation was associated with decreased leptin levels in some studies,
but not in all, and increased ghrelin level in numerous works. The
imbalance between these hormones, which are part of the orexin
system that integrates control of feeding, wakefulness, and energy
expenditure, may explain the change in hunger, with increased
appetite for snacks, fat, and carbohydrates, ultimately leading to
weight gain (65). Sleep debt also decreases brain glucose utilization, which may therefore be one of the mechanisms for the
decrease in glucose tolerance (59). Altered sympathetic–vagal
balance with an increase in sympathetic activity as shown by RR
variability and increased catecholamine levels may be a pathway
by which sleep loss exerts systemic effects, explaining the decreased insulin response to intravenous glucose perfusion (57,59).
This altered balance may also be implicated in the reduction in
leptin levels during sleep debt conditions. Experimental studies
also demonstrated an increase in cortisol level in the evening,
which may impact on insulin sensitivity the following morning
and promote a delayed night-time of GH secretion (when sleep
time is delayed and sleep restricted). This effect may adversely influence glucose regulation, leading to transient insulin resistance
in muscle cells, a decrease in glucose uptake, an elevated blood
glucose level, and an increase in insulin resistance in other tissues.
GH secretion is indeed known to facilitate a regular glucose level
during the night, despite fasting conditions (57–59). Increased
sympathetic nervous activity can also decrease insulin secretion
from pancreatic β cells. Moreover, we know that sleep restriction
is associated with increased levels of pro-inflammatory cytokines
predisposing to insulin resistance and diabetes (58).

Sleep debt and obesity: the behavioral pathways
around energy balance
As there is accumulating evidence showing that inadequate sleep
is associated with poor health outcomes including obesity, two
recent reviews have examined the link between sleep duration
and energy balance (66,67). St-Onge evaluated studies that had
assessed food intake, energy expenditure, and leptin and ghrelin
levels after periods of normal and restricted sleep varying from
total sleep deprivation (no sleep at all during ⱖ 24-h period)
to partial sleep restriction (sleep prescription ⬍ 7 h per 24-h
period) (66). The objective of the Chaput review was to discuss the evidence linking sleep patterns (especially insufficient
sleep and sleep timing) to appetite control, feeding behavior,
and energy balance (67). We will not discuss the biological
results of these studies, discussed previously, but just focus on the
behavioral hypotheses.

Sleep deprivation and energy intake
Acute or short-term sleep restriction is consistently reported in
association with an increase in food intake, calorie consumption
and poor dietary quality, and also alcohol consumption. After
partial sleep deprivation, the increased meal and calorie intake
was attributed to snacks with a higher carbohydrate or fat content. For example, 14 normal-weight men received a standard
breakfast and were told to purchase as much as they could (for
a given fixed budget, from 20 high-caloric and 20 low-caloric
foods) after a normal night of sleep or after total sleep deprivation (68). After sleep deprivation, ghrelin concentrations were
higher and men purchased significantly more calories and grams
of food than after 1 night of sleep. Altered food purchasing and
increased food intake may represent two behavioral mechanisms
that explain weight gain in sleep-deprived men. In a study in
which 12 lean men were observed after 2 nights of 4 hours in bed
and after 2 nights of 8 hours in bed, the authors reported a 22%
increase in energy intake and a 98% increase in fat consumption
in the sleep-deprived condition during an ad libitum dinner (69).
A significant increase in calorie intake, especially fat, without
change in energy expenditure was also found after 6 nights of
4 hours in bed in non-overweight adults (70).
The mechanism that was first proposed was an alteration in
the key appetite hormones (e.g. leptin and ghrelin), such that the
sensation of hunger is enhanced under restriction of sleep, so
that levels of leptin are suppressed and those of ghrelin increased
(50,71). However, this finding has not been universally observed,
and Chaput suggested in his review that food intake can be
overridden by hedonic rather than homeostatic factors (67).
This suggestion was based on the recent observation that
overeating and weight gain occurred after sleep restriction
(5 days) in healthy adults despite increases in leptin and
peptide YY (PYY) and decreases in ghrelin that signaled food
intake was in excess (72). Moreover, Nedeltcheva et al. showed
that recurrent bedtime restriction under free-living conditions
did not alter leptin and ghrelin levels but increased snacking
(61). In another 8-night partial sleep-restriction survey, caloric
intake in the sleep-restricted group increased by ⫹ 559 kcal/
day and decreased in the control group for a net change of
⫹ 667 kcal/day (P ⫽ 0.014), but there was no change in leptin or
ghrelin levels (73).
These hypotheses were confirmed by fMRI studies showing,
in normal-weight adults, that inadequate sleep enhances hedonic stimulus-processing in the brain underlying the drive to
consume foods and is consistent with the notion that reduced
sleep may lead to a greater propensity to overeat. For example, it
has been shown that sleep restriction (4 h/night during 6 days)
enhanced regional brain activity during food stimuli in regions
involved in reward (74) and enhanced also the neuronal circuitry related to unhealthy food types (66). Recently, Hogenkamp
et al. showed that young men had increased feelings of hunger
in the morning after total sleep deprivation, which was accompanied by overeating with a preference for snacks specifically
after breakfast and not in the fasted state. For these authors, the
observed food behavior was driven by both homeostatic and
hedonic factors (75).
Chaput, therefore, postulated that in an environment
where energy-dense foods are highly palatable and readily
available, caloric intake may be directly proportional to the
time spent awake, especially if most of the time spent awake is
spent participating in screen-based sedentary activities where
snacking is common (67). Increased television viewing and
computer and internet use during adolescence have been shown
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to be associated with higher odds of consumption of sweetened
beverages, especially at the upper tail of the BMI distribution
between ages 14 and 18 years (76).
Another possible behavioral link between sleep deficit and
obesity is the time at which people go to sleep. Recent studies
have shown that sleep timing can predict weight loss effectiveness in humans (77). For these authors, eating late compared with
early (e.g. lunch-time after versus before 3.00 p.m.) impaired the
success of a 20-week weight loss therapy in overweight/obese
patients. Because energy intake, dietary composition, estimated
energy expenditure, appetite hormones, and sleep duration
were similar in early- and late-eaters, the authors suggested
that changes in the chronotype, genetic background, and/or
circadian system function may be implicated in this outcome.
In healthy non-obese adults, Spaeth et al. showed that increased
daily caloric intake in sleep-restricted participants (5 nights
of 4 h in bed) was due to the consumption of 553 additional
calories between the hours of 22.00 and 03.59, with a greater
percentage of these calories derived from fat during late-night
hours compared to day-time and evening hours (78). The importance of sleep timing on energy intake has also been shown
in obese adolescents in the sense that later bedtime (mid-point
of sleep ⬎ 3.30 a.m.) was associated with greater caloric intake
and screen time independent of total sleep duration (79).

Sleep deprivation and energy expenditure (EE)
Despite considerable evidence on the association between sleep
deficit and food intake, results from experimental studies on energy expenditure and sleep debt are at the moment more limited
and contradictory. Some protocols tried to study both mechanisms. For example, a careful cross-over protocol analyzed energy intake and energy expenditure in two groups of eight adults
sleeping 5 nights of 5 hours, followed by 5 nights of 9 hours (72).
Restricted sleep increased daily energy expenditure by 5% but
also increased energy intake with a 0.82 ⫾ 0.47 kg weight gain,
despite an increase in 24 h leptin and peptide YY and a significant
decrease in 24 h ghrelin levels. Curiously, women, but not men,
maintained their weight during normal sleep duration, although
food availability led to an increase in food intake. During sleep
deprivation both men and women gained weight. The authors’
hypothesis was that increased food intake during sleep deprivation was a physiological adaptation to provide energy, needed
to sustain longer wakefulness. When food was accessible, intake
exceeded what was needed.
In a study by Schmid et al., sleep restriction (4.25 hours) was
significantly associated with a decrease in global physical activity and in the percentage of intense physical activity, and thus
a decrease in energy expenditure (80). After acute total sleep
deprivation, postprandial (after breakfast) estimated energy
expenditure (i.e. indirect calorimetry) was also reduced on the
following morning (81).
In contrast, no change in energy expenditure was described
in other sleep restriction studies (69,73), and energy expenditure
was increased when measured in a calorimetric chamber (82).
For these authors, the weight gain seemed to be related more to
an up-regulation of appetite, with a subsequent increase in energy
intake and a net positive balance, than to a decrease in energy
expenditure due to lack of exercise.
In conclusion, short sleep duration does not seem substantially
to affect total energy expenditure, nor is there sufficient evidence
in support of any meaningful effect of restricted sleep on the different components of energy expenditure (i.e. sleeping metabolic
rate, thermal effect of food, physical activity energy expenditure,
and non-exercise activity thermogenesis). Each of these compo-

nents requires different measurement tools, and each can be differentially affected by sleep.

Perspectives
Can sleeping more prevent overweight and obesity?
Beyond the evidence showing an association between sleep
deficit and weight gain lies a crucial question: Is ‘sleeping more’ a
solution for overweight and obesity? There is no obvious answer
to this debate, but several perspectives can be considered to
suggest avenues for research.
First, ‘sleeping more’ is not an easy solution. Multiple epidemiological studies have shown an increase in the percentage of
adults and adolescents around the globe reporting short sleep
durations (13,83). The determinants of short sleep duration are
linked to occupational duties (shift-work, increased commuting
time between home and work) but also to leisure activities and
the use of internet, mobile phone, and video games (84–86). In
addition to the behavioral components of short sleep duration,
there are also multiple clinical causes of poor sleep—insomnia,
sleep apnea, restless leg syndrome—which affect 20% to 30% of
adults (87,88).
There is currently no evidence that improving sleep may help
people to reduce their weight. Prevention of obesity is a complex problem, and we have discussed how sleep interacts with
various biological and behavioral pathways. Further research is
needed to determine whether interventions aimed at increasing
sleep duration may be useful in combating obesity. However, this
research may be difficult to conduct. To observe a measurable
difference in weight, a long time will be needed, and maintaining
good compliance in such trials will not be easy. Physical activity, environmental help, and even napping may be proposed to
improve sleep quality and quantity (89).
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