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Abstract

The causes and risk factors of insulin resistance remain insufficiently understood. After taking into account the important roles of
adiposity, age, sex and race/ethnicity, up to 50% of the individual variability in insulin resistance remains unexplained. In recent
years, evidence has accumulated to support a role for sleep disturbances, including insufficient sleep, poor sleep quality and
insomnia, and obstructive sleep apnoea, as independent risk factors for the development and exacerbation of insulin resistance.
The present review summarizes the evidence. We will start with a brief introduction to sleep and its disorders and then examine in
succession the role of the three major types of sleep disturbances of modern society, namely insufficient sleep, poor sleep quality
and/or insomnia and obstructive sleep apnoea. Insulin resistance is a hallmark of the polycystic ovary syndrome, the most
common endocrine pathology in women, and the last section of this review will discuss the role of obstructive sleep apnoea in the

insulin resistance and metabolic disturbances of polycystic ovary syndrome.
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An introduction to sleep and sleep
disturbances

The temporal organization of sleeping and waking over the 24-h
cycle is controlled in part by an internal circadian clock and in
part by a homeostatic mechanism that increases the pressure for
sleep in proportion to the duration of prior wakefulness. Sleep
itself oscillates between two separate states of markedly different
brain activity, known respectively as rapid eye movement (REM)
sleep and non-REM sleep. Normal sleep is characterized by
90-min oscillations between non-REM and REM stages; this
pattern is repeated throughout the night, usually 4-6 times per
night. Non-REM sleep is further divided into stages 1to IV, each
representing a deeper sleep from which it becomes increasingly
difficult to wake up. Stages III and IV of non-REM sleep are
termed slow-wave sleep (SWS), a reference to the characteristic
period and wave shape of electro-encephalographic activity
during this phase. In contrast, REM sleep has an electro-
encephalographic activity that is similar to wakefulness. During
REM sleep, muscle tone is inhibited and eye movements that
follow the visual imagery of dreams are prominent.
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The gold standard method for assessing sleep is
polysomnography, which combines an all-night recording of
the electro-encephalographic with measures of muscle tone and
eye movements. Polysomnography recordings are visually
scored in stages I, II, 1l IV, REM and Wake over 30-s
intervals using standardized criteria. In young healthy subjects,
approximately 50% of the night is spent in stages I and II of
non-REM sleep; 20-25% is spent in SWS; 25% is spent in REM
sleep and approximately 5% of the night is spent being awake.
With ageing, the percentages of time spent in each phase
change: adults over 60 years of age will typically spend less
than10% of their night in SWS and sleep is more fragmented by
awakenings.

Objective
fragmentation may be obtained under ambulatory conditions

estimations of sleep duration and sleep
by wrist actigraphy monitoring. Wrist actigraphy has been
validated against polysomnography, demonstrating a correlation
for sleep duration between 0.82 in insomniacs and 0.97 in
healthy subjects [1]. Wrist actigraphy does not differentiate REM
sleep from non-REM sleep.

Lastly, a number of validated questionnaires to assess
subjective sleep duration and quality have been developed.
Subjective sleep duration often overestimates the total sleep
duration. Estimations of the number and duration of awakenings
are notoriously unreliable.
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The most common form of sleep disturbance may well be
insufficient sleep because of behavioural bedtime curtailment, an
endemic condition in modern society. Self-reported sleep
duration in Americans has decreased by 1.5-2 h between 1960
and today in order to meet the demands and opportunities of the
24-h society [2]. More than 30% of US adults between 21 and
65 years of age report sleep durations under 6 h per night [3].
This curtailment of sleep may be considered as a sleep disorder
because it produces both daytime and night-time alterations of
neurobehavioural and physiological systems.

Insomnia is clinically defined as a subjective complaint that
persists for at least 1 month of difficulty falling asleep, or
difficulty maintaining sleep, or waking up too early in the
morning, or unrefreshing sleep. When sleep is assessed by
polysomnography in insomniacs, reduced total sleep time is not a
universal finding. Insomnia is a syndrome of physiological and
cognitive hyperarousal associated with elevations in sympathetic
tone and hypothalamo—pituitary—adrenal axis activity [4,5].
Thus, the metabolic consequences of insomnia may differ from
those of sleep loss attributable to bedtime curtailment. Insomnia
currently affects at least 15% of the population, reflecting in part
the ageing of the population, but the stressful lifestyle of modern
times is often cited as another culprit. Insomnia is frequently
associated with chronic medical illness and psychological
disorders.

The current epidemic of obesity is logically followed by an
epidemic of obstructive sleep apnoea, as adiposity is the most
important risk factor for obstructive sleep apnoea. Obstructive
sleep apnoea involves repetitive upper airway closures (apnoeas)
or partial collapses (hypopnoeas). These respiratory disturbances
have several consequences: (1) intermittent hypoxia; (2) transient
arousals, which restore airflow but lead to sleep fragmentation
and poor sleep quality with disruption of the normal REM-non-
REM cycle; and (3) reduced amounts of SWS. Total sleep time is
often reduced as well. Clinically, obstructive sleep apnoea is
diagnosed when the number of apnoeas and hypopnoeas per
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hour [apnoea—hypopnoea index (AHI)] is > 5. Estimations of the
prevalence of obstructive sleep apnoea in obese individuals have
ranged from 33 to 77% in men and from 11 to 46% in women
[6]. The treatment of choice for obstructive sleep apnoea is the
administration of continuous positive airway pressure, a non-
pharmacological intervention that is highly efficacious in
essentially eliminating all obstructive events. The major
drawback of continuous positive airway pressure is poor
patient compliance, with as many as 50% of patients not using
their continuous positive airway pressure device or using it for
only a few hours per night.

Insufficient sleep: impact on insulin
resistance and diabetes risk

Causative evidence linking insufficient sleep to reduced insulin
sensitivity has been obtained in several well-controlled
laboratory studies where healthy adults were submitted to
partial sleep restriction (restricting bedtimes to 4-5.5 h in bed)
under carefully controlled conditions over a number of
consecutive nights. We will limit our review to studies where
sleep restriction was enforced for at least two consecutive nights
and where insulin sensitivity was assessed via a frequently
sampled intravenous glucose tolerance test and/or the
euglycaemic hyperinsulinaemic clamp. Figure 1 illustrates the
findings from three such independent studies [7-10]. Irrespective
of the methodology, sleep restriction was associated with a
consistent reduction in insulin sensitivity. In all three studies,
there was no adequate compensation by increased insulin release
and therefore diabetes risk was increased.

Epidemiologic evidence linking insufficient sleep and insulin
resistance is minimal. Further, the assessment of insulin
sensitivity usually relied on insulin and glucose levels measured
on a single blood sample, presumed to have been taken under
fasting conditions, and sleep duration was assessed by self-report.
There is, however, abundant evidence linking short sleep (usually
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FIGURE 1 Summary of findings from studies that have examined the impact of experimental recurrent sleep restriction under controlled laboratory conditions
on insulin sensitivity. *P at least < 0.05; **P at least < 0.01. Data from Spiegel et al. [7], Nedeltcheva ez al. [8], Buxton et al. [9] and Leproult and Van Cauter

[10].
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less than 6 h per night) and an increased risk of incident diabetes
and we may infer that, as is generally the case, diabetes onset
occurred as a result of insulin resistance without adequate
compensation by increased insulin release. To date (August
2011), we were able to identify nine prospective studies [11-20],
with six of those studies [11,13,15,17-19] reporting a
significantly higher relative risk of diabetes in short sleepers. All
analyses controlled for major risk factors for Type 2 diabetes,
including age, BMI or other measures of adiposity, but also for
multiple other risk factors. A recent meta-analysis [21] that
included seven of these nine prospective studies found that the
pooled relative risk of developing diabetes was 1.28 (1.03-1.60)
in short sleepers. A recent study [20] demonstrated an increased
risk of incident pre-diabetes in short sleepers.

Much work remains to be carried out to elucidate the
intermediate pathways linking insufficient sleep and insulin
resistance. Among the plausible pathways supported by
experimental evidence, we can list: (1) increased release of
counter-regulatory hormones, including epinephrine and
cortisol; (2) increased sympathetic nervous activity with
elevated levels of norepinephrine; (3) inflammation, with
elevations of interleukin 1 beta (IL-1B), tumour necrosis factor
alpha (TNF-a), IL-6 and C-reactive protein (CRP); (4) increased
risk of weight gain and obesity, a major risk factor for insulin
resistance. There is indeed an abundant literature linking short
sleep and the prevalence or incidence of obesity (for a recent
review, see Knutson [22]).

Poor sleep quality and insomnia

Two independent laboratory studies have shown that
experimentally induced reductions of sleep quality in healthy

young adults result in a rapid and robust decrease of insulin
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sensitivity. The first study examined the impact of selective
suppression of SWS in young healthy adults in a randomized
crossover design [23]. Older age, even in healthy adults, is a
major cause of reduced or absent SWS and is also associated with
insulin resistance. Suppression of SWS was achieved by
delivering acoustic stimuli to the bedside. The stimuli were
continuously calibrated to replace SWS by shallow sleep without
inducing full arousals. As compared with undisturbed sleep, this
intervention decreased the amount of SWS by nearly 90%,
similar to that which occurs over the course of four decades of
ageing, without decreasing total sleep duration or the amount of
REM sleep. Findings from the intravenous glucose tolerance test
performed after either undisturbed sleep or 3 nights of SWS
suppression [23] indicated that SWS suppression resulted in an
approximate 25% decrease in insulin sensitivity (Fig. 2, left
panel). Similar to studies of experimental sleep restriction, the
increased insulin resistance was not compensated by an increase
in insulin release. A second study examined the impact of
fragmentation of sleep across all sleep stages for two consecutive
nights in healthy young volunteers [24]. Both auditory tones and
mechanical vibrations were used to induce approximately
30 microarousals per hour of sleep, a degree of fragmentation
typical of moderate to severe obstructive sleep apnoea. As
illustrated in Fig. 2 (middle panel), after just 2 nights of sleep
fragmentation, the insulin sensitivity index decreased by + 25%.

Population studies linking poor sleep quality by subjective
report with measures of insulin resistance are lacking, but there is
an increasing body of evidence from prospective epidemiologic
studies linking sleep difficulties with an increased risk of Type 2
diabetes. A recent meta-analysis combined the results of
prospective studies where the participants reported either
difficulties initiating sleep or difficulties maintaining sleep [21].
For difficulties initiating sleep, the combined relative risk for
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obstructive sleep apnoea on insulin sensitivity
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FIGURE 2 Summary of findings from studies that have examined the impact on insulin sensitivity of experimental conditions designed to simulate components
of obstructive sleep apnoea under controlled laboratory conditions. *P at least < 0.05; *P atleast < 0.01. Data from Tasali ez al. [23], Stamatakis and Punjabi

[24] and Louis and Punjabi [31]. SWS, short-wave sleep.
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incident diabetes was 1.57 (1.25-1.97), while, for difficulties
maintaining sleep, the combined relative risk was even larger at
1.84 (1.39-2.43). Two additional prospective studies supporting
an increased risk of incident diabetes in individuals with sleep
complaints have appeared since the meta-analysis was published
25,26].

In a cross-sectional study of 210 healthy adults, participants
who reported difficulty initiating sleep on one or more nights per
week had a higher level of insulin resistance as measured by the
homeostasis model assessment of insulin resistance (HOMA-IR)
than those who had no problem falling asleep [27]. Another
cross-sectional study of 1714 adults living in Central
Pennsylvania who used polysomnography in addition to
subjective report revealed that, relative to adults without
insomnia who slept 6 h or more, those who had chronic
insomnia as well as an objective sleep duration < 5 h were
nearly three times more likely to have diabetes after controlling
for age, race, obesity, alcohol consumption, smoking, depression
and the presence of other sleep disorders [28].

The pathways linking poor sleep quality, clinically defined
insomnia and alterations of glucose metabolism are poorly
defined, but likely to overlap those putatively involved in the
relationship between insufficient sleep, insulin resistance and
diabetes risk. There is emerging evidence to suggest that insomnia
without objectively defined reduced total sleep duration may
have fewer adverse cardio-metabolic consequences than
insomnia with reduced sleep duration.

Obstructive sleep apnoea

While some of the components of obstructive sleep apnoea (low
SWS, sleep fragmentation, reduced total sleep time) were
mimicked in the studies of experimentally reduced sleep
disturbances summarized in the previous two sections of this
review, breathing and oxyhaemoglobin saturation were not
affected. There is a substantial body of evidence from rodent
models showing adverse effects of intermittent hypoxia on
insulin resistance and glucose metabolism, whether induced
during wake or during the sleep period [29,30]. Only one study
has addressed the impact of exposure to intermittent hypoxia on
glucose metabolism in humans, and the intervention was
performed during wakefulness, not during sleep [31]. The
healthy young participants in this randomized crossover study
were subjected to intermittent hypoxia (resulting in an average of
24 drops in oxyhaemoglobin saturation per hour, similar to the
hypoxic effect of moderate to severe obstructive sleep apnoea) or
normoxia for a 5-h period of wakefulness in a semi-recumbent
position, followed by an intravenous glucose tolerance test. The
findings are illustrated in Fig. 2. Insulin sensitivity decreased by
15-20%, without compensation by increased B-cell release.
Taken together, the findings of the studies summarized in Figs 1
and 2 provide strong evidence that each of the abnormalities
present in obstructive sleep apnoea can cause insulin resistance,
and there is also evidence for this direction of causality from
prospective epidemiologic studies that have linked the presence

1458

Sleep disturbances and insulin resistance e E. Van Cauter

of obstructive sleep apnoea with an increased risk of incident
diabetes. Disappointingly, studies that have examined the impact
of continuous positive airway pressure treatment on insulin
sensitivity have had mixed results, with more than half of the
studies reporting no beneficial effect of continuous positive
airway pressure (reviewed in Pamidi ef al. [32]). Negative
findings could be because of poor compliance with continuous
positive airway pressure treatment, which often averaged less
than 4 h per night.

The ‘candidate’ pathways linking reduced sleep duration
and/or quality with adverse metabolic outcomes, including
elevated activity of the sympathetic nervous system and
hypothalamo—pituitary axis and release of proinflammatory
cytokines, are likely to be involved in the association of insulin
resistance and obstructive sleep apnoea. There is strong evidence
that the intermittent hypoxia associated with obstructive sleep
apnoea increases the production of reactive oxygen species, and
simultaneously impairs insulin release and action [33,34].
Intermittent hypoxia may also induce dysregulation of lipid
metabolism and promote hyperlipidaemia [34].

Numerous cross-sectional studies have found a robust
association between the presence and severity of obstructive
sleep apnoea and insulin resistance, independent of BMI or other
measures of adiposity (see recent reviews [35-37]). The most
commonly used markers of severity of obstructive sleep apnoea
were the apnoea—hypopnea index and the frequency and the
degree of intermittent hypoxia. To estimate insulin sensitivity,
the majority of the studies used fasting insulin levels and/or the
homeostatic model assessment (HOMA) index, i.e. the
normalized product of fasting glucose and insulin. We will
briefly review the studies that derived measures of insulin
sensitivity from an oral or intravenous glucose tolerance test. In
a 2003 report, increasing severity of obstructive sleep apnoea
assessed in 595 men who were referred to a sleep clinic was
associated with an increased degree of insulin resistance,
independently of age and BMI [38]. Analyses of the Sleep Heart
Healthy Study also showed that the severity of obstructive sleep
apnoea (as measured by the apnoea~hypopnoea index and the
frequency of oxygen desaturations) was independently associated
with both fasting and glucose levels 2 h after oral glucose
administration [39]. In a population-based sample of 400
females, those with severe obstructive sleep apnoea had
significantly lower insulin sensitivity than those without
obstructive sleep apnoea, and the apnoea~hypopnoea index was
associated with increasing fasting and 2-h post-load insulin levels
during an oral glucose tolerance test, after controlling for age,
waist-hip ratio and other confounders [40]. A large clinical
research study provided important insights regarding the
pathophysiological mechanisms underlying the association
between obstructive sleep apnoea and increased diabetes risk
[41]. A total of 118 subjects without diabetes underwent
polysomnography, body composition measurements and an
intravenous glucose tolerance test. Insulin sensitivity and the
acute insulin response to glucose were derived to estimate insulin
action, B-cell responsiveness and diabetes risk. All analyses were
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FIGURE 3 Cross-sectional associations between the insulin sensitivity index
(derived from minimal model analysis of frequently sampled intravenous
glucose tolerance tests) and the presence and severity of obstructive sleep
apnoea. No obstructive sleep apnoea: apnoea-hypopnoea index (AHI)

< 5/h; mild obstructive sleep apnoea 5 > AHI < 15; moderate obstructive
sleep apnoea: 15 > AHI < 30; severe obstructive sleep apnoea: AHI > 30.
Adapted from Punjabi and Beaver [41].

controlled for age, sex, race and per cent body fat. Figure 3
illustrates the highly significant graded relationship between the
adjusted insulin sensitivity and the presence and severity of
obstructive sleep apnoea as assessed by the apnoea—hypopnoea
index. Theacute insulinresponse to glucose did notincrease across
obstructive sleep apnoea categories. Thus, the increased diabetes
risk of obstructive sleep apnoea appears associated with increased
insulin resistance without adequate compensation by B-cell
release, consistent with the laboratory studies that attempted to
mimic some of the components of obstructive sleep apnoea.

The polycystic ovary syndrome: role of
obstructive sleep apnoea in metabolic
disturbances

Polycystic ovary syndrome (PCOS) affects approximately 5-8%
of women in the USA and typically manifests at the time of
puberty with menstrual irregularity, hirsutism, elevated free
testosterone levels and obesity. Insulin resistance is considered a
hallmark of the syndrome. Women with PCOS have a high risk of
early-onset impaired glucose tolerance and Type 2 diabetes, as
well as an increased risk for hypertension, dyslipidaemia and
cardiovascular disorders [42].

Women with PCOS frequently complain of poor sleep quality
[43]. The risk for obstructive sleep apnoea is at least fivefold
higher, and perhaps as much as 30-fold higher in PCOS, than in
similarly obese women [44,45]. This high prevalence of
obstructive sleep apnoea is particularly striking for young pre-
menopausal women, as male sex is one of the major risk factors
for obstructive sleep apnoea. Recent results suggest that there
may in fact be two ‘subtypes’ of women with PCOS—those with
obstructive sleep apnoea and those without obstructive sleep
apnoea—and that these two subtypes may be associated with

© 2011 The Author.
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distinct metabolic and endocrine alterations [45]. Because nearly
all published studies characterizing metabolic abnormalities in
PCOS have not controlled for the potential impact of obstructive
sleep apnoea and other sleep disturbances, the precise role of
obstructive sleep apnoea in the insulin resistance of PCOS is not
yet known.

In a study that examined this relationship [45], 52
pre-menopausal women with PCOS and 21 women without
PCOS of similar age and BMI were submitted to overnight
polysomnography and a 75-g oral glucose tolerance test. Fifty-six
per cent of women with PCOS had obstructive sleep apnoea
compared with 19% of control women (adjusted odds ratio 7.1).
After controlling for age, BMI and ethnicity, the severity of
obstructive sleep apnoea was a highly significant predictor of the
fasting concentrations of glucose and insulin, as well as the 2-h
glucose concentration and HOMA index (Fig. 4). In contrast, no
significant association between apnoea—hypopnoea index and
free testosterone levels was detected. Thus, the assumption that
the high prevalence of obstructive sleep apnoea in women with
PCOS is caused by the hyperandrogenism is not supported by this
study. When the microarousal index (number of microarousals
per hour) was substituted for the apnoea—hypopnoea index in the
analyses of severity of metabolic disturbances, results similar to
those illustrated in Fig. 4 were found. In contrast, the minimum
oxygen saturation was not a significant predictor of any of the
metabolic variables. Thus, the degree of sleep fragmentation,
rather than the severity of hypoxia, appeared to be related to the
severity of insulin resistance and glucose intolerance in PCOS.

In a recent study in obese women with PCOS, continuous
positive airway pressure treatment modestly improved insulin
sensitivity (assessed via an intravenous glucose tolerance test)
after controlling for BMI [46]. The change in insulin sensitivity
correlated positively with hours of nightly continuous positive
airway pressure use and negatively with BMIL. The predicted
improvement in the insulin sensitivity index for an overweight
(but not obese) woman using continuous positive airway
pressure 6 h per night was nearly 30%. Daytime and night-
time norepinephrine levels were decreased after continuous
positive airway pressure and the reductions were greater in the
women with better compliance [46].

Conclusions

The findings from the six independent experimental studies
summarized in Figs 1 and 2 are remarkably consistent in
indicating that sleep disturbances result in decreased insulin
sensitivity. All these studies involved short-term interventions and
the robust decreases in insulin sensitivity occurred independently
of changesinadiposity. Insulinactionis thus rapidly and markedly
affected by sleep disturbances. Findings of increased risk of
incident diabetes in individuals with sleep disturbances in
prospective epidemiologic studies are consistent with this
direction of causality. Nonetheless, the reverse direction of
causality, namely that hyperinsulinaemia and insulin resistance,
once they are established, promote sleep disturbances, including
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FIGURE 4 Relationships between the severity of obstructive sleep apnoea (as assessed by the apnoea—hypopnoea index) in women with polycystic ovary
syndrome (PCOS) and fasting levels of glucose, insulin and homeostatis model assessment (HOMA) index, as well as 2-h post-challenge glucose concentration
and free testosterone concentrations. Adapted from Tasali et al. [45]. NS, not significant.

obstructive sleep apnoea, is plausible, but has been poorly
investigated so far. A recent prospective epidemiologic study
[47] reported for the first time that fasting hyperinsulinaemia and
insulin resistance (as assessed by the HOMA-IR index) preceded
incident ‘observed apnoeas’ over a 6-year follow-up period. After
controlling for age and adiposity, individuals who had higher
insulin levelsor HOMA-IR indices at baseline had a 31% increase
in the risk of having their bed partner report that they stopped
breathing during their sleep. The authors suggested that
hyperinsulinaemia and insulin resistance may promote
obstructive sleep apnoea via a reduction in the activity of the
pharyngeal dilator muscle or inflammatory mechanisms. If
confirmed, these findings could have important clinical
implications for the prevention of diabetes and cardiovascular
disease in obese, insulin-resistant individuals with obstructive
sleep apnoea.

With the alarming increase in overweight and obesity, insulin
resistance has become an endemic condition which plays a pivotal
role in the rise in diabetes prevalence. The obesity epidemic has
resulted in an increased prevalence of obstructive sleep apnoea.
Five independent studies have shown that obstructive sleep
apnoea is a frequent co-morbidity of diabetes, with a prevalence
averaging a staggering 68 %. It is therefore important to be aware

of the diagnosis of sleep disturbances in both those people at high
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risk of diabetes and with established diabetes, as this may have an
impact on insulin sensitivity. Nonetheless, clinical trials are
required to answer whether treatment of sleep disorders might be
an additional strategy to prevent diabetes and improve glycaemic
control in established diabetes.
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