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Abstract

Aims/hypothesis The aim of this study was to assess the re-
lationship between sleep duration and type 2 diabetes or
impaired glucose tolerance (IGT).

Methods Anthropometric measurements and self-reported
sleep duration were determined in a cross-sectional sample
of 323 men and 417 women aged 21-64 years from the
Quebec Family Study. Glucose homeostasis indicators were
compared between short (5-6 h), ‘normal’ (7-8 h) and long
(9-10 h) sleeper groups.

Results Using adults with 7-8 h of sleep as a reference, the
adjusted odds ratio for type 2 diabetes/IGT was 1.58 (1.13—
2.31) for those with 9—10 h of sleep and 2.09 (1.34-2.98)
for those with 5—6 h of sleep, after adjustment for potential
confounding variables. The short and long sleepers presented
significantly higher total insulin AUC (p<0.05), whereas
total glucose AUC was not different between the three
sleeper groups in both sexes. The mean glucose area below
fasting glucose concentrations was significantly higher in
short (p<0.01) and long sleepers (p<0.05) compared with
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‘normal’ sleepers, and significantly higher in short (p<0.05)
compared with long sleepers in both sexes.
Conclusions/interpretation The present study provides ev-
idence that short- and long-duration sleep times are
associated with type 2 diabetes/IGT in adults, even after
adjustment for several confounders. These results also
showed that the lower glucose concentrations at the end
of the OGTT were observed in short sleepers. According to
the glucostatic theory of appetite control, this represents a
stimulus that can trigger episodes of hunger and spontane-
ous food intake, which may explain at least in part the
greater risk of overweight displayed by short sleepers, as
shown in previous studies.

Keywords Energy intake - Glucose homeostasis -
Glycaemia - Sleep loss - Weight gain

Abbreviations

GABF glucose area below fasting glucose
concentrations

HOMA-IR homeostasis model assessment of insulin
resistance

IGT impaired glucose tolerance

OR odds ratio

Introduction

Lack of sleep has become a widespread habit driven by the
demands and opportunities of the modern ‘24-hour’ society.
Nearly one-third of adults report sleeping <6 h per night,
leading some to suggest that we live in a sleep-deprived
society [1]. Factors responsible for this situation include
increases in environmental light, longer work days/longer
commuting time, an increase in evening and night work, and
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the advent of television, the personal computer and the
Internet [2]. Not surprisingly, reports of fatigue and tiredness
are more frequent today than a few decades ago [3].
Large-scale studies have shown that short- and long-
duration sleep times are independently associated with an
increased risk of coronary events, symptomatic diabetes
and mortality risk [4—7]. In these studies, a daily sleep dura-
tion of 7 h was associated with minimal mortality and the
lowest prevalence of adverse events. Short sleep duration was
also associated with overweight and obesity in adults [8—13].
Importantly, it was shown that the neuroendocrine control of
appetite was affected, as plasma levels of the anorexigenic
hormone leptin were decreased, whereas levels of the
orexigenic factor ghrelin were increased [9, 10]. These neuro-
endocrine changes were associated with increased hunger and
appetite, which might lead to overeating and weight gain [9].
In a recent study, we have shown that short sleep dura-
tion predicts an increased risk of being overweight or obese
in adults [13]. Furthermore, we found that it was the lack
rather than the excess of sleep time that affected body weight
and adiposity indices in greater proportions. Here we extend
this study to the relationship between sleep duration and
type 2 diabetes or impaired glucose tolerance (IGT),
considering that chronic sleep loss has become a prevailing
condition in Western societies and that the potentially
adverse influences of sleep loss on metabolic regulation
represent an issue of increasing clinical relevance.

Methods

Participants The Quebec Family Study was initiated at Laval
University in 1978 [14]. The primary objective of this study
was to investigate the role of genetics in the aetiology of
obesity and related cardiovascular risk factors. The 223
Europid nuclear families (951 participants) involved in the
entire study (phases 1, 2 and 3) were recruited through the
media and were all French Canadians from the greater Quebec
City area. Because no OGTTs were performed in phase 1, the
present analyses were from participants involved in phases 2
and 3 of the Quebec Family Study, conducted between 1989
and 2001. Thus, individuals who participated in phase 2 or
phase 3 and who were between 21 and 64 years of age were
selected for cross-sectional analyses (323 men and 417
women). Additional inclusion criteria were: (1) to be non-
smoker; (2) not to be pregnant; (3) to have had a stable body
weight (£2 kg) over the 6 months preceding testing; and (4) to
be free of eating disorders. All participants gave written
informed consent. The study was approved by the Medical
Ethics Committee of Laval University.

Sleep duration assessment The number of hours of sleep
was assessed through a question inserted into a self-

administered questionnaire on physical activity participa-
tion. The question formulation was: ‘On average, how
many hours do you sleep a day?” Owing to the fact that
only two participants (one man and one woman) reported
sleeping 4 h/day and five participants (two men and three
women) reported sleeping 11 or 12 h/day and that the
majority of participants reported sleeping 7 or 8 h/day, we
decided to classify the participants into three sleep duration
groups in order to have adequate statistical power and to be
in agreement with our recent paper [13]. These groups are:
short sleepers (5—6 h of sleep; 42 men and 42 women),
‘normal’ sleepers (7-8 h of sleep; 239 men and 292
women) and long sleepers (910 h of sleep; 42 men and
83 women). Since our recent study reported significantly
lower adiposity indices in the 7-8 h than in the 5-6 h
sleeping group in both sexes [13], the present analyses were
an attempt to further document this difference.

Anthropometric and body composition measurements Body
weight, height and waist and hip circumferences were
measured according to standardised procedures recommen-
ded at the Airlie Conference [15], and the waist-to-hip ratio
was calculated accordingly. BMI was calculated as body
weight divided by height squared (kg/m?). Body density
was obtained from the mean of six valid measurements
derived from underwater weighing [16]. Before immersion
in the hydrostatic tank, the helium dilution method of
Meneely and Kaltreider [17] was used to determine the
pulmonary residual volume. The percentage of total body
fat was determined from body density with the equation of
Siri [18]. Body fat mass was estimated from body weight
and the percentage of body fat.

OGTT A 75 g OGTT was performed in the morning after a
12 h overnight fast. Blood samples were collected in tubes
containing EDTA and Trasylol (Miles Pharmaceutics,
Rexdale, ON, Canada) through a venous catheter from an
antecubital vein at —15, 0, 15, 30, 45, 60, 90, 120, 150 and
180 min. Plasma glucose concentration was measured
enzymatically [19], whereas plasma insulin concentration
was determined by RIA with polyethylene glycol separation
[20]. Fasting insulin and glucose concentrations were
calculated as the mean of the —15 and 0 min concentrations.

The total glucose or insulin AUC and the glucose area
below fasting glucose concentrations (Gagr) wWere calculat-
ed by the trapezoidal method. We also calculated the
homeostasis model assessment of insulin resistance
(HOMA-IR) index [21].

Assessment of the risk of type 2 diabetes/IGT with short
sleep duration Type 2 diabetes and IGT were defined in
accordance with the American Diabetes Association and the
World Health Organization criteria [22, 23]. We defined
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Table 1 Descriptive characteristics of men and women in the study

Men (n=323) Women (n=417)

Age (years) 41.5+13.7 41.2+12.9
Weight (kg) 82.7+£19.7 71.9+22 .47

BMI (kg/m?) 27.546.5 27.948.8

Body fat mass (kg) 20.6£13.3 24.5+15.3%
Body fat (%) 23.449.1 32.3£10.5%
Waist circumference (cm) 94.4£16.6 84.7+19.0%
Waist-to-hip ratio 0.93+0.08 0.79+0.08*

Total sleep duration (h) 7.6+1.0 7.8+1.1

Values are means + SD
Significantly different from men (p<0.01)

type 2 diabetes as use of insulin or a hypoglycaemic agent,
a fasting plasma glucose level >7.0 mmol/l, or a 2 h
postload plasma glucose level >11.1 mmol/l. On the other
hand, IGT was defined as a 2 h postload plasma glucose
level of >7.8 mmol/l in participants not meeting the criteria
for type 2 diabetes. In addition, a broad set of potential
confounding variables were measured via self-reported
questionnaires. These included age, marital status, employ-
ment status, educational level, annual household income,
physical activity level, alcohol intake, coffee intake, energy
intake, hypertension and heart disease.

Statistical analysis An unpaired Student’s ¢ test was used to
compare means of descriptive characteristics between men
and women. Multivariate logistic regression analysis was
performed separately by sex and for both sexes combined
to evaluate the strength of the relationship between sleeping
hours and type 2 diabetes/IGT after adjustment for the
above-mentioned confounding variables. An analysis of
covariance was also performed in order to compare means
of glucose homeostasis indicators between short, ‘normal’

and long sleepers after adjustment for the above-mentioned
confounding variables. In addition, we controlled for BMI,
per cent body fat and waist circumference (one at a time) in
order to determine if the adjustment for any of these
adiposity indices attenuate the association of sleep time
with type 2 diabetes/IGT. In the presence of a significant
effect, Tukey’s post hoc test was performed to determine
which groups were significantly different. Because some
individuals in this family study are closely related, we
adjusted for clustering in the analyses to avoid underestima-
tion of SDs using the generalised estimating equations
statistical method [24]. Data are given as means + SD unless
otherwise noted. Statistical significance was set at a p value
<0.05. All statistical analyses were performed using the JMP
version 3.2.2 program (SAS Institute, Cary, NC, USA).

Results

Table 1 shows descriptive characteristics of participants. As
expected, men had higher body weight, waist circumfer-
ence and waist-to-hip ratios than women, whereas women
had greater body fat mass and percentage of body fat than
men. However, age, BMI and total sleep duration were not
significantly different between sexes.

Table 2 shows the relationship between short sleeping
hours and type 2 diabetes/IGT after adjustment for potential
confounders. In the model using adults with 7-8 h of sleep
as a reference, the adjusted odds ratio (OR) for type 2
diabetes/IGT was 1.58 (1.13-2.31) for those with 9—10 h of
sleep and 2.09 (1.34-2.98) for those with 5—6 h of sleep.
The adjustment for confounders did not weaken the
observed associations between sleep duration and type 2
diabetes/IGT.

Table 2 Relationship between sleep duration and type 2 diabetes mellitus or IGT

Men (n=323)

Women (n=417)

Both sexes

Type 2 diabetes/ Type 2 diabetes/ Multivariate®

Type 2 diabetes/

Type 2 diabetes/ Multivariate® Multivariate®

IGT (n) IGT (%) OR (95% CI) IGT (n) IGT (%) OR (95% CI) OR (95% CI)
Sleeping time (h)
5-6 12 28.6 227 (1.47-3.28) 11 26.2 1.82 (1.25-2.63) 2.09 (1.34-2.98)
7-8 30 12.6 1.00 42 14.4 1.00 1.00
9-10 8 19.0 1.51 (1.10-2.44) 20 24.1 1.67 (1.16-2.39)  1.58 (1.13-2.31)
p value® <0.05 <0.05 <0.05

*The adjusted ORs calculated separately by sex

® The adjusted ORs for both sexes combined. ORs were adjusted for age, marital status, employment status, educational level, annual household
income, physical activity level, alcohol intake, coffee intake, energy intake, hypertension, heart disease and waist circumference. Results were not
materially different after controlling for BMI or per cent body fat instead of waist circumference

©5-6 h and 9-10 h sleeping groups vs 7-8 h sleeping group (referent group)
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Table 3 Differences for some glucose homeostasis indicators between short (5-6 h), ‘normal” (7-8 h) and long (9-10 h) sleeper groups of men

Sleeping time (h)

5.6 (n=42) 7-8 (n1=239) 9-10 (n=42)
Fasting glucose level (mmol/l) 5.8140.76* 5.3240.62 5.53+0.79*°
Fasting insulin level (pmol/l) 122.9+64.9% 71.6+61.2 92.6+67.5"°
Total glucose AUC (mmol/Ixmin) 1,290+386 1,346+472 1,312+418
Total insulin AUC (pmol/Ixmin) 105,443+17,031° 72,653+15,027 85,736+18,530*°
HOMA-IR index 4.55+1.78° 2.45+1.45 3.29+1.86™"

Values are means + SD

?Significantly different from 7-8 h sleeping group (p<0.05)
® Significantly different from 5-6 h sleeping group (p<0.05)
¢ Significantly different from 7-8 h sleeping group (»<0.01)

Tables 3 and 4 present the mean results for some glucose
homeostasis indicators between the three sleeper groups in
men and women. We found that fasting plasma glucose and
insulin concentrations, total insulin AUC and the HOMA-IR
index were significantly higher in short and long sleepers
compared with ‘normal’ sleepers in both sexes, whereas total
glucose AUC was not different between groups. Further-
more, fasting plasma glucose and insulin concentrations,
total insulin AUC and the HOMA-IR index were signifi-
cantly higher in the short sleepers compared with long
sleepers in both sexes.

As depicted in Figs. 1 and 2, short sleepers experienced
significantly higher insulin levels during the OGTT, as
reflected by the higher mean total insulin AUC (p<0.05). In
addition, in the latter phase of the OGTT, short sleepers were
characterised by a more pronounced decline in blood
glucose, resulting in a significantly greater glucose concen-
tration span, measured as the difference between maximal
and minimal glucose levels in both sexes (p<0.05). In the
same manner, the Gopr Was significantly higher in short
(»<0.01) and long sleepers (p<0.05) compared with
‘normal’ sleepers, and significantly higher in short compared
with long sleepers in both sexes (p<0.05; Fig. 3).

Discussion

The present study provides evidence to the effect that short
and long sleep times are associated with the presence of
type 2 diabetes/IGT in adults, even after adjustment for
potential confounders. Moreover, the adjustment for adi-
posity indices did not attenuate the association of sleep time
with type 2 diabetes/IGT, implying that confounding by
adiposity is unlikely. The data also suggest that chronic lack
of sleep is a stimulus which may destabilise the profile of
blood glucose to a greater extent at the end of the oral
glucose load. Indeed, short sleepers presented lower
glucose concentrations towards the end of the OGTT.

We are only beginning to recognise the hormonal and
metabolic implications of sleep curtailment. Physiological
data suggest that short-term partial sleep restriction leads to
striking alterations in metabolic and endocrine functions,
including decreased glucose tolerance, insulin resistance,
increased sympathetic tone, elevated cortisol concentrations
and decreased leptin and increased ghrelin levels [9, 10, 13,
25]. Thus, one could speculate that chronic lack of sleep
represents a stress factor stimulating appetite, promoting
weight gain and impairing glycaemic regulation, with a

Table 4 Differences for some glucose homeostasis indicators between short (56 h), ‘normal’ (7-8 h) and long (9-10 h) sleeper groups of women

Sleeping time (h)

5-6 (n=42) 7-8 (n=292) 9-10 (n=83)
Fasting glucose level (mmol/l) 5.71+0.54* 5.19+0.63 5.40+0.71*°
Fasting insulin level (pmol/1) 118.6+66.2° 70.0+60.4 96.5+67.9%°
Total glucose AUC (mmol/Ixmin) 1,319+360 1,367+369 1,348+385
Total insulin AUC (pmol/Ixmin) 107,009+16,745* 71,035+15,140 88,241+17,447%°
HOMA-IR index 4.33+1.63° 2.36£1.42 3.35+1.81b*°

Values are means + SD

#Significantly different from 7-8 h sleeping group (p<0.05)
® Significantly different from 5—6 h sleeping group (p<0.05)
¢ Significantly different from 7-8 h sleeping group (»<0.01)
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Fig. 1 Mean plasma glucose (a) and insulin concentrations (b) during
the OGTT for short (5-6 h, n=42; open circles), ‘normal’ (7-8 h, n=
239; closed circles) and long sleepers (9-10 h, n=42; triangles) in
men. Means + SD

subsequently increased risk of IGT and eventually type 2
diabetes.

Although literature is scarce regarding whether the
adverse effects of short sleep duration on glucose metab-
olism differ between acute and chronic sleep loss, it seems
that some degree of adaptation might occur with time. In
the short term, two well-controlled laboratory studies of
healthy young men submitted to sleep curtailment for 2—
6 days observed that sleep restriction resulted in higher
glucose levels and lower insulin levels, leading to decreased
glucose tolerance [9, 25]. On the other hand, preliminary
data have shown that young healthy participants of both
sexes who voluntarily curtail their sleep on a chronic basis,
i.e. <6.5 h per night for at least 6 months, have a glucose
response to i.v. glucose similar to that of participants with
habitual sleep times between 7.5 and 8.5 h, but at the cost
of a higher insulin secretion [26]. Thus, the reduction in
glucose tolerance to an i.v. glucose load and the decrease in
the acute insulin response observed after short-term sleep
restriction may in the long run lead to a reduction in insulin
sensitivity. Over time, when lack of sleep becomes more
chronic, insulin resistance may develop. Results of the
present study provide supportive evidence for a role of
chronic short sleep duration in the risk of insulin resistance
and type 2 diabetes.

The mechanisms mediating the association of long sleep
time with type 2 diabetes/IGT are more speculative or
unknown. Seven days of extending time in bed to 12 h per

@ Springer

night was not associated with evidence of glucose intolerance
[25]. Besides, Nurses’ Health Study participants who
reported sleeping 9 h or more per night reported 15% less
physical activity per week than those sleeping 7-8 h per
night [5]. This might lead to impaired glucose regulation
through direct or indirect effects of physical inactivity.
Nevertheless, we adjusted for physical activity level in the
present study. It is not excluded that some unmeasured
variables might confound this association. However, the
explanation of the increased risk of type 2 diabetes/IGT
associated with long sleep time remains speculative at the
moment.

Among the theories of appetite control, the glucostatic
theory proposed by Mayer [27] suggests that a low absolute
glucose concentration and a low arterio-venous glucose
difference (an index of the rate of glucose utilisation) are
associated with increases in hunger and energy intake. In
addition, transient declines in blood glucose of about 10%
have been observed 5-6 min before each meal or food-
seeking behaviour in rats [28-30]. Similar results were
obtained in humans who were blinded as to the time of day.
In the latter case, the initiation of meals and perception of
hunger were synchronised with transient and dynamic
blood glucose declines [31-33]. In this respect, the
influence of chronic short sleep duration on body weight
regulation could thus be associated with glycaemic fluctua-
tions. However, future studies should consider combining
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Fig. 2 Mean plasma glucose (a) and insulin concentrations (b) during
the OGTT for short (5-6 h, n=42; open circles), ‘normal’ (7-8 h, n=
292; closed circles) and long sleepers (9—10 h, n=83; triangles) in
women. Means + SD
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validated visual analogue scales for the measurement of
hunger and desire to eat with an OGTT in different sleeper
groups. Although an OGTT provides standardised condi-
tions to evaluate glucose homeostasis, it is possible that a
standardised meal might better represent normal glycaemic
responses and could potentially increase the ability to
predict which individuals are at greater risk of gaining
weight. These studies should be done using a prospective
design, including an objective assessment of sleep duration,
measuring several appetite-related hormones, and with a
focus on adolescents and younger children, who may be
more vulnerable to the consequences of sleep loss.

All together, our results corroborate a growing body of
evidence suggesting that short sleep duration increases the
risk of developing diabetes [5, 34-37]. It is noteworthy that
U-shaped associations have been generally observed for the
relationships between sleep duration and type 2 diabetes [35],
BMI [10], coronary heart disease [4] and all-cause mortality
[6]. Thus, it seems that there may be an ‘optimal sleeping
time’ for the prevention of common diseases and premature
death. However, randomised controlled studies will be
necessary to address whether increasing sleep time could
improve glucose homeostasis, help people to lose weight or
prevent weight gain, and contribute to one’s overall health.

One of the limitations of this study is its sample size,
which limits the generalisability of our results to the whole
population. In addition, because this was a cross-sectional
study, the temporal relationship is unknown. We also have

to keep in mind that sleep duration was assessed from a
questionnaire and was not measured. However, actigraphic
studies have demonstrated the validity of self-reported sleep
time [38]. The present study was based on adults, aged 21—
64 years, and we should be cautious in extrapolating the
findings to other age groups. Finally, the possibility of a
confounding effect in the relationship of sleep time with
type 2 diabetes/IGT by unmeasured variables, such as
sleep-disordered breathing, insomnia or depression, cannot
be excluded. On the other hand, previous data showed that
obstructive sleep apnoea/hypopnoea, insomnia and depres-
sive symptoms had no meaningful effect on the association
between sleep time and type 2 diabetes/IGT [36]. Indeed, it
seems that much of the reduction in sleep time reflects
voluntary sleep restriction, with 43% of adults reporting
that they often stay up later than they should watching
television or using the Internet, and 45% reporting that they
sleep less to get more work done [39].

In conclusion, the present study (1) provides evidence to
the effect that short and long sleep times are associated with
type 2 diabetes/IGT in adults, even after adjustment for
confounders; and (2) suggests that chronic lack of sleep can
influence blood glucose, as lower plasma glucose concen-
trations towards the end of the OGTT were observed in short
sleepers compared with ‘normal’ and long sleepers. Hence,
the increase in energy intake and weight gain might be an
unfortunate solution to restore glucose homeostasis in a
context where insufficient sleep time becomes ingrained in
the lifestyle of an individual. However, due to the preliminary
nature of these findings, they need to be followed up by more
careful studies to validate their relevance.
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