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Synopsis
Over the past 30 years there has been an increase in the prevalence of obesity and diabetes, both of
which can have serious consequences for longevity and quality of life. Sleep durations may have
also decreased over this time period. This chapter reviews laboratory and epidemiologic evidence
for an association between sleep loss and impairments in glucose metabolism and appetite regulation,
which could increase the risk of diabetes or weight gain.
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Introduction
Diabetes and obesity are two debilitating chronic diseases that are increasing at an alarming
rate worldwide [1,2]. Voluntary sleep restriction may play a role in the rapid increase in the
prevalence of diabetes and obesity, and this chapter will review the evidence for such a link.
Sleep restriction or impaired sleep may be more common in modern society than in past decades
[3,4]. A survey study from 1960 found modal sleep duration to be 8.0 to 8.9 hours [5], while
another survey study in 1995 observed a modal category of only 7 hours [6]. Recent national
data also indicate that a greater percentage of adult Americans report sleeping 6 hours or less
in 2004 than in 1985 [7]. Thus, the increase in the prevalence of obesity and diabetes appears
to be mirrored by a decrease in average sleep duration in the U.S.

In simplistic terms, weight gain occurs when there is positive energy balance, that is, energy
intake is greater than energy expenditure (see Figure 1). Sleep restriction could affect
endogenous processes related to energy balance, such as impairments in glucose metabolism
and an upregulation of appetite. Sleep restriction could also affect exogenous factors such as
food choice and increased time available to eat. Sleep loss could also lead to reductions in
physical activity or energy expenditure, but evidence in support of this hypothesis is lacking.
Both impaired glucose metabolism and excess weight can increase the risk of developing type
2 diabetes. Thus, this chapter will first review laboratory studies that examine the effects of
sleep loss on glucose metabolism and appetite regulation. The chapter will then review the
epidemiological evidence for an association between sleep restriction and diabetes risk,
increased body mass index and risk of obesity.
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Sleep disordered breathing is a common sleep disorder that can lead to sleep loss, however it
is also associated with sleep fragmentation and hypoxia. Therefore, it is a much more complex
condition than behavioral sleep restriction. Chapters 11–13 of this volume discuss the effects
of sleep apnea and sleep disordered breathing on health.

Sleep & Glucose Metabolism
Normal Conditions

Under normal conditions, glucose homeostasis results from a tightly controlled balance
between glucose production (from the liver in the post-absorptive state and from the gut in the
post-prandial state) and glucose utilization. Insulin plays a key role in this process by inhibiting
hepatic glucose production and by stimulating glucose uptake by insulin-sensitive tissues.
Glucose tolerance refers to the ability of the body to metabolize exogenous glucose and return
to a baseline level of blood glucose. Glucose tolerance may be assessed in response to oral
glucose administration, intravenous glucose administration or ingestion of meals containing
carbohydrates. Insulin resistance (or reduced insulin sensitivity) indicates that greater amounts
of insulin are required to metabolize the same amount of glucose. To study variations in glucose
tolerance across a 24-hour cycle, a constant glucose challenge, such as identical meals or
snacks, identical loads of oral glucose, constant glucose infusion or continuous enteral
nutrition, must be used. Constant glucose infusion and continouous enteral nutrition further
allow for the assessment of nocturnal glucose tolerance during sleep. Studies using these
procedures have shown that, in normal, lean individuals, glucose tolerance varies across the
day. Glucose tolerance typically is optimal in the morning and reaches its minimum in the
middle of the night [8,9]. This diurnal variation appears to be partly due to a reduction in insulin
sensitivity that occurs simultaneously with a reduction in insulin secretion in response to
elevated glucose levels [10–12]. A study that has attempted to isolate the intrinsic circadian
component of this diurnal variation in glucose tolerance has indicated that the circadian
acrophase for both glucose and insulin levels occurs around the usual time of awakening
[13], and that the optimal glucose tolerance that normally characterizes the morning period is
the result of a decline in glucose and insulin levels that only occurs during sleep.

Multiple studies have indeed shown that sleep plays a role in the 24-hour pattern of glucose
concentrations. For example, an 8-hour period of fasting while awake is associated with a
continuous decline in glucose levels, however, during sleep, which is also a fasting state,
glucose levels remain fairly constant [14]. One study examined the association between sleep
and glucose regulation during constant glucose infusion, a condition that inhibits endogenous
glucose production and therefore reveals changes in glucose utilization [15]. This study
observed that during the early part of nocturnal sleep, levels of glucose increased by an average
of approximately 20 percent but returned to baseline levels in the morning [15], suggestive of
reduced glucose utilization during sleep. Another study using continuous enteral nutrition also
showed elevated glucose levels during sleep and further indicated that this impact of sleep in
glucose homeostasis occurred even when sleep was shifted to the daytime [16]. In the study
with constant glucose infusion overnight [15], non-REM sleep was associated with increases
in glucose levels, while REM sleep was associated with stable levels of glucose [15]. Studies
using positron emission tomography (PET) have indicated that whole-brain glucose
metabolism declines by approximately 11% during non-REM sleep [17], and this may partly
account for the increase in glucose levels during non-REM sleep. The increase in glucose
during non-REM sleep may also be related to a reduction in peripheral glucose utilization
[18,19]. The return to baseline glucose levels in the morning appears related to the increase in
wake and REM stages [15], which are associated with higher glucose utilization than non-REM
stages [18–21]. Finally, daytime sleep was associated with marked elevations of glucose levels
and insulin secretion, which indicates that sleep exerts modulatory influences on glucose
regulation independently of time of day [22]. In summary, glucose utilization appears lowest
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during non-REM sleep and highest during wake, with intermediate levels during REM sleep
[15].

Laboratory studies of sleep and glucose metabolism
Total Sleep Deprivation—A study comparing normal nocturnal sleep to total sleep
deprivation in normal young adults receiving a constant glucose infusion observed that during
total sleep deprivation plasma glucose levels increased much less during the first half of the
night than during normal sleep (Figure 2) [15]. During the second half of the night, glucose
levels decreased under both sleep conditions. This early morning decrease during total sleep
deprivation was approximately twice as large as the initial nighttime increase, while during
normal nocturnal sleep, the nighttime decrease was of similar magnitude as the initial nighttime
increase [15]. Furthemore, the glucose profiles illustrated in Figure 2 indicate that, after sleep
deprivation , plasma glucose levels were higher in the mid-morning to late afternoon despite
similar insulin levels, suggesting decreased daytime insulin action. Thus, the pattern of glucose
secretion during nocturnal sleep deprivation differs significantly from the pattern during
nocturnal sleep, and it is likely due in part to the absence of slow wave sleep and growth
hormone secretion in the beginning of the night.

Partial Sleep Deprivation—Total sleep deprivation cannot be maintained for more than a
few days, and this paradigm does not reflect chronic real world behavior. On the other hand,
partial sleep deprivation, or bedtime restriction, is commonly practiced. Laboratory studies
have examined the effects of partial sleep deprivation on glucose metabolism. One study
enrolled 11 healthy young men and subjected them to 6 nights of 4 hours in bed followed by
7 nights of 12 hours in bed [23]. The subjects ate 3 identical carbohydrate-rich meals and were
at continuous bed rest on the last two days of each condition. On the fifth morning of each
condition, subjects underwent an intravenous glucose tolerance test (ivGTT) and on the sixth
day of each condition blood samples were collected every 10–30 minutes for 24 hours [23].
The results of the ivGTT during the sleep restriction condition demonstrated that the rate of
glucose clearance was approximately 40% lower and the acute insulin response to glucose
(AIRG) was 30% lower compared to the sleep extension condition [23]. The glucose clearance
rates during sleep restriction were similar to those reported for older adults with impaired
glucose tolerance [24], while the glucose clearance rates after sleep extension were typical of
healthy young subjects [25]. In this study, glucose effectiveness, which is a measure of the
ability of glucose to mediate its own disposal, was 30% lower and this is very similar to the
difference reported between groups of patients with type-2 diabetes and healthy white men
[26]. Decreased AIRG is an early marker in the development of diabetes and AIRG decrements
similar those observed in this study have been described in aging [27] and gestational diabetes
[28]. Finally, the glucose response to the breakfast meal was higher after the sleep restriction
condition than after sleep extension despite similar insulin secretion, and this response would
likely lead to a diagnosis of impaired glucose tolerance [23]. Thus, one week of restricted sleep
produced physiological alterations that are consistent with the future development of type 2
diabetes.

These alterations in glucose metabolism may be associated with the hypothalamic-pituitary
axis. Under normal conditions, glucose tolerance and insulin sensitivity begin to improve
during the later part of the night, reflecting a delayed effect of low cortisol levels during the
evening and early part of the night [29]. Disturbances in the secretory profiles of the counter-
regulatory hormones, growth hormone (GH) and cortisol, may partially contribute to the
alterations in glucose regulation observed during sleep loss. Previously it was reported that 6
days of sleep restriction were associated with an extended duration of elevated nighttime GH
concentrations and with an increase in evening cortisol levels [23]. An extended exposure of
peripheral tissues to higher GH levels may induce a rapid decrease in muscular glucose uptake
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adversely affecting glucose regulation. Also, elevated evening cortisol concentrations are
likely to result in reduced insulin sensitivity on the following morning [30]. Finally, the
reduction in AIRg may be attributed to measured changes in sympathovagal balance that
indicated increased sympathetic nervous activity, which inhibits pancreatic function [23].

Another study recruited age- and weight-matched groups of healthy normal-weight habitual
short sleepers (<6.5 hours per night) and normal sleepers (7.5-8.5 hours per night). During an
ivGTT, the glucose tolerance was similar for the two groups, however the short sleepers
secreted an average of 50% more insulin during both the first and second phases of response
resulting in a 40% lower insulin sensitivity [31]. Thus, there does not appear to be a healthy
adaptation to sleep loss in terms of carbohydrate metabolism since larger amounts of insulin
were secreted in order to achieve the normal glucose tolerance.

These two studies of partial sleep deprivation suggest possible mechanisms by which sleep
loss could lead to impaired glucose tolerance and eventually type 2 diabetes. After only a week
of sleep restriction, subjects were unable to metabolize the glucose at rates observed in healthy
young individuals. Subjects who report having been short sleepers for at least 6 months, on the
other hand, had glucose clearance rates similar to healthy long sleepers, but they had to secrete
more insulin to achieve this glucose profile. Increasing levels of insulin could lead to insulin
resistance, a risk factor for type 2 diabetes. Thus, over long periods of time as short sleepers
age, the risk of developing type 2 diabetes and obesity may increase.

Sleep & Appetite Regulation
Normal Conditions

Appetite is regulated by two opposing sets of neuronal circuitry, appetite simulating and
appetite-inhibiting, in the arcuate nucleus of the hypothalamus, and several hormones have
been identified that affect these neuronal regions [32]. Leptin is an appetite-inhibiting hormone
that is primarily secreted by adipose tissue and promotes feelings of satiety [32]. Leptin has a
circadian rhythm such that there is a peak in leptin levels in the early part of the sleep period
(Figure 3) [33] Ghrelin is an appetite stimulating peptide secreted primarily from the stomach.
In rodents, ghrelin administration increases food intake and reduces fat oxidation, which
generates a positive energy balance and increased adiposity [34]. Studies in humans also
indicate that ghrelin increases appetite and food intake [34]. Circulating concentrations of
ghrelin peak exhibit a nocturnal maximum (Figure 3) [33]. Thus, leptin and ghrelin exert
opposing effects on appetite but are both increased during sleep under normal circumstances.
Sleep deprivation has been associated with alterations in both of these hormones.

Another important system involved in sleep/wake and energy homeostasis is the orexin (or
hypocretin) system [35]. Orexin is a hypothalamic peptide that was first associated with sleep
when it was found that human narcolepsy patients have a deficiency in the orexin system. As
such, the orexin system will be discussed in Chapter 15 of this volume.

Laboratory studies of sleep and appetite regulation
Total Sleep Deprivation—A few studies have been published that report on the effects of
total sleep deprivation on leptin levels. One such study compared leptin levels in seven healthy
young men receiving continuous enteral nutrition after a night of normal sleep to the levels
after a night of total sleep deprivation followed by daytime recovery sleep [14]. During normal
nocturnal sleep, leptin levels increased during the early part of the night reaching a maximum
at the midpoint of sleep and then decreased until mid afternoon [14]. During nocturnal sleep
deprivation, leptin levels also increased but the maximum level occurred later in the night.
During daytime recovery sleep, leptin levels rose with a maximum level in the mid afternoon.
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Thus, this study indicated that, under carefully controlled conditions of caloric intake, leptin
levels rise during sleep regardless of when sleep occurs.

A second study involved 88 hours of wakefulness and observed a reduction in the amplitude
of the 24-hour variation of leptin levels across the sleep deprivation period [36]. Finally, another
study that used a 38-hour constant routine protocol (continuous wakefulness in semi-recumbent
posture with identical snacks at 2-h intervals) attempted to distinguish the effects of sleep
deprivation from circadian effects [13] and observed a linear increase in leptin levels
throughout the prolonged wakefulness period.

Thus, acute total sleep deprivation appears to be associated with an increase in leptin levels
relative to daytime concentrations but more extended sleep deprivation seems to result in a
decrease of leptin levels.

Partial Sleep Deprivation—In the laboratory study discussed above that compared 6 nights
of 4-hour bedtimes to 6 nights of 12-hour recovery sleep, mean leptin levels were
approximately 19% lower during sleep restriction [37]. The circadian rhythm of leptin was
also affected by sleep restriction: the acrophase was 2 hours earlier and 26% lower and the
amplitude of the diurnal variation was 20% lower [37]. These changes occurred despite no
differences in caloric intake, physical activity or body mass index [37]. Maximal leptin levels
differed on average by 1.7 ng/ml between the sleep restriction and sleep extension periods, and
this is somewhat larger than the decrease in leptin reported after three days of dietary intake
restricted to 70% of energy requirements [38,39]. This study did not measure levels of ghrelin,
appetite or hunger, however, a second laboratory study that used a randomized cross-over
design did. This study involved 2 days of 4-hour bedtimes and 2 days of 10-hour bedtimes with
constant glucose infusion, and levels of leptin, ghrelin, hunger and appetite were measured at
the end of the 2 days of each condition [40]. Mean leptin levels were 18% lower and mean
ghrelin levels were 28% higher in the sleep restriction condition relative to sleep extension
[40]. Hunger and appetite scores measured using visual analog scales were also increased
during the sleep restriction condition. Hunger ratings were approximately 24% higher and
appetite ratings were 23% higher during sleep restriction, and the increase in appetite for
carbohydrate rich foods (sweets, salty snacks, starchy foods) tended to be greater [40]. Finally,
the change in the ratio of ghrelin-to-leptin between the two conditions was strongly correlated
to the change in hunger ratings, suggesting that the changes observed in these appetite
hormones was partially responsible for the increase in appetite and hunger. These observed
changes would suggest that these subjects, if allowed ad libidum food, would have increased
their energy intake.

A population-based study, the Wisconsin Sleep Cohort Study, observed an association between
short sleep duration and decreased leptin and increased ghrelin levels [41]. This study involved
one night of polysomnography (PSG) in the laboratory and they collected sleep diaries from
which average nightly sleep was calculated. In the morning following the PSG, a single fasting
blood sample was taken. Total sleep time from PSG was significantly negatively associated
with ghrelin levels (beta coefficient = −0.69) and average nightly sleep was significantly
positively associated with leptin levels (beta coefficient = 0.11) [41]. Thus, ghrelin, which may
act more rapidly on appetite, is associated with an acute, short-term measure of sleep while
leptin, which is often considered to be a long-term energy balance factor, is associated with
the more chronic long term sleep measure [32]. Another large study of post-menopausal women
observed no association between self-reported sleep and measures of ghrelin or leptin [42].
The association between sleep and these hormones may be modified by age and gender. Finally,
a recent study in Canada observed that plasma leptin levels among short sleepers (5–6 hours
per night) were significantly lower than what would be predicted based on the subject’s body
fat mass [43]. Table 1 summarizes the results from three studies discussed above that, despite
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very different study designs, demonstrate very similar findings. The reduction in leptin levels
associated with shorter bedtimes ranges from 15–18% in these studies.

In summary, sleep duration seems to play an important role in the regulation of human leptin
and ghrelin levels, hunger and appetite. Differences in energy balance between sleep restriction
and sleep extension do not entirely explain the differences in appetite regulation since the
laboratory studies kept energy intake and activity levels constant for both bedtime conditions.
Sleep loss therefore may alter the ability of leptin and ghrelin to accurately signal energy
requirements, which could lead to increased food intake, which is consistent with reports of
increased food intake in human subjects and in laboratory rodents submitted to total sleep
deprivation [44,45]. Furthermore, the preference for high carbohydrate foods suggests sleep
deprived individuals may make unhealthy food choices, and a study in Japan has found that
self-reported short sleepers do in fact report less health eating behaviors, such as irregular
meals, increased frequency of snacking and a preference for salty foods [46]. Future research
is necessary to determine whether sleep restriction does in fact lead to increased energy intake
and a positive energy balance.

Epidemiologic Studies of Sleep
Several large epidemiologic studies have examined sleep duration and its association with risk
of diabetes, obesity or increased body mass index. Generally, these studies support the
associations observed in the laboratory studies described above.

Diabetes Risk
The association between sleep duration or disturbance and the development of diabetes has
been examined in several prospective epidemiological studies. A report from the Nurses Health
Study, which recruited married female nurses aged 30–55 years in 1976, found a 15–30%
increased risk of incident diabetes over 10 years among those reporting sleep durations of 6
hours or less and 9 or more hours relative to 7–8 hours, but when adjusting for BMI the
association was no longer significant suggesting that BMI may mediate this association [47].
However, those reporting sleeping 5 hours or less remained at a 37% increased risk of
developing symptomatic diabetes, which may reflect more severe disease, after adjustment for
covariates including BMI [47]. A prospective study in Japan followed adult men for 8 years
from 1984 to 1992, and subjects who reported either a high frequency of difficulty initiating
sleep or difficulty maintaining sleep had 2 to 3 times the risk of developing type 2 diabetes
than those with a low frequency of these sleep disturbances [48]. A prospective Swedish study
examined men aged 35–51 years between 1974 and 1984 and again 7–22 years later and found
a 50% increased risk of incident diabetes among those who reported difficulty falling asleep
or use of sleeping pills after controlling for numerous covariates including age, BMI at baseline,
physical activity, smoking, and family history of diabetes [49]. Another prospective study
conducted in Sweden followed 1,187 men and women free of diabetes at baseline for 12-years
[50]. After adjustment for covariates, men who reported difficulty maintaining sleep were at
almost 5 times the risk of developing diabetes and those who reported sleep duration of 5 hours
or less had almost 3 times the risk of developing diabetes [50]. Sleep duration or disturbances
did not significantly predict incident diabetes in women in this sample after adjustment for
covariates. A third prospective study from Sweden followed over 600 women for 32 years
beginning in 1968–69, but the incidence of diabetes over a 32-year period was not associated
with the self-reported sleep problems, sleep medication use or sleep duration at baseline [51].
A prospective study from Germany followed 8,269 non-diabetic men and women for an
average of 7.5 years and observed a significant increased risk of incident type 2 diabetes for
those who reported difficulty maintaining sleep at baseline, even after adjustment for numerous
covariates (OR 1.60, 95%CI 1.05–2.45 for men; 1.98, 95%CI 1.20–3.29 for women) [52].
Finally, The Massachusetts Male Aging Study recruited men aged 40–70 years in 1987–89
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and re-interviewed them in 1995–97 and in 2002–2004 [53]. Men who reported sleeping 6
hours or less per night were at almost twice the risk of incident diabetes after adjustment for
covariates such as age, hypertension, smoking, self-rated health, waist circumference and
education [53].

These studies, which varied greatly in subject populations, geographical locations and cultures,
were remarkably consistent in indicating that short or poor sleep may increase the risk of
developing type 2 diabetes. Although the majority of these epidemiologic studies suggest an
association between sleep duration or disturbance and a risk of developing type 2 diabetes,
which is consistent with the findings from the laboratory studies, they all relied on self-reported
measures of sleep. Additional studies that use objective measures of sleep and preferably an
interventional design are required to determine if sleep loss is on the causal pathway to the
development of diabetes.

Body Mass Index and Obesity Risk
Several large epidemiological studies from different countries have observed an association
between sleep duration and body mass index (BMI) in both adults and children. Short sleep
durations have been associated with increased prevalence of obesity in Spain, Japan and the
U.S. [54–57]. A French study of adults dichotomized sleep duration and found a slightly but
significantly higher mean BMI among women reporting sleeping 6 hours less versus those
sleeping more than six hours (24.4 vs. 23.4 kg/m2) after adjustment for age and area of
residence, but this difference was not observed among men [58]. Several studies have observed
a U-shaped association between sleep duration and body mass index (BMI) [41,59,60], which
indicates that both short and long sleep is associated with higher BMI. For example, the
Wisconsin Sleep Cohort Study observed the lowest BMI at an average bedtime of 7.7 hours
per night. A recent study in the rural U.S. observed a significant negative association between
sleep duration and BMI (beta coefficient = −0.42; 95% CI: −0.77 to −0.07) [61]. Thus, most
studies have observed increased BMI or obesity prevalence with shorter sleep duration, and
some have found higher BMI among those who report long sleep durations.

All of the studies discussed above were cross-sectional, however, three published studies in
adults have employed a longitudinal design. First, researchers recently analyzed data from the
first National Health and Nutrition Examination Survey (NHANES I), which measured weight
and asked about usual sleep hours in 1982–84 and obtained self-reported weights in 1987 and
1992 [62]. Among the 32–49 age group, those reporting sleeping 2–4 h, 5 h or 6 h/night in
1982–84 had a higher mean BMI in 1982–84, 1987 and 1992 relative to those reporting 7 h/
night in 1982–84 [62]. Those reporting more than 7 hours of sleep per night did not have a
significantly higher or lower mean BMI relative to the 7-hour group. A second prospective
study analyzed the association between sleep and BMI over a 13-year period [63]. Longitudinal
analysis of the data indicated that the odds ratio for sleep duration predicting obesity was 0.50,
which means that every hour increase in sleep duration was associated with a 50% reduction
in risk of obesity [63]. Furthermore, the change in BMI per year appeared to be negatively
associated with the average sleep duration from the 4 interviews [63]. Finally, results from the
Nurses’ Health Study indicated that over 16 years women who reported sleeping 6 hours or
less gained an average of 0.71 to 1.14 kg more than those who reported 7 hours of sleep [64].
One major limitation to all of these studies is that they did not use objective measures of sleep
duration, and error in the subjective reporting of sleep may be associated with health, weight
or other factors that are associated with BMI.

Several studies among children have also observed an association between sleep and body
mass index. Risk of obesity was higher among short sleepers in children from France [65],
Germany [66], Japan [67], and Canada [68]. A prospective study in the US followed children
from birth to 9.5 years of age, and sleep duration was assessed annually between the ages of 2
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to 5 years [69]. Average sleep duration between the ages 3 to 5 years was approximately 30
minutes less among children who were overweight at 9.5 years of age, however the difference
in sleep between overweight and lean children was primarily due to daytime naps and not
nocturnal sleep [69]. A study in the UK followed over 5,000 children from birth, collected
sleep duration information at 38 months of age and examined obesity at age 7 years [70]. Sleep
durations of <10.5 h and 10.5–11.4 h were associated with a 30–45% increased risk of obesity
at age 7 relative to ≥ 12 h per night [70]. Finally, an analysis of the National Longitudinal Study
of Adolescent Health in the US indicated that self–reported sleep duration was weakly
associated with BMI z score and risk of overweight among male adolescents but not among
females [71].

All of the studies in children discussed above used subjective measures of sleep duration
reported either by the parent or by the child, however, one study in the US used a more objective
measure of sleep, a 24-hour period of actigraphy recording in 383 adolescents aged 11–16
years [72]. This study defined obesity as a BMI above the 85th percentile for sex and age as
well as having a percent body fat of 25% or above for males or 30% or above for females, as
measured by bioelectrical impedance [72]. After adjusting for age, sex, sexual maturity, and
ethnicity, total sleep time had an odds ratio of 0.20 (95% CI 0.11–0.34) predicting obesity,
which indicates that every hour increase in sleep is associated with an 80% reduction in risk
of being obese [72]. These studies indicate a possible association between sleep duration and
risk of being overweight or obese in children. However, similar to the studies conducted in
adults, the majority of these studies relied on subjective reports of sleep duration. Also, the
majority of studies in both adults and children are cross-sectional in design, which means that
the direction of causality cannot be inferred. Short sleep could lead to weight gain, but
overweight or obesity could also lead to an inability to obtain sufficient amounts of sleep.

Conclusion
The research reviewed here suggests that sleep loss can lead to impairments in glucose
metabolism and increases in insulin levels, which could increase the risk of the development
of diabetes. Partial sleep deprivation is also associated with changes in the appetite regulating
hormones, leptin and ghrelin, and these changes would indicate an increase in appetite, which
may lead to increased food intake and weight gain. Epidemiological evidence, which have
examined population-based samples, support the laboratory findings. These studies have
observed associations between short sleep durations and increased risk of diabetes and obesity.
Future research into the association between sleep loss and diabetes or obesity risk, however,
need to incorporate objective measures of sleep and body size and to utilize longitudinal and
intervention methods to better understand the mechanisms linking sleep loss to alterations in
metabolism. For example, intervention studies could determine if increased sleep can improve
glucose tolerance. Other studies could examine whether sleep loss does lead to increased food
intake, reduction in energy expenditure or reductions in physical activity (Figure 1).
Considering the morbidity and mortality risks associated with diabetes and obesity, such
avenues of research are very important.
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Figure 1.
Schematic representation of potential pathways through which sleep loss may lead to a positive
energy balance in which energy intake is greater than energy expenditure.

Knutson Page 13

Sleep Med Clin. Author manuscript; available in PMC 2008 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Plasma glucose levels and insulin secretion rate (ISR) under conditions of constant glucose
infusion during both nocturnal sleep (dashed lines) and nocturnal sleep deprivation (solid
lines).
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Figure 3.
Stylized representation of total ghrelin and leptin levels across 24-hour period. Sleep period is
identified by grey bar. Dashed lines represent timing of identical high-carbohydrate meals at
9:00, 14:00 and 19:00.
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Table 1
The reduction in plasma leptin levels associated with short sleep durations from three different studies.

Study n Design % Change in Leptin
Laboratory Study [40] 12 Within-subject Comparison4-hr vs. 10-hr bedtimes − 18%
Epidemiologic Study – Wisconsin
Cohort Study [41]

1024 Between Subject Comparison5-hr vs. 8-hr habitual bedtimes. − 16%

Epidemiologic Study – Quebec Family
Study [43]

740 Comparison of measured vs. values predicted based on body
fat mass for those sleeping 5–6 hours habitually.

−15% men
−17% women
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