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Introduction

Chronic partial sleep loss, due to bedtime restriction, is a hallmark of modern
society and highly prevalent in active duty army personnel. During the past few
years, evidence from laboratory and epidemiological studies has indicated that
decreased sleep duration has an adverse effect on glucose regulation and on the
neuro-endocrine control of appetite (1-3). Taken together, the findings suggest
that chronic partial sleep deprivation may be involved in the current epidemic of
obesity and diabetes. Our group has strong evidence for the existence of large
individual differences in metabolic as well as cognitive vulnerability to sleep loss.
We have recently obtained preliminary data in a small group of young men that
suggest that a specific heritable trait of the sleep electroencephalogram (EEG),
known as slow-wave activity (SWA), accounts for the majority of individual
variability in the adverse effects of sleep loss on diabetes risk.

The objectives are to identify SWA as a predictor of diabetes risk in a subject
population with a gender, ethnic and age distribution similar to that of active duty
army personnel and to test the hypothesis that individuals with low SWA are at
much higher risk to develop diabetes following chronic partial sleep restriction
than those with higher SWA. The studies will also explore the potential
relationships between individual differences in diabetes risk following sleep loss
and individual differences in risk of weight gain and in the magnitude of cognitive
deficits.

Body of Report

Overview
The Statement of Work for the first 2 years of the award included:

Task 1: Testing role of EEG SWA as predictor of individual differences in
baseline glucose disposition index (Months 1-6):

o Perform spectral analysis of sleep EEG for 56 subjects in whom EEG
recordings and glucose and insulin levels during intravenous glucose
tolerance testing are presently available

e Re-run minimal model analysis of ivGTT results for 56 subjects already
tested

e Recruit and study 7 additional subjects using currently IRB-approved
protocol in order to match gender, age and ethnic distribution of active army
personnel



e Test the hypothesis that levels of SWA in the sleep EEG are a significant
predictor of beta-cell responsiveness and insulin sensitivity after controlling
for gender, age, BMI and ethnicity-based diabetes risk.

« Define lower and upper thirtles of slow-wave activity associated,
respectively, with putatively high and low diabetes risk during sleep
curtailment

Task 2: preparation of clinical study of diabetes risk during sleep curtailment
(Months 1-6):
e Submit protocol to and obtain approval from University of Chicago
Institutional Review Board and Clinical Research Center
o Import Walter Reed Army Institute of Research battery of neurobehavioral
testing and train personnel in its use
o Design database.

Task 3: Completion of clinical study of diabetes risk during sleep curtailment in
32 individuals (Mos. 7-42 — one study per month):

e Recruit and screen 60-70 individuals to enroll 16 individuals with SWA in
lower third and 16 individuals with SWA in upper third of distribution with
both groups matched for gender distribution

e Complete study in two groups of 16 individuals

o Generate individual data analysis and enter in database.

As noted in our 2008 annual report and in the USAMRMC review of this report,
progress on tasks involving subject recruitment was significantly delayed due to
the need to obtain Institutional Review Board (IRB) approval from the United
States Army Medical Research and Material Command (USAMRMC) for the
protocol for Task 1 which was already approved by the University of Chicago IRB
by the time of the proposal submission. The need to obtain IRB approval from
both the University of Chicago and the USAMRMC for the protocol in Tasks 2
and 3 was also a very lengthy process as multiple revisions had to be submitted
in order to obtain approval from both IRBs. Further, once we obtained IRB
approval, we had to submit the HRPO-approved protocols to the Internal
Scientific Advisory Panel (ISAP) of the University of Chicago Institute for
Translational Medicine (CTSA) to obtain approval for the use of the Clinical
Resource Center (CRC).

Around the time of the submission of our 2008 annual report, we had responded
to the ISAP comments for both protocols (August 10, 2008) and were expecting
to submit revised versions to HRPO and the University of Chicago IRB. We are
pleased to report that both protocols were finally approved by all three
committees by October 23, 2008.

Research accomplishments associated with Task 1



Experimental work

During this past year, we recruited and studied 7 subjects (6 men, 1 woman) in
the age range 17-20 years as proposed in the Statement of Work. Data from 2 of
the 7 subjects could not be added to the data base as one subject was found to
have mild sleep apnea and the polysomnography (PSG) recordings in the other
subject had technical artifacts.

Analytical work

In our annual report for year 1, we indicated that we had performed the spectral
analysis of the sleep EEG for 44 of the 56 subjects for whom the recordings were
readily available at the time of the application.

We had also indicated that if the cut offs points for low and high SWA,
respectively, were derived from a larger data base of recordings obtained in
subjects with a sex, age, ethnic and BMI distribution similar to that of active duty
Army personnel, these cut off points would have greater precision. Since the
inception of this project, we have continually updated our data base of recordings
accumulated in our laboratory. These data have been obtained as a result of
baseline testing of volunteers entering IRB-approved NIH-funded studies where
sleep duration or quality was subsequently manipulated. In each individual,
baseline polysomnography was performed after at least 2 nights of normal
bedtimes (8-9 hours) and a frequently sampled ivGTT was performed on the
following day. In our 2008 report, we had assembled a data base of 171 subjects
but the recordings had not been checked for completeness, accuracy and
technical quality. We have since generated the EEG spectral analysis for 128
recordings, thus we analyze below a data set more than twice as large than that
proposed in our original application (128 versus 63).

Tables 1 and 2 show the gender, age and ethnic distribution of subjects for whom
we now have EEG spectral parameters. BMI was <27 kg/m? in women and <28
kg/m? in men, consistent with recommendations for active duty Army personnel.
The data base has more than tripled in size (to 171 from 56) since our original
submission. The gender and ethnic distributions are similar to that of active duty
Army personnel. Very young individuals are still underrepresented in our
sample, but as our analyses described below suggest, we feel that recruitment of
additional young volunteers will not further contribute to the scientific output of
the project.

The 2009 University of
TABLE 1 Chicago Database of
EEG spectral analyses

Active Duty  Army
Demographics (FY04)

MEN

White 60 69.8 % 63.2 %
Alfrican 19 22.1 % 19.9 %
American

Hispanic 3 3.5% 10.2 %




Other 4 4.7 % 6.7 %

Total 86 100 % 100 %

WOMEN

White 21 53.1 % 41.7 %

African 14 28.6 % 38.8 %

American

Hispanic 5 10.2 % 11.1%

Other 2 8.2 % 8.4 %

Total 42 100 % 100 %
TABLE 2 Clrceasgogaggg:ers(:?E(gG Active Duty Army Demographics

spectral analyses (FY04)

GENDER
Men 86 67.2 % 85.3 %
Women 42 32.8 % 14.7 %
Total 128 100 % 100 %
AGE
17- 20 years 15 7.0% 142 %
21-24 years 65 35.2 % 26.7 %
25-29 years 42 26.6 % 21.1 %
30-39 years 31 18.8 % 27.7 %
> 40 years 18 12.5% 10.4 %

Figure 1 illustrates the distribution of mean SWA in non-rapid eye movement
sleep (NREM) in the first three hours of sleep (i.e. the time interval during which
the bulk of SWA occurs) across the entire population of 128 subjects. The wide
inter-individual variability is clearly apparent. The lower thirtile is under 738 uV?
and the upper thirtile is above 1311 pV2.

SWA DISTRIBUTION
# subjects : - ] L
25 first thirtile third thirtile
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SWA categories ( pV?)

- Figure 1 -



Figure 2 shows the impact of age on SWA for both men and women. In an
ANOVA with age, sex, ethnicity and BMI as factors, BMI was not a significant
predictor of SWA but age (p=0.001), sex (p=0.0003) and ethnicity (p=0.002) were
significant. Women have higher SWA than men. We plan, however, to
normalize SWA in NREM sleep for SWA in REM sleep to determine whether this
sex difference in SWA truly reflects a sex difference in homeostatic sleep
regulation. In previous work in a small sample of older adults, we showed that the
higher SWA levels in NREM sleep in older women partly reflected higher SWA in
REM sleep and that when SWA in NREM sleep was normalized for SWA in REM
sleep, the sex difference was essentially obliterated.
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- Figure 2 -

The impact of ethnicity across the age range is shown in Figure 3. African
Americans and Hispanics have lower SWA than Whites and Asians, after
adjusting for age and sex. Importantly for the focus of the present project,
African Americans and Hispanics are known to be at a higher risk of type 2
diabetes than Whites and Asians. Further, the interaction between ethnicity and
age was significant, indicating that the impact of age of SWA may be more
pronounced in these populations who have an elevated risk of diabetes than in
low risk populations.



SWA vs. ethnicity ( ¢ high diabetes risk « low diabetes risk)
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The data shown in Figures 2 and 3 also indicate that SWA is highly variable and
has its highest levels in the younger volunteers (the 17-20 age range). This is
likely to represent the “tail” of the development and maturation as it is well known
that SWA decreases during the transition from pubertal stages to adulthood.
Individual variations in SWA in this age range may represent individual
differences in maturational stage rather than stable individual differences in
adulthood. Beyond 30 years of age, confirming and extending existing notions,
our data base indicates that aging is associated with a rapid and drastic decline
in SWA. It therefore appears that the critical age ranges to examine the impact
of individual differences in SWA may be 21-30 years of age. This age range
includes nearly 50% of active duty Army personnel and it is likely that this age
group suffers from the most exposure to sleep deprivation and its putative long-
term consequences. Figure 4 shows the variability of SWA in subjects between
21 and 30 years of age (n=81). Only sex and ethnicity are significant predictors.

Figure 5 compares SWA in the four sex and ethnicity groups, i.e. men and
women with low (Whites and Asians) and high (African Americans and
Hispanics) ethnicity-based diabetes risk.



- Figure 4 -

- Figure 5 -
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Minimal model analysis of the results of intravenous glucose tolerance testing
(ivGTT) for 92 of the 128 subjects for whom spectral analysis has been
completed has been performed using standardized parameters. We are currently
working on an important issue regarding modifications in the insulin assay used
in the Endocrine Laboratories of the University of Chicago. A transition from an
RIA assay to an Immulite assay occurred in the past few years. We have re-
assayed samples from recent ivGTTs in both assays and are working out
conversion formulas to correct the values of parameters extracted from the
ivGTTs.

An abstract on the work accomplished under Task 2 has been submitted to the
Military Health Forum 2009 and the communication will be presented by the
Principal Investigator.

Research accomplishments associated with Task 2

Task 2 was to set up the clinical study of diabetes risk during sleep curtailment,
including protocol approval (obtained October 23, 2008), import of the Walter
Reed Army Institute of Research (WRAIR) battery of neurobehavioral testing and
train personnel in its use and design of data base. These tasks have been
completed. An “in service presentation” to the senior nursing and dietician staff of
the CRC by the principal investigator took place on February 12, 2009. Dr. Tracy
Rupp of WRAIR visited our laboratory on May 27, 2009 and gave a detailed
presentation of the findings of the WRAIR group on the impact of sleep
curtailment on performance on these tests. She spent a full day with Dr.
Chapotot to review with him each and every task and left a complete volume of
documentation.

Research accomplishments associated with Task 3

Two subjects have completed the entire protocol. Two additional subjects have
passed the screening tests and are waiting to be scheduled for the study.
Recruitment efforts including posting flyers, putting adds in local free newspapers
and using word of mouth are continuing.

The recent downsizing and understaffing of the University of Chicago Clinical
Resource Center has limited our capacity to schedule a one-week study as this
protocol involves. We have therefore initiated negotiations with the Medical
Center Risk Management, Quality and Patient Safety in order to be able to use
our own laboratory. We were required to develop a “Manual of Policy and
Procedures” (23 pages) which has been reviewed by the University of Chicago
Hospitals Office of Risk Management, Quality and Patient Safety and by the
Biological Science Division Office of Clinical Research. Approval (received July
30, 2009) is conditional on upgrading our facility to obtain accreditation by the

11



Joint Commission. Meanwhile, we continue to request scheduling of studies in
the CRC.

Figure 6 shows the currently approved experimental protocol. We introduced
minimal modifications from the protocol proposed in the application. One is that
the first night under both conditions is a 8.5 hour night. This adjustment was
introduced when we realized (in similar projects) that it is not uncommon that
volunteers initiate studies in a state of sleep debt. The second adjustment is that
continuous glucose monitoring via a subcutaneous probe is conducted over a
shorter period of time in order to avoid irritation and infection at the insertion site.
Lastly, we are seeking additional funding to perform PET scans at the end of
each study (as proposed in the original application). These scans would reveal
the brain regions most affected by partial recurring sleep deprivation.

Normal Sleep Sleep Restriction
D —— D ——
L D —— L D — B
L D — B L D — B
CGM CGM
L ¢ — L ¢ p— C
C c __gG_TT C c — ._WGTT
/B adlib —— /B adlib ———
F It [l Tk Tr Tk Tt Bl Tk Ty BRE Tt [l
12 14 16 18 20 22 24 02 04 06 08 10 12 EEEEEEEEERERERRRRERERERE
Clock Time 12 14 16 18 20 22 24 02 04 06 08 10 12

Sleep period Clock Time
[ ]

Wrist activity and Actical throughout both sessions
CGM = continuous glucose monitoring (5 pm until the end of both sessions)
Elood sampling (q30min and g15min for 2.5 hours after each meal and after bedtime)

*==»+  and blood pressure (¢30min except from 2 am to wake up time during normal sleep
And except from 3 am to wake up time during sleep restriction)

@ WGTT = intravenous glucose tolerance test (starts at 10 am)
FB = fat biopsy (right after the ivGTT)

B, L, D = standardized breakfast (3am), lunch (2 pm), dinner (7 pm)
C = carbohydrate rich meal (9 am, 2 pm, 7 pm)
ad lib = buffet from 3 pm until 4 pm, snacks, buffet from 7:30 pm until 8:30 pm

Wake EEG+ EKG, PVT, WRAIR neurobehavioral battery + questionnaires
IGT, WCST (once per session), BART: once a day (mid-afternoon)

- Figure 6 -
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Figures 7 and 8 illustrate data from one of the subjects who completed the study
and for whom most of the assays have been run. This subject has SWA in the
upper thirtile.

Figure 7 shows the profiles of subjective vigor (top) and global appetite (lower)
during the baseline study (4 nights of 8.5 hours in bed; left) and during the
deprivation study (4 nights of 4.5 hours in bed; right). A clear and progressive
decrease in global vigor and increase in appetite is apparent during recurrent
sleep deprivation.

- Figure 7 -

Figure 8 shows the 24-h profiles of plasma glucose, plasma insulin and HOMA
index (an index proportional to the product of glucose and insulin that is used as
a marker of insulin resistance). These profiles were measured over the 4™ night
of each condition. An increase in glucose levels, despite a robust increase in
insulin, is apparent. HOMA profiles are consistent with decreased insulin
sensitivity as a result of sleep deprivation.

13



BASELINE SLEEP DEPRIVATION
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- Figure 8 -

Key Research Accomplishments

We have performed the spectral analysis of the sleep EEG in what is likely
the largest group of subjects ever assembled and have demonstrated marked
effects of age, sex and ethnicity. In these healthy non-obese volunteers who had
demographics similar to the demographics of active duty Army personnel, BMI
did not impact SWA. Between the ages of 21 and 30, there are large inter-
individual variations in SWA that are only partly predicted by sex and ethnicity.
Our hypothesis is that these individual differences may partly predict diabetes
risk.

We have demonstrated the feasibility of the clinical study and successfully
obtained all planned assessments.

The effort to increase our data base will be valuable to the entire project.

While progressing through the analytical and experimental work, we have
prepared two reviews on sleep loss and the risk of obesity and diabetes (see
appendices).

Reportable Qutcomes

We have submitted an abstract to the Military Health Forum 2009. Two
review articles (including one for a journal of the Nature group) have been

14



prepared and have been published or are currently in press. Both acknowledged
support from this award. They are appended to this report.

Conclusions

The work has made substantial progress during the past year. We believe
that the certification of our laboratory as a clinical research facility independent of
the University of Chicago Clinical research center will accelerate the pace of
studies. The preparation of review articles has indicated that the body of
evidence supporting the hypotheses to be tested in the present project has
clearly increased.
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ABSTRACT. Over the past few decades, sleep curtailment has become a common behavior.
Simultaneously, the aging of the population is associated with a higher prevalence of sleep disor-
ders. We review the evidence indicating that chronic partial sleep loss and decreased sleep quality
may increase the risk of obesity and diabetes. Experimental sleep restriction in healthy young sub-
Jjects results in increased hunger, decreased levels of the satiety hormone leptin and increased levels
of the hunger hormone ghrelin. The adverse impact of sleep loss on appetite regulation is probably
driven by increased activity of orexinergic neurons. Consistent with the laboratory evidence, multi-
ple epidemiologic studies have shown an association between short sleep and higher body mass in-
dex. Sleep curtailment is also associated with a rapid and marked decrease in insulin sensitivity
without adequate compensation in beta cell function, resulting in an elevated risk of diabetes.
Reduced sleep quality, without change in sleep duration, is also associated with an increased risk of
diabetes. Epidemiologic findings are consistent with a causative role of sleep disturbances in the in-
creased risk of diabetes. In summary, the current evidence supports a role for reduced sleep duration

and quality in the current epidemic of diabesity.
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INTRODUCTION

A modulatory impact of sleep on metabolic and
endocrine systems has been documented more than
four decades ago. Remarkably, it is only in recent
years that adverse effects of chronically reduced
sleep duration or quality on hormonal and metabol-
ic function have begun to be evaluated. Indeed, un-
til less than 10 years ago, nearly all studies of sleep,
hormones and metabolism focused on the effects of
one or two nights of acute total sleep deprivation.
The findings generally suggested that disturbances
that developed during the sleepless night(s) were
completely reversed following recovery sleep, and
therefore persistent adverse effects seemed unlikely.
Thus, the potential deleterious effects of chronic
sleep loss and sleep disorders were long ignored.

16

Human sleep is comprised of rapid-eye-move-
ment (REM) sleep and non-REM (NREM) sleep.
Deep NREM sleep is characterized by the occur-
rence of “slow-waves” in the electroencephalogram.
These slow-waves reflect a slow mode of synchro-
nous firing of thalamo-cortical neurons. Slow-wave
activity is a marker of sleep depth or intensity.
During slow-wave sleep (SWS), brain glucose utiliza-
tion is decreased, sympathetic nervous activity is de-
creased and vagal tone is higher. SWS is also associ-
ated with increased secretion of growth hormone
(GH) while pituitary-adrenal activity is inhibited (1).
Because of its impact on cerebral glucose metabo-
lism, sympatho-vagal balance and counterregulato-
ry hormone release, SWS plays an important role in
total body glucose regulation and, more generally, in
the restorative effect of sleep on peripheral function.

Obesity and Metabolism, Vol. 5, Suppl. to No. 1 1



VAN CAUTER ET AL.

The discovery in 1998 of orexins A and B (also
called hypocretins A and B), two distinct peptides
that are synthesized by neurons in the lateral hypo-
thalamus, demonstrated the existence of a molecu-
lar link between sleeping and feeding (2, 3). Orexin
neurons play a central role in the maintenance of
arousal but - as suggested by their name - also in-
crease feeding, particularly at a time when normal
food intake is low. Feeding requires the mainte-
nance of wakefulness and the orexin system ap-
pears to play a central role in this vital interaction
between feeding and arousal. Orexin neurons are
active during the waking phase, activating all the
components of the ascending arousal system and
projecting diffusely to the entire cerebral cortex.
Deficiencies in the orexin system are associated
with sleep disorders involving chronic excessive
daytime sleepiness. The orexin system also acti-
vates the appetite-promoting neuropeptide Y neu-
rons in the arcuate nucleus of the hypothalamus.
Furthermore, orexin neurons have dense projec-
tions to the dopaminergic ventro-tegmental area
(VTA) and nucleus accumbens (NA), which are im-
portant in the hedonic control of food intake. Thus,
overactivation of the orexin system is likely to in-
crease both hedonic and homeostatic feeding.
Orexinergic activity is in turn influenced by both
central and peripheral signals, with glucose and
leptin exerting inhibitory effects while ghrelin pro-
motes further activation. When sleep deprivation is
enforced behaviorally rather than the result of a
pathological condition, the orexin system is over-
activated, most likely to maintain wakefulness
against the increased sleep pressure (4-6).

A profound and generalized impact of sleep loss
and/or poor sleep quality on the endocrine system,
and particularly on glucose and appetite regulation,
should therefore be expected. Voluntary sleep curtail-
ment has become an increasingly common behavior.
The 2008 “Sleep in America”’ poll revealed that al-
though working adults report a sleep need of an aver-
age of 7h18min to “function at best”, 44% of them
sleep less than 7 hours, and 16% sleep less than 6
hours on a typical week-night (7). The sleep times in
the European countries follow a similar trend. The cu-
mulative sleep loss per work week of a significant por-
tion of the working adult population in industrialized
countries may be close to one full night of sleep dep-
rivation. Chronic sleep loss may also be the conse-

2 Obesity and Metabolism, Vol. 5, Suppl. to No. 1
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quence of a sleep disorder, such as obstructive sleep
apnea (OSA), a condition characterized by repetitive
breathing disturbances and poor sleep quality, which
is highly prevalent in obese individuals.

The following two sections of this article sum-
marize the current laboratory and epidemiologic
evidence for a link between short sleep and/or
poor sleep and the risk for “diabesity”. For the sake
of brevity, we do not address the role of sleep dis-
turbances in the cardio-metabolic consequences of
obesity or in glucose control in type 2 diabetes.
These clinically important topics have been the ob-
ject of recent reviews (8, 9).

REDUCED SLEEP DURATION AND/OR
QUALITY AS RISK FACTORS FOR OBESITY

To date, five published laboratory studies have
examined the impact of recurrent partial sleep re-
striction (2 to 14 days) on the neuroendocrine regu-
lation of appetite (10-14). In 2003, Guilleminault et
al. assessed leptin levels at 6 time points of the 24-h
cycle in volunteers studied after 7 days of sleep re-
striction to 4 hours per night, and reported a signif-
icant decrease in peak leptin levels (10). Two studies
published in 2004 confirmed and extended these
findings (11-12). One study compared the 24-h pro-
files of plasma leptin levels obtained after 6 days of
sleep restriction to 4 hours in bed followed by 6 days
of sleep extension to 12 hours in bed. The same vol-
unteers participated in a separate study with nor-
mal 8-hour bedtimes. A remarkable “dose-re-
sponse” relationship between sleep length and
characteristics of the leptin profile was observed
(11). Indeed, the overall mean leptin concentration,
the level of the nocturnal maximum and the ampli-
tude of the diurnal variation gradually decreased
from the 12-h to the 4-h bedtime condition.
Importantly, these differences in 24-h regulation of
leptin levels between the three bedtime conditions
occurred despite identical amounts of caloric in-
take, similar sedentary conditions and stable body
mass indices (BMI). The reduction in mean peak
leptin (26%) from the 12-h to the 4-h bedtime con-
dition was equivalent to the impact of a caloric re-
striction by nearly 1000 calories per day. In a ran-
domized cross-over design study of normal young
adults, after 2 nights of 4 hours in bed vs 2 nights of
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10 hours in bed, daytime leptin and ghrelin profiles
were simultaneously assessed. The subjects also
completed validated-scales for hunger and appetite
for various food types at hourly intervals (12).
Caloric intake was exclusively under the form of an
intravenous glucose infusion at a constant rate cal-
culated to match normal caloric requirements. The
results are illustrated in Figure 1. In the 4-h sleep
condition as compared to the 10-h sleep condition,
leptin levels were decreased by an average of 18%,
while ghrelin levels increased by 24%. The ghrelin-
to-leptin ratio increased by more than 70%. Hunger
increased by an average of 23% and appetite for
high carbohydrate nutrients increased by more
than 30%, suggesting that the participants would
have consumed excessive amounts of calories if
food had been available ad lib. A recent study of
overweight middle-aged adults, studied in the labo-
ratory during 2 weeks of sleep extension (+1.5 h per
night) as compared to 2 weeks of sleep restriction
(1.5 h per night), under ad lib feeding conditions in
a randomized cross-over design showed a higher
food intake from snacks during sleep restriction as
compared to extension (13). The volunteers con-
sumed excessive amounts of calories form meals
under both sleep conditions and gained similar
amounts of weight. On the 14th day of the study, lep-
tin and ghrelin profiles were similar for both sleep
conditions. In another recent study comparing a
single night of total sleep deprivation to a single
night of 4.5 h or 7 h in bed, a dose-response rela-
tionship between amounts of sleep, hunger ratings
and ghrelin levels was found, but leptin levels did
not vary across sleep conditions (14).

As of September 2008, more than 50 epidemio-
logical studies have examined the association be-
tween short and/or poor sleep and obesity. The
majority of these studies were cross-sectional in
design and used self-report to assess sleep vari-
ables. The vast majority of these published studies
demonstrated a significant association between
short/poor sleep and obesity. A recent meta-analy-
sis including more than 600,000 adults and 30,000
children worldwide attempted to quantify the
cross-sectional association between short sleep
and obesity risk (15). The pooled odds ratio (OR)
linking short sleep to obesity was 1.89 (95% CI 1.46-
2.43; p<0.0001) in children and 1.55 (95% CI 1.43-
1.68; p<0.0001) in adults (15). Another recent sys-
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tematic review similarly concluded that short sleep
duration, as assessed by self-report, appears inde-
pendently associated with weight gain, particularly
in younger age groups (16). While these analyses
tended to suggest that the impact of sleep duration
on adiposity may be less robust in older popula-
tions than in children and young adults, a recent
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Fig. 1 - Mean (+SEM) daytime profiles of plasma leptin, plasma ghre-
lin, and ratings of hunger, appetite for high carbohydrate nutrients
and appetite for other types of nutrient in subjects studied after 2
days with 4-h bedtimes or 2 days with 10-h bedtimes in a random-
ized cross-over design. Caloric intake was exclusively under the form
of a glucose infusion at a constant rate. Data source (ref. 12).
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cross-sectional analysis using wrist actigraphy to
objectively assess sleep duration in more than 6000
older men and women, ages 67-99 years, provided
strong evidence to the contrary (17). Compared to
sleeping 7-8 hours per night, sleeping less than 5
hours was associated with a BMI that was, on aver-
age, greater than 2.5 kg/m? in men and 1.8 kg/m2 in
women, after adjusting for multiple potential con-
founders (17). These effect sizes are clearly clinical-
ly significant. Out of the 10 longitudinal studies
that studied the impact of short sleep on the inci-
dence of obesity in children and adults, eight re-
ported that shorter sleep durations are associated
with an increased risk for overweight and obesity
over the follow-up period (18). This pattern is par-
ticularly consistent in pediatric populations (all 4
studies had positive findings). Two large cross-sec-
tional epidemiologic studies further showed ele-
vated leptin levels, after controlling for BMI or adi-
posity, in habitual short sleepers (19, 20).

A limitation of nearly all epidemiologic studies
examining the relationship between sleep duration
and BMI is that they did not simultaneously assess
sleep quality. Thus, it remains to be determined
whether short sleep in obese individuals is the result
of bedtime curtailment or is due to the presence of a
sleep disorder. A recent large scale study (21), where
participants reported sleep duration as well as sub-
jective sleep disturbances (insomnia, excessive day-
time sleepiness, sleep difficulty) and a measure of
chronic emotional stress, concluded that self-re-
ported short sleep in obese adults may be a surro-
gate marker of subjective sleep disturbance and psy-
chosocial stress. This hypothesis is consistent with
the existence of a “vicious circle” where short sleep
may initially promote weight gain and the resulting
excess adiposity, and its associated continuous re-
lease of somnogenic cytokines would then induce a
dysregulation of sleep mechanisms, with a net fur-
ther decrease in total sleep time.

REDUCED SLEEP DURATION AND/OR
QUALITY AS RISK FACTORS FOR
TYPE 2 DIABETES

During the past 40 years, four independent stud-

ies reported a deleterious impact of total sleep dep-
rivation on glucose homeostasis. This work received

4 Obesity and Metabolism, Vol. 5, Suppl. to No. 1
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little attention, probably because total sleep depri-
vation cannot be sustained for long periods of time
and deficits appearing during total sleep depriva-
tion are promptly corrected after sleep recovery.

The first laboratory study designed to address
the consequences of recurrent partial sleep restric-
tion, examined metabolic profiles in young healthy
men after 5-6 days of bedtime restriction to 4 hours
and after full sleep recovery obtained by enforcing
12-h bedtimes for 5-6 consecutive days (22). The
upper part of Table 1 summarizes the parameters
of glucose tolerance derived from minimal model
analysis of a frequently sampled intravenous glu-
cose tolerance test (IVGTT). Glucose tolerance (Kg)
was more than 50% lower on the 5th day of sleep re-
striction than on the 5th day of sleep extension and
was consistent with a state of impaired glucose tol-
erance. This decrease in Kg was the combined con-
sequence of a 20 to 30% decrease in glucose effec-
tiveness (Sg), a measure of non-insulin dependent
glucose utilization, and an approximate 30% re-
duction in the acute insulin response to glucose
(AIRg). A trend for decreased insulin sensitivity (SI)
failed to reach statistical significance because one
of the subjects had paradoxically a much higher SI
after sleep restriction than when fully rested (his
relative change in SI was a significant outlying val-
ue; excluding this subject, the overall change in SI
was a decrease of more than 20%). The product of
SI and AIRg, i.e. the disposition index (DI), a vali-
dated marker of diabetes risk, was decreased by
more than 40% after sleep restriction as compared
to sleep extension. Oral glucose tolerance was as-
sessed on the morning of the 6th day during a high
carbohydrate breakfast; both peak glucose levels
and the overall glucose response were increased,
confirming a decrease in glucose tolerance follow-
ing sleep restriction. When the integrated glucose
and insulin responses were examined using the
HOMA index, more than 50% increase of HOMA
values was observed after sleep restriction as com-
pared to the fully rested state, consistent with a de-
crease in insulin sensitivity.

Chronically decreased sleep quality, usually in as-
sociation with decreased sleep duration, was associ-
ated with increased diabetes risk in various subject
populations, including older adults and individuals
suffering from OSA. Markedly decreased amounts of
deep NREM sleep, i.e. SWS, are typical of these con-
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Table 1 - Upper part: parameters of glucose tolerance derived from minimal model analysis of a frequently sampled intra-
venous glucose tolerance test (IVGTT); Lower part: parameters derived from an IVGTT performed after 2 nights of undisturbed
sleep and after 3 nights of experimental suppression of slow-wave sleep (SWS).

Well rested After sleep p-level % change from
intervention < well rested

condition
5 nights of 4-h bedtimes (n=11)
Glucose tolerance (%.min-1) 2.29+0.38 1.28+0.33 0.04 -57+20%
Acute insulin response to glucose (uU.ml-1.min) 567+144 403+126 0.002 -31+10%
Glucose effectiveness 0.026+0.003 0.016+0.002 0.03 —26+17%
Insulin sensitivity (104min-1 (uU/ml)-1) 7.10+1.04 5.19+0.51 0.15 —7+19% *

(-24+9% *)
Disposition index 3123+537 1724+343 0.003 —A7+7%
3 nights of slow-wave sleep suppression (n=9)
Glucose tolerance (%.min-1) 2.00+0.13 1.54+0.20 0.03 —23+9%
Acute insulin response to glucose (uU.ml-1.min) 314+41 323+36 0.73 +11+£11%
Glucose effectiveness 0.024+0.003 0.019+0.002 0.19 -15+10%
Insulin sensitivity (104min-1 (uU/ml)-1) 8.42+1.12 5.87+0.74 0.009 —25+8%
Disposition index 2347+299 17441144 0.02 —20+7%

*Includes a statistically significant outlier; **Excludes the outlier.

ditions. Under normal circumstances, the initiation
of SWS is temporally associated with decreased
brain glucose utilization, stimulation of GH release,
inhibition of cortisol secretion, decreased sympa-
thetic nervous activity and increased vagal tone. All
these correlates of SWS are likely to affect total body
glucose homeostasis and, therefore, conditions of
reduced or absent SWS, as occur in normal aging
and in individuals suffering from OSA, may be asso-
ciated with an increase in diabetes risk.

A recent study has directly tested this hypothesis
by selectively suppressing SWS in healthy young
adults and examining the impact on glucose toler-
ance (23). Suppression of SWS was achieved by de-
livering acoustic stimuli to the bedside. The
acoustic stimuli were continuously calibrated to re-
place SWS by shallow NREM sleep without waking
up the subjects. This intervention decreased the
amount of SWS by nearly 90% - similar to what oc-
curs over the course of four decades of aging - and
induced a degree of sleep fragmentation typical of
moderate-to-severe OSA. Importantly, it did not
decrease total sleep duration or the amount of REM
sleep. The lower part of Table 1 shows the parame-
ters derived from an IVGTT performed after 2
nights of undisturbed sleep and after 3 nights of ex-
perimental suppression of SWS (23). After 3 nights
of suppression of SWS, SI was decreased by ~25%
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reaching the level reported in older adults and in
populations at high risk for diabetes. The decrease
in SI following experimental reduction of SWS was
not compensated for by an increase in insulin re-
lease, as AIRg remained virtually unchanged.
Consequently, the DI was ~20% lower after SWS
suppression. Consistent with an increased diabetes
risk, glucose tolerance was reduced by ~23%,
reaching the range typical of older adults with im-
paired glucose tolerance. Importantly, the changes
in the two main determinants of glucose tolerance,
i.e. Sl and AIRg, were correlated with the changes in
SWS after the intervention. These laboratory find-
ings demonstrate unequivocally that disruptions in
sleep quality, without change in sleep duration,
may adversely affect glucose regulation. Under real
life conditions, decreased sleep quality is often as-
sociated with shorter total sleep time such that the
impact of sleep disturbances on glucose tolerance
will combine both effects.

A number of cross-sectional as well as prospec-
tive epidemiologic studies have provided evidence
for an association between short and/or poor
sleep, and the prevalence or incidence of diabetes,
after controlling for age, BMI and multiple other
confounders. Longitudinal studies that have as-
sessed sleep characteristics at baseline and inci-
dence of diabetes over a follow-up period provide

Obesity and Metabolism, Vol. 5, Suppl. to No. 1 5
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some indication regarding the direction of causali-
ty. Six studies have examined the impact of self-re-
ported sleep duration and an equal number has ad-
dressed the impact of sleep quality as determined
by self-report of sleep problems such as difficulty
initiating or maintaining sleep, use of sleeping pills,
or presence of insomnia (8, 9). None of the studies
has involved objective measures of sleep. Short
sleep duration was found to predict a higher inci-
dence of diabetes in 4 of the 6 studies while poor
sleep quality was associated with an increased risk
of diabetes in 5 of the 6 studies (8, 9).
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REVIEWS

Effects of poor and short sleep on glucose
metabolism and obesity risk

Karine Spiegel, Esra Tasali, Rachel Leproult and Eve Van Cauter

Abstract | The importance of sleep to hormones and glucose metabolism was first documented more than four
decades ago. Since then, sleep curtailment has become an endemic behavior in modern society. In addition,
the prevalence of sleep disorders, particularly obstructive sleep apnea (OSA), has increased. OSA is very
common in endocrine and metabolic disorders, but often remains undiagnosed. This Review summarizes the
laboratory and epidemiologic evidence that suggests how sleep loss, either behavioral or disease-related, and
poor quality of sleep might promote the development of obesity and diabetes mellitus, and exacerbate existing
endocrine conditions. Treatment of sleep disorders has the potential to improve glucose metabolism and
energy balance. Screening for habitual sleep patterns and OSA might be critically important for patients with

endocrine and metabolic disorders.

Spiegel, K. et al. Nat. Rev. Endocrinol. 5, 253-261 (2009); doi:10.1038/nrendo.2009.23

Introduction

More than four decades ago, multiple studies demon-
strated that sleep has a major role in the regulation of
endocrine functions and glucose metabolism. In healthy
adults, reproducible changes in the release of pituitary
hormones and pituitary-dependent hormones follow the
wake-sleep transition. The effect of sleep on hormone
secretion is dependent on the occurrence of specific
stages of sleep.™?

Human sleep is composed of rapid-eye-movement
(REM) sleep and non-REM sleep. Deep non-REM
sleep is characterized by ‘slow waves’ in the electro-
encephalogram, which reflect a mode of synchronous
firing of thalamocortical neurons. During slow-wave
sleep, the brain uses less glucose, sympathetic nervous
activity is decreased and vagal tone is increased, relative
to both wakefulness and REM sleep. Slow-wave sleep is
also associated with robust elevations in levels of growth
hormone, while the activity of the pituitary—adrenal axis
is inhibited.? Because of the effect of slow-wave sleep
on cerebral glucose metabolism, sympathovagal balance
and counter-regulatory hormones’ release, this type
of sleep is thought to have a major role in total-body
glucose regulation and, more generally, in the restorative
effect of sleep.

The 1998 discovery of orexin A and orexin B, two
peptides synthesized by neurons which are concen-
trated in the lateral hypothalamus, demonstrated a
molecular link between wake-sleep regulation and the
neuroendocrine control of appetite. Orexin-containing
neurons have a central role in the maintenance of
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arousal, but also increase food intake,** particularly at
a time when normal food intake is low. Feeding requires
the maintenance of wakefulness and the orexin system
seems to have a key role in the interaction between
feeding and arousal. Orexin-containing neurons are
active during wakefulness and quiescent during sleep.
Deficiencies in the orexin system are associated with
sleep disorders that involve chronic, excessive day-
time sleepiness, including narcolepsy and obstructive
sleep apnea (OSA). By contrast, when sleep deprivation
is behaviorally enforced, the orexin system is
overactive—most likely to maintain wakefulness against
the increased pressure to sleep. Increased orexin activity
during periods of sleep deprivation has been shown in
rats, dogs and squirrel monkeys.>”” A profound effect of
sleep deprivation and/or poor-quality sleep on glucose
metabolism and appetite regulation should, therefore,
be expected.

Remarkably, the adverse effects of chronically reduced
sleep duration and/or quality have only begun to be
evaluated in the past few years. Voluntary sleep curtail-
ment has, however, become a common behavior in
modern society. Data from the 2008 ‘Sleep in America’
poll indicate that, although working adults report that
they need an average 7h 18 min of sleep to function
at their best, 44% of them sleep less than 7h, and 16%
sleep less than 6 h on a typical weeknight.® Sleep dura-
tion in European countries seems to follow a similar
trend.’ The cumulative sleep loss per working week of a
substantial portion of the adult population may corres-
pond to as much as one full night of sleep deprivation.
Chronic sleep loss might also be the consequence of a
pathological condition—particularly the most common
sleep disorder, OSA, which is characterized by repetitive
breathing disturbances during sleep and by poor-quality
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Key points

Sleep loss, be it behavioral or related to sleep disorders, is an increasingly
common condition in modern society

Experimental reduction of the duration or quality of sleep has a deleterious
effect on glucose metabolism

Experimental reduction of sleep duration downregulates the satiety hormone,
leptin, upregulates the appetite-stimulating hormone, ghrelin, and increases
hunger and appetite

Numerous cross-sectional and prospective, epidemiologic studies have
provided evidence of an association between short-duration and/or poor-quality
sleep and the prevalence or incidence of diabetes mellitus or obesity
Effective treatment of obstructive sleep apnea, a sleep disorder that is highly
prevalent in metabolic and endocrine disorders, has the potential to improve
glucose metabolism and energy balance

Screening for habitual sleep patterns and obstructive sleep apnea might be
critically important for patients with endocrine and metabolic disorders

sleep. The current epidemic of obesity in industrialized
countries is paralleled by an epidemic of OSA.

The following two sections summarize the laboratory
and epidemiologic evidence that links short-duration
sleep and/or poor-quality sleep with an increased risk of
diabetes mellitus and obesity. The evidence on adverse
effects of poor-quality sleep is based on studies that
involved an experimental reduction of sleep quality,
and on population studies in which sleep quality was
self-reported. Indeed, no systematic evaluations have
been published to date on endocrine or metabolic
disturbances in any sleep disorder, except in OSA.
Reciprocally, associations between metabolic or hor-
monal conditions and the prevalence or severity of sleep
disorders have only been examined for OSA. The last
section of this review, therefore, focuses on the links
between OSA and metabolic disorders, with a particular
focus on diabetes mellitus, obesity and polycystic-ovary
syndrome (PCOS).

Poor and short sleep and diabetes

Evidence from laboratory studies

Short-duration sleep and glucose regulation

The first study that assessed the consequences of recur-
rent, partial sleep loss on hormonal and metabolic
variables involved restriction of participants’ (healthy
young men) '° sleep time to 4 h per night for 6 consecu-
tive nights, and then extending it to 12 h for 6 nights.
Figure la shows the results from a frequently sampled,
intravenous glucose-tolerance test performed on the fifth
day of both study periods. Glucose tolerance, estimated
as the rate of decrease of glucose levels, was 40% lower
after sleep restriction than after sleep extension, and
reached a range that is typical of aging people who have
impaired glucose tolerance.!” This decrease in glucose
tolerance was the combined consequence of a 30-40%
decrease in glucose effectiveness (which is a measure of
noninsulin-dependent glucose utilization) and a near
30% reduction in the acute insulin response to glucose,
despite a trend for decreased insulin sensitivity. The

product of insulin sensitivity and acute insulin response
to glucose (that is, the disposition index, a validated
marker of diabetes risk),'! was decreased by nearly 40%
in the state of sleep debt.

The glucose and insulin responses to a high-
carbohydrate breakfast were assessed on the sixth day
of both sleep conditions. Both peak glucose level and
the overall glucose response were increased follow-
ing sleep restriction, which confirmed a decrease in
glucose tolerance. When the integrated glucose and
insulin responses were examined with the homeostasis
model-assessment index (the normalized product of
insulin and glucose levels), a greater than 50% increase
of homeostasis model-assessment values was observed
after sleep restriction, as compared to the fully rested
state; these results are consistent with a reduction in
insulin sensitivity. In a subsequent study, 12 healthy men
were assessed after two 10h nights versus two 4 h nights,
in randomized order.” Similarly to the findings of the
previous study, after only two nights of short-duration
sleep, morning levels of glucose were higher than nor-
mal, whereas insulin levels tended to be lower than
after two nights of long sleep. Preliminary data from an
independent laboratory have confirmed and extended
these findings: 1 week of sleep that is restricted to 5h per
night in healthy men resulted in a marked reduction in
insulin sensitivity, as assessed by the hyperinsulinemic
euglycemic clamp."?

Poor-quality sleep and glucose regulation
The initiation of slow-wave sleep is associated with a
decrease in use of glucose by the brain, stimulation of
growth-hormone release, inhibition of cortisol secre-
tion, decreased sympathetic nervous system activity and
increased vagal tone. All these correlates of slow-wave
sleep affect total-body glucose homeostasis; therefore,
low amounts of slow-wave sleep, which normally occur in
aging individuals and in those who have sleep disorders,
might be associated with decreased glucose tolerance.
A recent study directly tested this hypothesis by selec-
tively suppressing slow-wave sleep in healthy young
adults and examining the effect on glucose tolerance.™
Suppression of slow-wave sleep was achieved by delivery
of acoustic stimuli that were designed to replace slow-
wave sleep with shallow sleep, but to avoid full awaken-
ings. The amount of slow-wave sleep was reduced by
nearly 90%—a similar reduction to that associated with
four decades of aging. Such low levels of slow-wave sleep
are also typical of moderate to severe OSA. Importantly,
this intervention did not reduce total sleep duration.
Figure 1b shows the results from an intravenous glucose-
tolerance test performed after 2 nights of undisturbed
sleep and after 3 nights of slow-wave sleep suppression.
After suppression of slow-wave sleep, insulin sensiti-
vity had decreased by around 25% and reached the level
reported in aging individuals and in populations at
high risk of diabetes mellitus.'® This decrease in insulin
sensitivity was not compensated for by an increase in
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the acute insulin response to glucose; consequently, the
disposition index decreased by around 20% after slow-
wave sleep suppression. Consistent with an increased
risk of diabetes mellitus, glucose tolerance was reduced
by around 23%, which approaches the range typical of
impaired glucose tolerance.* Importantly, the decrease
in insulin sensitivity was strongly correlated to the
decrease in slow-wave sleep. These laboratory findings
demonstrate unequivocally that poor-quality sleep may
adversely affect glucose regulation.

Evidence from epidemiologic studies

A number of cross-sectional, as well as prospective, epi-
demiologic studies,'®'” have provided evidence of an
association between self-reported short-duration and/
or poor-quality sleep and the prevalence or incidence of
diabetes mellitus, after age, BMI and various other con-
founding variables are taken into account. Studies that
have assessed sleep at baseline and incidence of diabetes
mellitus over a follow-up period provide some indica-
tion of the direction of causality. Six studies have exam-
ined the effect of sleep duration, and an equal number
of studies have addressed the effect of sleep quality as
determined by self-reported problems, such as difficulty
initiating or maintaining sleep, use of sleeping pills, or
presence of insomnia (reviewed elsewhere'®). Short sleep
duration was found to predict an increased incidence of
diabetes in four of the six studies, whereas poor-quality
sleep was associated with an increased risk of diabetes
mellitus in five of the six studies.'®

Poor or short sleep and obesity
Evidence from laboratory studies
In a randomized, crossover study that involved two
nights of 4h in bed versus two nights of 10h in bed,
the daytime profiles of the satiety hormone, leptin,
and the appetite-stimulating hormone, ghrelin, were
measured and the participants completed validated
scales for hunger and appetite for various food catego-
ries (Figure 2a).!” Overall leptin levels decreased by an
average of 18%, while ghrelin levels increased by 28%;
the ghrelin:leptin ratio increased by more than 70%.
Hunger increased by 23%, and appetite for nutrients
with a high carbohydrate content was increased by more
than 30% when sleep was restricted. If this increase in
hunger during sleep restriction were to translate into
a commensurate increase in food intake, weight gain
would be expected to occur over time. A randomized,
crossover laboratory study of overweight, middle-aged
adults who underwent 2 weeks of sleep extension (+1.5h
per night) and 2 weeks of restriction (-1.5h per night)
has shown an increase in food intake from snacks during
the short-sleep condition.”® However, the participants
gained weight under both sleep conditions, and no dif-
ferences were detected in leptin or ghrelin levels between
the two study conditions.

In a separate study, a clear, dose-response relationship
was observed between sleep duration and the 24 h serum
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Figure 1 | Results from intravenous glucose-tolerance
tests in healthy individuals when fully rested and after
sleep manipulations. a | Results when fully rested and
after 5 nights of 4 h in bed;*° b | Results during baseline
sleep and after 3 nights of suppression of slow-wave
sleep.** Abbreviation: SWS, slow-wave sleep. Permission
for part a was obtained from Elsevier Ltd © Spiegel, K.
et al. Impact of sleep debt on metabolic and endocrine
function. Lancet 354, 1435-1439 (1999). Part b was
adapted from Tasali, E. et al. Proc. Natl Acad. Sci. USA 105,
1044-1049 (2008).

leptin profile.?! Figure 2b shows the 24 h leptin profiles
that were obtained after 6 days of 4h, 8h, and 12h periods
of sleep in healthy, lean young men. All the characteristics
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Figure 2 | Effect of sleep duration on leptin and ghrelin levels. a | Mean (£SEM) leptin and serum plasma ghrelin levels in
healthy individuals after 2 days with 4 h or 10h sleep periods. b | Mean (SEM) 24 h serum leptin profiles after 6 days of 4h,
8h and 12h in bed in nine healthy, lean men, studied at bed rest who ate three identical carbohydrate-rich meals. At the end
of these study periods, the participants slept an average of 3h 48 min in the 4 h in bed group, 6h 52min in the 8 h in bed
group, and 8h 52min in the 12 h in bed group. All characteristics of the 24 h leptin profile increased from the 4 h to the 12h
bedtime condition. The bars represent sleep periods. Permission for panel a was obtained from the American College of
Physicians © Spiegel K et al. Brief communication: sleep curtailment in healthy young men is associated with decreased
leptin levels, elevated ghrelin levels, and increased hunger and appetite. Ann. Intern. Med. 141, 846-850 (2004).
Permission for panel b was obtained from The Endocrine Society © Spiegel K et al. Leptin levels are dependent on sleep
duration: relationships with sympathovagal balance, carbohydrate regulation, cortisol, and thyrotropin. J Clin. Endocrinol.

Metab. 89, 5762-5771 (2004).

of the 24 h leptin profile (overall mean level, nocturnal
maximum, amplitude) gradually increased from the 4h
to the 12 h sleep-period condition. Importantly, these
differences in 24 h regulation of leptin levels occurred
despite identical amounts of caloric intake, similar seden-
tary conditions, and stable weight. Of note, the reduction
in peak leptin levels (average of 26%) between the 4h and
the 12h bedtime conditions was similar to that reported
in healthy volunteers who were fed only 70% of their
energy requirement during 3 consecutive days. These
findings confirmed and extended the observations of an
earlier study that assessed leptin levels 6 times during the
24h cycle in volunteers studied after 7 days of sleep that
was restricted to 4h per night and reported a decrease in
peak leptin levels.?? Another study, which involved total
sleep deprivation, or 4.5h or 7h of sleep for one night,
also reported dose-response relationships between the
duration of sleep, hunger ratings and ghrelin levels.” In
this study, leptin levels were not affected.

The effect of sleep restriction on appetite regulation
seems to be similar in the short term (2-6 days)'**! and
in chronic conditions. Indeed, two epidemiologic studies
have shown reduced leptin levels after controlling for BMI
or adiposity in habitual short-duration sleepers.*** High
ghrelin levels were also associated with short-duration

sleep.?* A subsequent, small study, which involved only
postmenopausal women, did not confirm the link between
sleep duration, leptin and ghrelin levels;*® however, very
few participants in this study had short sleep durations.

Evidence from epidemiologic studies

An ever-growing number of cross-sectional, epidemio-
logical studies (52 in September 2008) have provided evi-
dence of an association between short-duration and/or
poor-quality sleep and risk of obesity. Two meta-analyses,
which included a total of more than 600,000 adults and
30,000 children from all over the world, attempted to
quantify the link between short-duration sleep and obesity
risk. In the first study, the pooled odds ratio (OR) that
linked short-duration sleep to obesity was 1.89 (95% CI
1.46-2.43, P<0.0001) in children and 1.55 (95% CI 1.43-
1.68, P<0.0001) in adults.” The second study reported an
OR of 1.58 (95% CI 1.26-1.98) in children with short sleep
duration, and an OR of 1.92 (95% CI 1.15-3.2) in chil-
dren with the shortest sleep duration; these results suggest
existence of a dose-response relationship between sleep
duration and risk of obesity.?® A third systematic review
similarly concluded that short sleep duration seems to be
independently associated with weight gain, particularly in
young age groups.”” Whereas these analyses suggest that
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the effect of sleep duration on weight may be less robust
in aging populations than in children and young adults,
a cross-sectional analysis that used wrist actigraphy to
objectively assess sleep duration objectively in more than
6,000 men and women aged 67-99 years, provided strong
evidence to the contrary.** Compared with sleeping 7-8 h
per night, sleeping less than 5h was associated with a BMI
that was, on average, more than 2.5kg/m? in men and
1.8 kg/m? in women, after adjustments were made for
multiple potentially confounding variables.

Of the 10 longitudinal studies on sleep duration and
obesity risk in children and adults that have been per-
formed, 9 reported that reduced sleep durations are associ-
ated with an increased risk of being overweight or obese
a few years later.'”*! This pattern is particularly consistent
in children.'

This body of epidemiologic evidence supports the
hypothesis that sleep curtailment may be a plausible
‘nontraditional’ lifestyle factor that contributes to the
epidemic of obesity.*? Increasing the duration of sleep
for those who regularly curtail it has been suggested as a
means to improve the health of the population as a whole.*®
Critics have argued that the effect of short-duration sleep
in longitudinal studies is small (short-duration sleepers
gain excess weight of 1-7kg over 10 years) and that the
number of short-duration sleepers (less than or equal to
5h) in the general population is low.* Yet, the difference in
weight gain between short-duration and normal-duration
sleepers is well within the range of weight loss that can
be achieved with pharmacological interventions, and in
the two epidemiologic studies that assessed sleep duration
objectively by monitoring wrist activity, more than 10% of
the participants slept for fewer than 5h per night.***

A limitation of nearly all of these epidemiologic studies
is that they did not simultaneously assess sleep quality.
Thus, whether short-duration sleep in obese individuals
is the result of sleep-time curtailment, or the presence of
a sleep disorder remains to be determined. A large study,*
in which the participants reported sleep duration, sub-
jective sleep disturbances (for example, insomnia, exces-
sive daytime sleepiness, sleep difficulty) and a measure
of chronic emotional stress, concluded that self-reported
short-duration sleep in obese adults may be a surrogate
marker of sleep disturbance and psychosocial stress. This
hypothesis is consistent with the existence of a ‘vicious
circle, in which short-duration sleep may initially promote
weight gain; the resultant excess adiposity would then
induce sleep disturbances and psychological stress, with
anet further decrease in total sleep time.

OSA and metabolic disorders

Prevalence of OSA

OSA is a highly prevalent sleep condition that is associated
with increased morbidity and mortality. OSA is charac-
terized by repetitive episodes of upper-airway obstruction
that lead to intermittent hypoxemia and/or hypercapnia
and sleep fragmentation. Diagnosis of OSA is based on
the apnea-hypopnea index (AHI), which measures the

Table 1 | Prevalence of OSA in various populations

Population of patients Prevalence
of OSA (%)
General population
Patients with OSA (AHI>5) and excessive 2-7
daytime sleepiness®*
Patients with OSA (AHI>5)82 17
Patients with endocrine disorders
Obese patients®? 41-58
Morbidly obese patients®’ 50-98
Patients with diabetes mellitus®s-4° 17-97
Patients with polycystic-ovary syndrome*42 44-70
Patients with acromegaly* 19-23
Patients with hypothyroidism#? 50-100
Patients with Cushing syndrome*? 18-32

Abbreviations: AHI, apnea—hypopnea index; OSA, obstructive sleep apnea.

total number of apnea plus hypopnea episodes per hour
of sleep; individuals with an AHI of greater than 5 by
polysomnography are considered to have OSA. Table 1
summarizes the prevalence of OSA in the general popu-
lation and in populations with metabolic or endocrine
disorders. Obesity is a major risk factor for OSA, and the
prevalence of OSA in the morbidly obese population is
strikingly high—(50% to 98%).”

The prevalence of OSA in metabolic and endocrine
disorders is very high. In patients with diabetes mellitus,
the prevalence of OSA is between 17% and 48%.** In a
preliminary report, which involved only obese patients
with diabetes mellitus, undiagnosed OSA was found in
97% of the participants.* This evidence for an excep-
tionally high rate of OSA in individuals with diabetes
mellitus might have important implications, including a
need for systematic evaluation and treatment of OSA in
this group. Polycystic-ovary syndrome (PCOS), the most
common endocrine disorder of premenopausal women,
involves obesity, insulin resistance and a substantially
elevated risk of early-onset, impaired glucose tolerance
and diabetes mellitus. Whereas the risk of OSA in healthy
young women, even if they are overweight or obese, is
less than 10%, in women with PCOS, recent reports have
found a prevalence of OSA of 44-70%.*** In acromegaly,
hypothyroidism and Cushing syndrome, the prevalence
of OSA is 19%-23%, 50%-100%, and 18%-32%, respec-
tively.* The pathophysiology that underlies the high
prevalence of OSA in endocrine disorders is likely to
be multifactorial and include anatomic, functional and
hormonal factors.

OSA involves respiratory disturbances, hypoxic stress,
poor-quality sleep (owing to sleep fragmentation and
low levels of slow-wave sleep) and reduced total sleep
time. The alterations in glucose regulation and/or appe-
tite regulation observed with experimentally reduced
sleep duration and quality'®" suggest that poor-quality
and short-duration sleep, in addition to hypoxia, could
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Table 2 | Effect of CPAP treatment on glucose metabolism

Population of patients Positive effect No effect
reported reported

Patients with T2DM?

Total number of studies G il

Total number of patients 102 42

Nondiabetic patients®

Total number of studies 42558 f7ceacs

Total number of patients 109 225

almprovement of glucose metabolism in patients with T2DM was defined as
decreased HbA, . level and/or decreased postprandial glucose level by
continuous glucose monitoring, and/or improved insulin sensitivity by
hyperinsulinemic euglycemic clamp, and/or improved insulin sensitivity by
fasting HOMA index. PImprovement of glucose metabolism in nondiabetic
patients was defined as improved insulin sensitivity by hyperinsulinemic
euglycemic clamp, and/or improved insulin sensitivity by fasting HOMA
index, and/or decreased fasting glucose and insulin levels. Abbreviations:
CPAR continuous positive airway pressure; HOMA, homeostasis model
assessment; T2DM, type 2 diabetes mellitus.

Table 3 | Effect of CPAP on leptin/ghrelin levels and weight

Outcome measure Positive effect No effect
reported reported

Decrease in leptin level

Total number of studies (BRIl 2T

Total number of patients 183 127

Decrease in ghrelin level

Total number of studies 2L NA

Total number of patients 51 NA

Decreased body weight or visceral adiposity

Total number of studies 3ERI0TE 3e e

Total number of patients 83 230

Abbreviations: CPAP, continuous positive airway pressure; NA, no data available.

contribute to altered glucose homeostasis and weight
gain in patients with OSA.

OSA and diabetes mellitus
Cross-sectional studies demonstrate an association
between OSA and diabetes mellitus, independent of con-
founding factors.** By contrast, no evidence supports a
causal role for OSA in the development of diabetes mel-
litus. Only one prospective study used polysomnography
to assess OSA and its relationship to diabetes risk, but the
results failed to show a significant association between
incident diabetes mellitus and OSA at 4-year follow-up
(OR 1.62, P=0.24) %8

A review of studies that assessed the effect of continu-
ous positive airway pressure (CPAP) on glucose regulation
suggests that the treatment gives more consistently posi-
tive results in patients with diabetes mellitus than in non-
diabetic populations. Table 2 summarizes the findings from
full reports in international journals that involved more
than one night of CPAP treatment in adult populations.
Of six studies that assessed glycemic control in a total
number of 150 diabetic patients with OSA, five reported a
positive effect (Tables 2 and 3).#-** Notably, the one study

that did not find such a correlation reported an average
nightly therapeutic CPAP use of only 3.6h.>* By contrast,
in patients with OSA who do not have diabetes mellitus, a
beneficial effect of CPAP on parameters of glucose regula-
tion, including various measures of insulin sensitivity, has
only been found in 4°°-*® of a total 11 studies,*>-*> which
together involved more than 300 individuals.

These inconsistent results may be partly attributed to
differences in sample sizes, study populations, durations
of therapy, adherence to therapy, and changes in body
composition during the study period. Importantly, most
studies did not report objective data on CPAP usage, and
in those that reported compliance, use of CPAP for greater
than or equal to 4 h per night was considered ‘compliant’

OSA and regulation of food intake and weight
Patients with OSA seem to be more predisposed to weight
gain than control individuals with similar levels of obesity
who do not have OSA.*¢” Consistent with the upregula-
tion of ghrelin that is observed during short-duration sleep
in healthy individuals,'**?* patients with OSA have high
ghrelin levels, which decrease after as little as 2 days of
CPAP treatment.®® By contrast, the decreased leptin levels
that follow sleep restriction in normal individuals'**"?
are not consistent with the hyperleptinemia observed in
OSA.“ Whereas leptin levels are reduced in individuals
with chronic short-duration sleep without OSA, indepen-
dently of BMI and adiposity,*** patients with OSA display
higher leptin levels than BMI-matched controls.®*

Tables 2 and 3 summarize the studies that have examined
the effect of CPAP treatment on leptin levels.>*6063:6870-73
Although the positive findings of these studies outnumber
negative findings, the overall evidence is inconclusive.
The hyperleptinemia in patients with OSA is thought
to reflect leptin resistance. Thus, a putative reduction in
leptin resistance after CPAP treatment would be expected
to result in weight loss in these patients. Only two studies
have measured post-CPAP ghrelin levels in patients with
OSA, and both reported a decrease in ghrelin levels,®"*
which should also lead to decreased hunger and a possible
beneficial effect on weight (Table 3). However, findings
on the effect of CPAP on body weight and/or visceral adi-
posity are mixed (Table 3). One study reported weight loss
after 6 months of CPAP”® whereas another study found no
weight loss after 1 year of treatment with CPAP.” Finally,
6 months of CPAP therapy added to a weight-reduction
program have not resulted in increased weight loss.”
From a metabolic point of view, loss of visceral fat is far
more relevant than overall weight loss. Again, relevant
studies are scarce and provide conflicting results; two®>”
of only three studies®**>”* have reported a beneficial
effect of CPAP on visceral adiposity.

OSA and polycystic-ovary syndrome

Polycystic-ovary syndrome (PCOS), the most common
endocrine disorder of premenopausal women, is charac-
terized by chronic hyperandrogenism, oligo-ovulation and
anovulation, obesity, insulin resistance and a substantially
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elevated risk of early-onset impaired glucose tolerance and
diabetes mellitus. Insulin resistance is often referred to as
a ‘hallmark’ of PCOS. OSA is highly prevalent in women
with this syndrome. One study reported an AHI of greater
than 5 in 56% of women with PCOS, compared with 19%
of age-matched and weight-matched controls.” This
study was the first to examine metabolic disturbances in
women with PCOS after taking the presence and severity
of OSA into account. The findings indicated that insulin
resistance and reduced glucose tolerance in women with
PCOS are largely the result of OSA.” Figure 3 shows the
prevalence of impaired glucose tolerance and the degree
of insulin resistance in control women without OSA,
women with PCOS but without OSA, and women with
PCOS and mild, moderate, or severe OSA. The prevalence
of impaired glucose tolerance and the degree of insulin
resistance increased in direct proportion to the severity
of OSA. Furthermore, when women with PCOS who had
preserved normal glucose tolerance were examined, they
were no more insulin-resistant than control women who
did not have PCOS.

Thus, PCOS seems to be composed of two subpheno-
types: PCOS with OSA, and PCOS without OSA; the latter
represents less than 50% of women with PCOS. PCOS with
OSA is clearly associated with a higher risk of diabetes
mellitus than PCOS without OSA. As insulin resistance
is thought to contribute to both androgen overproduction
and metabolic disturbances in PCOS, assessment of OSA
in PCOS is highly recommended; the correction of
OSA might greatly improve these women’s prognosis. A
quick and easy screen for OSA can be performed with the
Berlin Questionnaire, a well-validated survey that identifies
patients who have a high risk of OSA.” Unfortunately, most
clinicians who treat women with PCOS today are not yet
aware of the high risk of OSA in this group of patients.*

Conclusions

Restorative sleep is essential for well-being, but sleep
curtailment has become a common behavior in modern
society. In addition, sleep disorders, particularly OSA, are
very common in individuals with metabolic and endocrine
disorders, but often remain undiagnosed. The accumulated
evidence for a deleterious effect of short-duration or poor-
quality sleep on metabolic and endocrine function supports
the hypothesis that chronic, voluntary sleep curtailment
and sleep disorders such as OSA may adversely affect the
course of disease in patients with metabolic and endocrine
disorders. Treatment of OSA by CPAP has the potential
to improve glucose metabolism and appetite regulation.
Screening for habitual sleep patterns and OSA—for which
simple and inexpensive tools are available—such as sleep

1. Gronfier, C. & Brandenberger, G. Ultradian 3.
rhythms in pituitary and adrenal hormones:
their relations to sleep. Sleep Med. Rev. 2,
17-29 (1998).

2. Van Cauter, E. Endocrine physiology. In Principles 4.
and Practice of Sleep Medicine, 4th edn (eds
Kryger, M., Roth, T. & Dement, W. C.) 266-282
(Elsevier-Saunders, Philadelphia, 2005). 5.

Sakurai, T. The neural circuit of orexin

(hypocretin): maintaining sleep and

wakefulness. Nat. Rev. Neurosci. 8, 171-181

(2007).

Adamantidis, A. & de Lecea, L. The hypocretins

as sensors for metabolism and arousal. J. Physiol. 6.
587, 33-40 (2009).

Wu, M. F, John, J., Maidment, N., Lam, H. A.

REVIEWS

Prevalence of IGT (%)

100 [J Controls

80 I pcos

60

40

. m N
o+F"1— \ \

o
g& 9 [] Controls
g = [ pcos
£E>6
£e
3E
TRER |
o
g S0 T
T ;D No OSA No OSA M|Id OSA Moderate Severe
(n=17) (n=23) (n=12) 0OSA 0OSA
(n=14) (n=3)

Figure 3 | Prevalence of impaired glucose tolerance and
degree of insulin resistance, as assessed by the HOMA
index, in control women without OSA, women with PCOS and
without OSA, and women with PCOS and mild (5<AHI<15,
moderate (15<AHI<30), and severe (AHI>15) OSA. As
expected, women who had PCOS with or without OSA
displayed a higher prevalence of IGT and greater insulin
resistance than controls. Among women with PCOS, the
prevalence of IGT and degree of insulin resistance increased
in direct proportion to the severity of OSA. Abbreviations:
AHI, apnea—hypopnea index; HOMA, homeostasis model
assessment; IGT, impaired glucose tolerance; OSA,
obstructive sleep apnea. Permission obtained from The
Endocrine Society © Tasali, E. et al. Impact of obstructive
sleep apnea on insulin resistance and glucose tolerance in
women with polycystic ovary syndrome. J. Clin. Endocrinol.
Metab. 93, 3878-3884 (2008).

logs to characterize habitual sleep patterns and the Berlin
Questionnaire, may be critically important in patients with
endocrine and metabolic disorders.

Review criteria

A search for original and review articles that focus on
sleep, hormones and metabolism was performed in
PubMed. The search terms used were “sleep”, “OSA”,
“sleep apnea”, “CPAP”, “obesity”, “leptin”, “ghrelin”,
“weight”, “visceral”, “diabetes”, “glucose”, “insulin”,

“metabolic”, “endocrine”, “acromegaly”, “hypothyroidism”,

“polycystic ovary syndrome”, and “PCOS”. We also
searched the reference lists of identified articles for
further papers. Articles were restricted to human studies.
In order to limit the number of references, we selected,
whenever possible, a recent review complemented by
original papers published after the review.

& Siegel, J. M. Hypocretin release in normal
and narcoleptic dogs after food and

sleep deprivation, eating, and movement.
Am. J. Physiol. Regul. Integr. Comp. Physiol.
283, R1079-R1086 (2002).

Estabrooke, I. V. et al. Fos expression in
orexin neurons varies with behavioral state.
J. Neurosci. 21, 1656-1662 (2001).

NATURE REVIEWS|ENDOCRINOLOGY

VOLUME 5 | MAY 2009 | 259

28

© 2009 Macmillan Publishers Limited. All rights reserved



REVIEWS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Zeitzer, J. M., Buckmaster, C. L., Lyons, D. M. &
Mignot, E. Increasing length of wakefulness and
modulation of hypocretin-1 in the wake-
consolidated squirrel monkey. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 293, R1736-R1742
(2007).

National Sleep Foundation. 2008 “Sleep in
America” poll, summary of findings 1-45 [online
19 Jan 2009] http://www.sleepfoundation.org,
atf/cf/%7Bf6bf2668-alb4-4fe8-8d1a-a5d3934
0d9cb%7D/2008%20POLL%20SOF.pdf
(accessed 19 January 2009).

Institut National de Prévention et d’Education
pour la Santé. Les francgais et leur sommeil.
1-12 [French] [online 19 Jan 2009] http://www.
inpes.sante.fr/70000/dp/08/dp080310.pdf
(accessed 19 January 2009).

Spiegel, K., Leproult, R. & Van Cauter, E. Impact
of sleep debt on metabolic and endocrine
function. Lancet 354, 1435-1439 (1999).
Bergman, R. N. Minimal model: perspective from
2005. Hormone Res. 64 (Suppl. 3), S8-S15
(2005).

Spiegel, K., Knutson, K., Leproult, R., Tasali, E. &
Van Cauter, E. Sleep loss: a novel risk factor for
insulin resistance and type 2 diabetes. J. Appl.
Physiol. 99, 2008-2019 (2005).

Buxton, 0. M., Pavlova, M. K., Reid, E.,
Simonson, D. C. & Adler, G. K. Sleep restriction
for one week reduces insulin sensitivity
measured using the eugylcemic
hyperinsulinemic clamp technique. [online

12 June 2008] http://www.journalsleep.org,
PDF/AbstractBook2008.pdf (accessed

27 January 2009).

Tasali, E., Leproult, R., Ehrmann, D. A. &

Van Cauter, E. Slow-wave sleep and the risk of
type 2 diabetes in humans. Proc. Natl Acad. Sci.
USA 105, 1044-1049 (2008).

Bergman, R. N. Toward physiological
understanding of glucose tolerance. Minimal
model approach. Diabetes 38, 1512-1527
(1989).

Knutson, K. L. & Van Cauter, E. Associations
between sleep loss and increased risk of
obesity and diabetes. Ann. N.Y. Acad. Sci. 1129,
287-304 (2008).

Van Cauter, E. & Knutson, K. Sleep and the
epidemic of obesity in children and adults. Eur. J.
Endocrinol. 159 (Suppl. 1), S59-S66 (2008).
Tasali, E., Leproult, R. & Spiegel, K. Reduced
sleep duration or quality: relationships with
insulin resistance and type 2 diabetes. Prog.
Cardiovasc. Dis. (in press).

Spiegel, K., Tasali, E., Penev, R & Van Cauter, E.
Brief communication: sleep curtailment in
healthy young men is associated with decreased
leptin levels, elevated ghrelin levels, and
increased hunger and appetite. Ann. Intern. Med.
141, 846-850 (2004).

Nedeltcheva, A. et al. Sleep curtailment is
accompanied by increased intake of calories
from snacks. Am. J. Clin. Nutr. 89, 126-133
(2008).

Spiegel, K. et al. Leptin levels are dependent on
sleep duration: relationships with
sympathovagal balance, carbohydrate
regulation, cortisol, and thyrotropin. J. Clin.
Endocrinol. Metab. 89, 5762-5771 (2004).
Guilleminault, C. et al. Preliminary observations
on the effects of sleep time in a sleep-restriction
paradigm. Sleep Med. 4, 177-184 (2003).
Schmid, S. M., Hallschmid, M., Jauch-Chara, K.,
Born, J. & Schultes, B. A single night of sleep
deprivation increases ghrelin levels and feelings

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

of hunger in normal-weight healthy men. J. Sleep
Res. 17, 331-334 (2008).

Taheri, S., Lin, L., Austin, D., Young, T. & Mignot,
E. Short sleep duration is associated with
reduced leptin, elevated ghrelin, and increased
body-mass index. PLoS Med. 1, €62 (2004).
Chaput, J. R, Despres, J. P, Bouchard, C. &
Tremblay, A. Short sleep duration is associated
with reduced leptin levels and increased
adiposity: results from the Quebec family study.
Obesity (Silver Spring) 15, 253-261 (2007).
Littman, A. J. et al. Sleep, ghrelin, leptin and
changes in body weight during a 1-year
moderate-intensity physical activity intervention.
Int. J. Obes. (Lond.) 31, 466-475 (2007).
Cappuccio, F. R et al. Meta-analysis of short
sleep duration and obesity in children and
adults. Sleep 31, 619-626 (2008).

Chen, X., Beydoun, M. A. & Wang, Y. Is sleep
duration associated with childhood obesity?

A systematic review and meta-analysis.

Obesity (Silver Spring) 16, 265-274 (2008).
Patel, S. R. & Hu, F. B. Short sleep duration and
weight gain: a systematic review. Obesity
(Silver Spring) 16, 643-653 (2008).

Patel, S. R. et al. The association between sleep
duration and obesity in older adults. Int. J. Obes
(Lond.) 32, 1825-1834 (2008).

Berkey, C. S., Rockett, H. R. & Colditz, G. A.
Weight gain in older adolescent females: the
internet, sleep, coffee, and alcohol. J. Pediatr.
153, 635-639 (2008).

Keith, S. W. et al. Putative contributors to the
secular increase in obesity: exploring the roads
less traveled. Int. J. Obes. (Lond.) 30,
1585-1594 (2006).

Young, T. Increasing sleep duration for a
healthier (and less obese?) population
tomorrow. Sleep 31, 593-594 (2008).

Horne, J. Too weighty a link between short sleep
and obesity? Sleep 31, 595-596 (2008).
Lauderdale, D. S. et al. Objectively measured
sleep characteristics among early-middle-aged
adults: the CARDIA study. Am. J. Epidemiol. 164,
5-16 (2006).

Vgontzas, A. N. et al. Short sleep duration and
obesity: the role of emotional stress and sleep
disturbances. Int. J. Obes (Lond.) 32, 801-809
(2008).

Sanders, M. Sleep breathing disorders. In
Principles and Practice of Sleep Medicine (eds
Kryger, M., Roth, T. & Dement, W. C.) 969-1157
(W.B Saunders Company, Philadelphia, 2005).
West, S. D., Nicoll, D. J. & Stradling, J. R.
Prevalence of obstructive sleep apnoea in men
with type 2 diabetes. Thorax 61, 945-950 (2006).
Einhorn, D. et al. Prevalence of sleep apnea in a
population of adults with type 2 diabetes
mellitus. Endocr. Pract. 13, 355-362 (2007).
Foster, G. E. et al. Sleep apnea in obese adults
with type 2 diabetes: baseline results from
sleep AHEAD study. Sleep 28 (Suppl.), A204
(2005). http://www.journalsleep.org/ pdf,
Abstractbook2005.pdf (accessed 16 February
2009).

Tasali, E., Van Cauter, E. & Ehrmann, D.
Polycystic-ovary syndrome and obstrcutive sleep
apnea. Sleep Med. Clin. 3, 37-46 (2008).
Vgontzas, A. N. et al. Polycystic ovary syndrome
is associated with obstructive sleep apnea and
daytime sleepiness: role of insulin resistance.
J. Clin. Endocrinol. Metab. 86, 517-520 (2001).
Bottini, P & Tantucci, C. Sleep apnea syndrome
in endocrine diseases. Respiration 70, 320-327
(2003).

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tasali, E., Mokhlesi, B. & Van Cauter, E.
Obstructive sleep apnea and type 2 diabetes:
interacting epidemics. Chest 133, 496-506
(2008).

Tasali, E. & Ip, M. S. Obstructive sleep apnea
and metabolic syndrome: alterations in glucose
metabolism and inflammation. Proc. Am. Thorac.
Soc. 5,207-217 (2008).

Seicean, S. et al. Sleep-disordered breathing
and impaired glucose metabolism in normal-
weight and overweight/obese individuals: the
Sleep Heart Health Study. Diabetes Care 31,
1001-1006 (2008).

Punjabi, N. M. & Beamer, B. A. Alterations in
glucose disposal in sleep-disordered breathing.
Am. J. Respir. Crit. Care Med. 179, 235-240
(2009).

Reichmuth, K. J., Austin, D., Skatrud, J. B. &
Young, T. Association of sleep apnea and type Il
diabetes: a population-based study. Am. J.
Respir. Crit. Care Med. 172, 1590-1595 (2005).
Dawson, A. et al. CPAP therapy of obstructive
sleep apnea in type 2 diabetics improves
glycemic control during sleep. J. Clin. Sleep Med.
4,538-542 (2008).

Hassaballa, H. A., Tulaimat, A., Herdegen, J. J. &
Mokhlesi, B. The effect of continuous, positive
airway pressure on glucose control in diabetic
patients with severe obstructive sleep apnea.
Sleep Breath 9, 176-180 (2005).

Babu, A. R., Herdegen, J., Fogelfeld, L., Shott, S.
& Mazzone, T. Type 2 diabetes, glycemic control,
and continuous positive airway pressure in
obstructive sleep apnea. Arch. Intern. Med. 165,
447-452 (2005).

Harsch, I. A. et al. The effect of continuous,
positive airway pressure treatment on insulin
sensitivity in patients with obstructive sleep
apnoea syndrome and type 2 diabetes.
Respiration 71, 252-259 (2004).

Brooks, B. et al. Obstructive sleep apnea in
obese noninsulin-dependent diabetic patients:
effects of continuous positive airway pressure
treatment on insulin responsiveness. J. Clin.
Endocrinol. Metab. 79, 1681-1685 (1994).
West, S. D., Nicoll, D. J., Wallace, T. M.,
Matthews, D. R. & Stradling, J. R. Effect of CPAP
on insulin resistance and HbA,  in men with
obstructive sleep apnoea and type 2 diabetes.
Thorax 62, 969-974 (2007).

Harsch, I. A. et al. Continuous positive airway
pressure treatment rapidly improves insulin
sensitivity in patients with obstructive sleep
apnea syndrome. Am. J. Respir. Crit. Care Med.
169, 156-162 (2004).

Schahin, S. P et al. Long-term improvement of
insulin sensitivity during CPAP therapy in the
obstructive sleep-apnoea syndrome. Med. Sci.
Monit. 14, CR117-CR121 (2008).

Lindberg, E., Berne, C., Elmasry, A., Hedner, J. &
Janson, C. CPAP treatment of a population-based
sample—what are the benefits and the treatment
compliance? Sleep Med. 7, 553-560 (2006).
Dorkova, Z., Petrasova, D., Molcanyiova, A.,
Popovnakova, M. & Tkacova, R. Effects of CPAP
on cardiovascular risk profile in patients with
severe obstructive sleep apnea and metabolic
syndrome. Chest 134, 686-692 (2008).
Saarelainen, S., Lahtela, J. & Kallonen, E. Effect
of nasal CPAP treatment on insulin sensitivity
and plasma leptin. J. Sleep Res. 6, 146-147
(1997).

Ip, S., Lam, K., Ho, C., Tsang, K. & Lam, W. Serum
leptin and vascular risk factors in obstructive
sleep apnea. Chest 118, 580-586 (2000).

260 | MAY 2009 | VOLUME 5

© 2009 Macmillan Publishers Limited. All rights reserved

29

www.nature.com/nrendo



61.

62.

63.

64.

65.

66.

67.

68.

69.

Smurra, M. et al. CPAP treatment does not affect
glucose-insulin metabolism in sleep apneic
patients. Sleep Med. 2, 207-213 (2001).
Coughlin, S. R., Mawdsley, L., Mugarza, J. A.,
Wilding, J. R & Calverley, P M. Cardiovascular and
metabolic effects of CPAP in obese men with
OSA. Eur. Respir. J. 29, 720-727 (2007).

Trenell, M. I. et al. Influence of constant, positive
airway pressure therapy on lipid storage, muscle
metabolism and insulin action in obese patients
with severe obstructive sleep apnoea syndrome.
Diabetes Obes. Metab. 9, 679-687 (2007).
Teramoto, S. et al. Cardiovascular and metabolic
effects of CPAP in obese obstructive sleep
apnoea patients. Eur. Respir. J. 31, 223-225
(2008).

Vgontzas, A. N. et al. Selective effects of CPAP
on sleep apnoea-associated manifestations.
Eur. J. Clin. Invest. 38, 585-595 (2008).

Phillips, B. G. et al. Recent weight gain in
patients with newly diagnosed obstructive sleep
apnea. J. Hypertens. 17, 1297-1300 (1999).
Phillips, B. G., Kato, M., Narkiewicz, K., Choe, I.
& Somers, V. K. Increases in leptin levels,
sympathetic drive, and weight gain in obstructive
sleep apnea. Am. J. Physiol. Heart Circ. Physiol.
279, H234-H237 (2000).

Harsch, I. A. et al. Leptin and ghrelin levels in
patients with obstructive sleep apnoea: effect of
CPAP treatment. Eur. Respir. J. 22, 251-257
(2003).

Pillar, G. & Shehadeh, N. Abdominal fat and
sleep apnea: the chicken or the egg? Diabetes
Care 31 (Suppl. 2), S303-S309 (2008).

70.

71.

72.

73.

74.

75.

76.

7.

Chin, K. et al. Changes in intra-abdominal
visceral fat and serum leptin levels in patients
with obstructive sleep apnea syndrome following
nasal continuous positive airway pressure
therapy. Circulation 100, 706-712 (1999).
Sanner, B. M., Kollhosser, R, Buechner, N.,
Zidek, W. & Tepel, M. Influence of treatment on
leptin levels in patients with obstructive sleep
apnoea. Eur. Respir. J. 23, 601-604 (2004).
Rubinsztajn, R., Kumor, M., Byskiniewicz, K. &
Chazan, R. The influence of 3 weeks therapy with
continuous positive airway pressure on serum
leptin and homocysteine concentration in patients
with obstructive sleep apnea syndrome [Polish].
Pneumonol. Alergol. Pol. 74, 63-67 (2006).
Drummond, M. et al. Autoadjusting-CPAP effect
on serum leptin concentrations in obstructive
sleep apnoea patients. BMC Pulm. Med. 8, 21
(2008).

Takahashi, K. et al. Acylated ghrelin level in
patients with OSA before and after nasal CPAP
treatment. Respirology 13, 810-816 (2008).
Loube, D. I., Loube, A. A. & Erman, M. K.
Continuous positive airway pressure treatment
results in weight loss in obese and overweight
patients with obstructive sleep apnea. J.Am.
Diet. Assoc. 97, 896-897 (1997).

Redenius, R., Murphy, C., O'Neill, E., A-Hamwi, M.
& Zallek, S. N. Does CPAP lead to change in BMI?
J. Clin. Sleep Med. 4, 205-209 (2008).

Kajaste, S., Brander, R E., Telakivi, T.,

Partinen, M. & Mustajoki, P A cognitive-
behavioral weight-reduction program in the
treatment of obstructive sleep apnea syndrome,

78.

79.

80.

81.

82.

REVIEWS

with or without initial nasal CPAP: a randomized
study. Sleep Med. 5, 125-131 (2004).

Tasali, E. et al. Impact of obstructive sleep
apnea on insulin resistance and glucose
tolerance in women with polycystic ovary
syndrome. J. Clin. Endocrinol. Metab. 93,
3878-3884 (2008).

Subramanian, S., Desai, A., Joshipura, M. &
Surani, S. Practice patterns of screening for
sleep apnea in physicians treating PCOS
patients. Sleep Breath 11, 233-237 (2007).
Netzer, N. C., Stoohs, R. A., Netzer, C. M.,

Clark, K. & Strohl, K. R Using the Berlin
Questionnaire to identify patients at risk for the
sleep-apnea syndrome. Ann. Intern. Med. 131,
485-491 (1999).

Punjabi, N. M. The epidemiology of adult
obstructive sleep apnea. Proc. Am. Thorac. Soc.
5,136-143 (2008).

Young, T., Peppard, P E. & Taheri, S. Excess
weight and sleep-disordered breathing. J. Appl.
Physiol. 99, 1592-1599 (2005).

Acknowledgments

Some research described in this article was
supported by US National Institute of Health grants
P01 AG-11412, RO1 HL-075079, P60 DK-20595, RO1
DK-0716960, RO1 HL-075025 and MO1 RROO0055,
by US Department of Defense award
W81XWH-07-2-0071, by AASM/Pfizer Scholars Grant
in Sleep Medicine (E Tasali), by Belgian ‘Fonds de la
Recherche Scientifique Médicale’ (FRSM-3.4583.02),
‘Fonds National de la Recherche Scientifique’ (FNRS)
and ‘CARE Foundation’ grants, by INSERM U628, and
by Claude Bernard University of Lyon, France.

NATURE REVIEWS|ENDOCRINOLOGY

30

© 2009 Macmillan Publishers Limited. All rights reserved

VOLUME 5 | MAY 2009 | 261



	Annual Report-PRMPR-09Fig.pdf
	Introduction
	Body of Report
	Overview
	Research accomplishments associated with Task 1
	Experimental work
	Analytical work


	The 2009 University of Chicago Database of EEG spectral analyses
	MEN
	White
	Total
	WOMEN
	White
	Total

	The 2009  University of Chicago Database of EEG spectral analyses
	GENDER
	Men
	AGE
	17- 20 years
	References


	toc.pdf
	Body………………………………………………………………………………….. 4




