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Abstract

OSA is a treatable sleep disorder that is pervasive among overweight and obese individuals.
Current evidence supports a robust association between OSA and insulin resistance, glucose
intolerance and the risk of type 2 diabetes, independent of obesity. Up to 83% of patients with type
2 diabetes suffer from unrecognized OSA and increasing severity of OSA is independently
associated with poorer glucose control. Evidence from animal and human models that mimic OSA
supports a potential causal role for OSA in altered glucose metabolism. Robust prospective and
randomized clinical trials are still needed to test the hypothesis that effective treatment of OSA
may prevent the development of type 2 diabetes and its complications, or reduce its severity. Type
2 diabetes is occurring at alarming rates worldwide and despite available treatment options, the
economic and public health burden of this epidemic remains enormous. OSA might represent a
novel, modifiable risk factor for the development of prediabetes and type 2 diabetes.
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Obstructive sleep apnea (OSA) is a chronic sleep disorder, affecting 24% of men and 9% of
women in the general population [1]. OSA prevalence appears to increase steadily with
advancing age and men are at 2-3 fold greater risk for OSA compared to women [2].
Notably, OSA is pervasive among overweight and obese individuals, who represent about
two thirds of the U.S. adult population today. Recent estimates of the prevalence of OSA in
obese adults aged 30 to 69 years have ranged from 11 to 46% in women and 33 to 77% in
men [3]. In longitudinal analyses, weight gain predicts increased OSA incidence and
severity [4] [5].

Despite the demonstrated efficacy of lifestyle interventions and the availability of multiple
pharmacological treatment options, the economic and public health burden of diabetes
remains enormous [6]. Prediabetes is defined by elevated glucose levels not sufficient to
meet the diagnostic criteria for diabetes. Specifically, prediabetes refers to either impaired
fasting glucose (IFG) and/or impaired glucose tolerance (IGT) in response to oral glucose
[7]. Both IFG and IGT represent an insulin resistant state and are major risk factors for
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progression to overt diabetes [8]. Both Type 2 diabetes and prediabetes are associated with
increased risk for cardiovascular disease [8-10].

OSA is well recognized as an important mediator of adverse cardiovascular outcomes
[11-13]. Over the past few years, there has been a growing interest in the adverse metabolic
consequences associated with OSA [14-18]. Numerous studies have shown robust
associations between OSA and insulin resistance, glucose intolerance and type 2 diabetes,
independently of obesity. In this article, we will review the current evidence that links OSA
to type 2 diabetes and prediabetes, and summarize the studies on the impact of treatment of
OSA on glucose metabolism. We will also briefly discuss the potential mechanisms by
which OSA may contribute to the development of insulin resistance and glucose intolerance.

1. OSA: Definition, Diagnosis and Treatment

OSA is characterized by repetitive upper airway closures or partial collapses that occur
during sleep. These respiratory disturbances have two main consequences: 1) intermittent
hypoxia which is characterized by cyclic hypoxic episodes alternating with periods of
normoxia 2) transient arousals which restore airflow but lead to sleep fragmentation and
poor sleep quality. Clinical characteristics of OSA may variably include daytime symptoms
such as excessive sleepiness, fatigue, impaired concentration and attention, dry mouth,
morning headaches, depressed mood and personality changes; and nighttime symptoms such
as snoring, observed apneas, restless sleep, insomnia and nocturia. Notably, women with
OSA are more likely to present with “non-classical symptoms” including insomnia, fatigue
or mood disturbances, rather than snoring or daytime sleepiness, thus there may be a gender
bias in the diagnosis and treatment of OSA [19-21].

Laboratory full night polysomnography (PSG) is the gold standard method for the diagnosis
of OSA. Polysomnography is a non-invasive technique that involves overnight monitoring
of several physiological variables including electroencephalography, eye movements,
muscle tone as well as respiratory effort, airflow and oxygen saturations. An apnea is
defined as the complete cessation of airflow for a minimum of 10 seconds. The definition of
a hypopnea includes a reduction of airflow that is associated with either an oxygen
desaturation (of at least 3% or 4%) or an arousal [22]. OSA is diagnosed when the apnea-
hypopnea index (AHI), i.e. the total number of obstructive apneas and hypopneas per hour
of sleep, is greater than 5. The severity of OSA is graded according to commonly used
clinical criteria as mild (AHI > 5 but less than 15), moderate (AHI > 15 but less than 30), or
severe (AHI > 30). Recent guidelines recommend the use of unattended portable home
monitoring as an alternative to laboratory-based PSG for the diagnosis of OSA in selected
patients with a high pretest probability of moderate to severe OSA [23]. Surveys such as the
Berlin questionnaire [24] and Multivariable Apnea Prediction Index [25] are easy-to-use
tools for the clinician to screen for OSA.

OSA treatment is recommended in patients with an AHI greater than 15 or in those with an
AHI greater than 5 who have daytime sleepiness or cardiovascular disease. Continuous
positive airway pressure (CPAP) is the treatment of choice for OSA [26]. CPAP provides a
“pneumatic splint” and keeps the upper airway open during sleep. The optimal CPAP
pressure setting is individually determined for each patient during an overnight laboratory
titration study. CPAP can be applied using a variety of interfaces including nasal masks,
oronasal (full face) masks or nasal pillow interfaces. Despite its demonstrated high efficacy,
a significant proportion of individuals with OSA (ranging from 46 to 83%) are non-adherent
with CPAP [27]. Indeed, maximizing CPAP adherence continues to be a major challenge for
the successful treatment of OSA. Individual patient characteristics, the degree of OSA
severity, technical aspects, and psychological and social factors have all been examined as
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potential predictors of CPAP adherence [27,28]. Weight loss is an effective approach to
reduce the severity of OSA [5] Alternative therapies, such as oral appliances and surgical
options, are available for specific sub-groups of patients with OSA [29].

2. OSA and Type 2 Diabetes
a. Prevalence of OSA in Type 2 Diabetics

When the prevalence of OSA in patients with type 2 diabetes was assessed by methods other
than the gold standard full PSG (e.g, limited PSG or overnight oximetry), estimates have
been highly variable, ranging from 2 to 70% [30-33]. One study using limited PSG found a
higher OSA prevalence in diabetics as compared to non-diabetics, but both groups had a
very low prevalence [32].

To date, four studies including a total number of nearly 900 type 2 diabetic patients have
reported a striking overall prevalence of 73%. [34-37] (Figure 1). The highest estimate was
86%, reported in obese diabetic patients enrolled in the Sleep AHEAD study [37], a multi-
center ancillary study of the Look AHEAD trial [37]. The lowest prevalence was estimated
at 58% in the Sleep Heart Health Study [34], which included older individuals (with more
than half aged over 65 years), used self reported diabetes, and an oxygen desaturation
threshold of at least 4% for the definition hypopneas. More recently, Aronsohn et al.
reported an OSA prevalence of 77% in 60 type 2 diabetics (mean age: 57 years) using a less
stringent cut-off of 3% for oxygen desaturations, and when the dataset was re-analyzed
using a stricter 4% criteria this estimate decreased to 58%.

The Center for Disease Control estimates that the number of individuals in the U.S. with
diagnosed and undiagnosed diabetes approaches 24 million. Considering that the prevalence
of OSA by full-night PSG in patients with type 2 diabetes averages 73%, this would then
suggest that nearly 17 million diabetics currently suffer from this unrecognized co-
morbidity. In the view of these staggering statistics, the International Diabetes Federation
has recently released a report highlighting the need for a better understanding of the links
between OSA and type 2 diabetes [38].

b. Prevalence and Incidence of Type 2 Diabetes in OSA

The prevalence and incidence of type 2 diabetes in OSA have been assessed in population
and clinic-based cohorts with the majority of studies adjusting for shared risk factors such as
age, sex, and BMI (Table 1). While a few of these studies relied on self-report or medication
use for the diagnosis of diabetes, most have used validated diabetes definitions based on
fasting glucose and 2-hr post-challenge glucose levels. Two studies [39,40] used limited
ambulatory PSG with only respiratory monitoring, while all other studies used full PSG for
diagnosing OSA.

In cross-sectional analyses, seven of eight studies [40-43] have demonstrated a significantly
higher prevalence of diabetes in patients with OSA as compared to those without OSA.
Some studies have also found a significant dose-response relationship between the severity
of OSA and the prevalence of diabetes [40,43,44]. In two studies [39,45], the higher odds
ratio of self-reported diabetes in patients with OSA as compared to those without OSA was
no longer significant after adjusting for potential confounders. In another study [40], only
severe OSA group had significantly higher adjusted odds of self-reported diabetes, and
interestingly this independent association was observed exclusively in patients who reported
excessive sleepiness. Whether daytime sleepiness, which is commonly but not universally
associated with OSA, is a relevant factor in the link between OSA and diabetes remains
unclear. Further studies using objective measures of sleepiness and more rigorous
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assessments of diabetes are warranted to better understand the links between OSA and
diabetes in sleepy versus non-sleepy individuals.

Importantly, three of these eight cross-sectional studies have also included longitudinal
follow-ups, which may provide evidence regarding the direction of causality in the link
between OSA and the development of diabetes. In the longitudinal analysis of the Wisconsin
Sleep Cohort [43], OSA was found to be a risk factor for incident diabetes over a 4-year
follow-up period, but this association was no longer significant after adjustment for age, sex
and body habitus. The Busselton Health Study [39] found a significant independent
association between moderate to severe OSA and incident diabetes over a 4-year follow-up
period, but the sample size was small and there were only few incident cases of diabetes,
which resulted in a wide confidence interval. Finally, the study by Botros et al. [41] reported
an independent association between OSA and incident diabetes, after adjusting for various
confounders as well as the weight change over a mean follow-up period of 2.7 years.

In summary, the current evidence suggests that type 2 diabetes is more prevalent among
patients with OSA compared to those without OSA, and this association appears to be
independent of shared risk factors. However, more data are needed to conclude
unequivocally that OSA represents an independent risk for the development of diabetes over
time. Thus, future studies from large longitudinal cohorts are clearly needed to assess the
role of OSA as a potential risk factor for diabetes.

c. Impact of untreated OSA on glycemic control in type 2 diabetics

In a recent study, Aronsohn and colleagues [36] performed in-laboratory full-night PSG and
measured hemoglobin Alc (HbAlc) levels in 60 patients with physician-diagnosed diabetes.
The authors showed that increasing severity of OSA was associated with poorer glucose
control, after controlling for age, sex, race, BMI, number of diabetes medications, level of
exercise, years of diabetes and total sleep time. Compared to patients without OSA, the
adjusted mean HbA1c was increased by 1.49% in patients with mild OSA, 1.93% in patients
with moderate OSA, and 3.69% in patients with severe OSA (Figure 2). These effect sizes
are comparable, if not exceeding to those of widely used hypoglycemic medications, and
thus support the hypothesis that reducing the severity of OSA may be an important
therapeutic approach to optimize glucose control.

Surprisingly, an earlier study involving 279 diabetic patients, reported no significant
associations between OSA and HbAlc values [35]. This negative finding may be partly due
to the fact that only about 22% of the sample underwent full PSG and the duration of sleep
recording was reported to be as low as 4 hours. In contrast, Aronsohn et al used a minimum
PSG recording time of 7 hours, and noted that when only the first 4 hours of recording was
analyzed, the robust relationship between OSA severity and HbAlc was no longer apparent.
Thus, obtaining PSG recordings longer than the commonly used minimum of 4 hours may
be an important factor for the assessment of the associations between OSA and type 2
diabetes.

d. Effects of CPAP treatment of OSA on glycemic control in type 2 diabetics

To date, six studies, which include a total of 120 patients, have examined the effects of
CPAP treatment of OSA on measures of glucose control in type 2 diabetes (Table 2)
[30,46-50]. Babu et al. [48] investigated 25 obese diabetic patients and demonstrated
beneficial effects of 3 months of CPAP use on HbAlc and post-prandial glucose levels.
Other studies reported improvements in nighttime glucose levels during just one night of
CPAP therapy [49] and also during 5 weeks of CPAP use [47]. Two earlier studies, which
included only a total of 19 subjects [30,50], showed no change in HbA1c levels, but reported
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improvements in insulin sensitivity, as assessed by gold standard hyperinsulinemic
eugylcemic clamp studies, after 3 to 4 months of CPAP use. The only randomized controlled
study was published by by West et al. [46] and included 20 of the 42 obese diabetic patients
randomized to the active CPAP arm, found no effect of active CPAP on HbAlc levels or
insulin sensitivity, but reported significant improvements in measures of excessive daytime
sleepiness. The latter finding raises the possibility that the effects of CPAP may vary
according to the measured outcome. Of note, in this randomized controlled study, the
average nightly CPAP use was only ~ 3.3 hrs. By contrast, the positive study by Babu et al.,
found that in patients who used CPAP for more than 4 hrs per night (averaging ~ 6.6 hrs/
night) the reduction in HbAlc levels was strongly correlated with CPAP use. In an
observational cohort study, among patients with moderate-to-severe OSA (AHI>20), the
regular use of CPAP as determined by physician follow-up, was associated with a
significant attenuation of incident diabetes even after adjusting for subsequent weight loss
during an average of 2.7 year follow-up period [41].

In summary, the findings from studies that examined the response to CPAP treatment are
inconsistent, and the discrepancies between studies could be partly explained by differences
in sample size and duration of therapy, lack of objective adherence data, and the possibility
of changes in body composition over the study period. The negative findings do not rule out
the possibility that OSA causes diabetes. More rigorous CPAP studies with a randomized
placebo controlled design will be required to confirm the hypothesis that glucose control
may improve after effective treatment of OSA. The threshold for OSA severity associated
with a beneficial effect of CPAP on glycemic control and the nightly duration of CPAP
treatment that is required to improve glucose control in diabetic patients remain also to be
determined.

3. OSA and Prediabetes

a. Insulin resistance and glucose intolerance in patients with OSA

Numerous population and clinic-based cross-sectional studies have consistently found a
robust independent association between the presence and severity of OSA and insulin
resistance and glucose intolerance. A comprehensive review of the details of all these
studies is beyond the scope of this article, but has been the topic of recent reviews [14-18].
Notably, the majority of these studies were conducted in men. The most commonly used
markers of severity of OSA were AHI and the frequency and the degree of intermittent
hypoxia. To estimate insulin sensitivity, the majority of the studies used fasting insulin
levels and/or homeostatic model assessment (HOMA\) index, i.e. the normalized product of
fasting glucose and insulin. A number of studies have used fasting blood glucose and oral
glucose tolerance test (OGTT) to assess glucose tolerance, where IFG was defined by
fasting plasma glucose levels of 100 to 125 mg/dL and IGT was defined by 2-hour post-load
glucose levels of 140 to 199 mg/dL.

The prevalence of prediabetes, as defined by the presence of either IFG and/or IGT have
been found to be significantly higher in OSA patients than those without OSA and the
estimates have ranged between 20 and 37% [42,44,51,52]. In a recent cross-sectional
analysis of over 2500 non-diabetic individuals from the Sleep Heart Health Study [42], the
presence of OSA was associated with significantly higher odds of IFG and IGT after
adjusting for age, sex, race, BMI and waist circumference. The magnitude of these
associations was similar in non-overweight and overweight individuals [42].

In an earlier study, in 595 men who were referred to a sleep clinic, the increasing severity of
OSA was associated with worsening glucose tolerance and insulin resistance, independently
of age and BMI [51]. An earlier report from the Sleep Heart Healthy study also showed that
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the severity of OSA (as measured by AHI and the frequency of oxygen destaurations) was
independently associated with both fasting and 2-hour post-load glucose levels during an
OGTT [53]. In a population-based sample of 400 females, those with severe OSA had
significantly lower insulin sensitivity than those without OSA, and the AHI was associated
with increasing fasting and 2-hour post load insulin levels during an OGTT, after controlling
for age, waist-hip ratio and other confounders [54].

More recently, Punjabi and colleagues measured insulin sensitivity in 118 nondiabetic
individuals using a frequently sampled intravenous glucose tolerance test [55]. Compared to
normal subjects, those with mild, moderate, and severe OSA showed a 26.7, 36.5 and 43.7%
decrease in insulin sensitivity, respectively, after adjusting for age, sex, race and percent
body fat. [55]. While these cross-sectional studies have controlled for various adiposity
measures, the amount of visceral fat remains an important confounding factor in the link
between OSA and alterations in glucose metabolism. To address this issue, Kono and
colleagues studied 42 lean men with OSA and 52 controls who were matched for age,
gender, BMI, and visceral fat. In the absence of confounding effects of visceral adiposity,
OSA was found to be associated with insulin resistance (assessed by HOMA index) and
higher fasting glucose levels [52].

Overall, the current evidence from cross-sectional studies strongly supports an independent
association between OSA and insulin resistance and glucose intolerance. Adiposity, in
particular visceral adiposity, could still be a major confounder in these associations. Future
studies with prospective and interventional designs are needed to further address the
direction of causality.

b. Effects of CPAP treatment of OSA on insulin sensitivity and glucose tolerance

A total of 21 studies have examined the effects of CPAP therapy on glucose tolerance and/or
insulin sensitivity in non-diabetic patients with OSA (Table 3). The majority of the studies
were conducted in obese men. While 9 studies reported positive findings [56-64], 12 were
negative [65-76]. Insulin sensitivity was estimated by fasting HOMA index
[57-59,61-63,57,72,73,75,76] in the majority of studies (11 out of 21) while a few studies
used the gold standard hyperinsulinemic euglycemic clamp technique [60,64,68,70]. Only 2
studies have used the clinical standard method of OGTT to assess glucose tolerance [58,68].
The average CPAP treatment period ranged between one night and 6 months, with one study
reporting findings after 2.9 years of follow-up period. Importantly, only 13 of the 21 studies
[50,56-58,60,52,63,68,70,73-76] reported objective data on CPAP adherence, and the mean
reported adherence was ~5 hours/night.

Only two studies have used a randomized controlled design [56,75]. In the first study [75],
Coughlin and colleagues found no significant difference in insulin sensitivity (as assessed by
HOMA) after 6 weeks of therapeutic CPAP versus sham-CPAP in 34 obese men (average
BMI=36 kg/m?), but the average CPAP use was only 3.9 hours/night. Notably, despite the
relatively low average CPAP use, there was a significant improvement in blood pressure
[75], suggesting that the amount and the duration needed to reverse cardiovascular and
metabolic abnormalities may differ. The second study [56] involved 61 men with lesser
degrees of obesity (average BMI=28 kg/m?) and found an improvement in insulin sensitivity
(as assessed by insulin tolerance test) in patients who received therapeutic CPAP as early as
one week after treatment, and this improvement in insulin sensitivity was maintained at 3
months in those who were overweight.

Harsch and colleagues [64] performed hyperinsulinemic euglycemic clamp in 40 patients
with OSA, and found that CPAP improved insulin sensitivity even after 2 days of therapy.
The improvement persisted at 3-months, particularly in those with a BMI <30 kg/m2. The
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same group of investigators also reported a long-term positive effect of CPAP on insulin
sensitivity and glucose tolerance at 2.9 years in a small number of patients [60]. In contrast,
an earlier study [68] using hyperinsulinemic euglycemic clamp and OGTT in 16 obese men
found no change in insulin sensitivity or glucose tolerance after 2 months of CPAP. A few
studies reported a positive effect of CPAP on insulin sensitivity exclusively in subgroups of
patients, specifically those who used CPAP for more than 4 hours/night [57,61] or those
with excessive daytime sleepiness [62].

In conclusion, there is still controversy as to whether CPAP treatment of OSA improves
insulin resistance and/or glucose intolerance. The current evidence supports the hypothesis
that the degree of obesity and the amount of CPAP use may be important predictors of
metabolic response to CPAP. Large scale randomized controlled trials with robust
assessments of insulin sensitivity and glucose tolerance will be required to fully determine
the effects of CPAP treatment of OSA on measures of glucose metabolism. Future studies
are also needed to investigate the optimal duration and the amount of CPAP use that is
needed to improve metabolic outcomes. Such interventional studies would be essential to
address the causality between OSA and alterations in glucose metabolism.

4. Mechanistic Pathways Linking OSA to Insulin Resistance and Glucose
Intolerance

The potential mechanisms linking OSA and alterations in glucose metabolism are likely to
be multiple. OSA is intrinsically associated with chronic intermittent hypoxia and sleep
fragmentation, both of which could potentially be detrimental to glucose metabolism via
intermediate mechanisms including activations of sympathetic nervous system,
hypothalamic-pituitary axis and inflammatory pathways [16].

Animal models mimicking OSA have used intermittent hypoxia stimuli when rodents are
most likely to be asleep. Electroencephalogram tracings that were recorded only in one of
these studies have showed that hypoxia stimuli were accompanied by arousals, suggesting
that sleep fragmentation, and thus altered sleep quality, is also an intrinsic feature of these
hypoxia models. Intermittent hypoxia resulted in sympathetic activation and hypertension
[77,78] impaired glucose homeostasis [79] and insulin resistance in both lean [80] and obese
[81] rodents. In healthy humans, only one study used intermittent hypoxia selectively during
sleep to mimic OSA and found that 2 to 4 weeks of exposure to intermittent hypoxia (30
cycles per hour, oxygen saturation range: 95-85%) resulted in increased morning blood
pressure [82], but glucose metabolism was not assessed in this study. Another study that
exposed healthy subjects to 5 hours of intermittent hypoxia or normoxia - but during
wakefulness - found decreased insulin sensitivity as assessed by ivGTT [83]. Ina
prospective study involving about 4000 middle-aged individuals, nocturnal intermittent
hypoxia was associated with an increased risk of developing type 2 diabetes after a 3-year
median follow-up period [84]. Two studies have used acoustic stimuli to induce sleep
fragmentation (without changing sleep duration) in healthy humans and examined its effects
on glucose metabolism by ivGTT. In the first study by Tasali et al. [85], all night selective
suppression of deep sleep (i.e. slow wave sleep) for 3 consecutive nights resulted in about
25% decrease insulin sensitivity without adequate compensatory increase in insulin
secretion, leading to reduced glucose tolerance and increased diabetes risk. In the second
study, non-selective fragmentation of sleep across all stages for 2 nights was associated with
a decrease in insulin sensitivity and non-insulin dependent glucose disposal [86]. Notably,
the non-selective fragmentation in the second study was also associated with marked
reductions in slow wave sleep, whereas other sleep stages were only modestly affected. Both
studies were associated with increases in daytime sympathetic activity as assessed by heart
rate variability [85,86].
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In summary, evidence from animal and human models that mimics OSA, supports a
potential causal role for OSA in insulin resistance, glucose intolerance and increased
diabetes risk. The relative independent contributions of the two main characteristics of OSA,
namely intermittent hypoxia and sleep fragmentation on glucose metabolism remain to be
determined.

5. Practice Points

Laboratory full night polysomnography (PSG) is the gold standard method for the
diagnosis of OSA.

Unattended portable home PSG monitoring could be used as an alternative to
laboratory-based PSG for the diagnosis of OSA in selected patients with a high
pretest probability of moderate to severe OSA

Surveys such as the Berlin questionnaire and Multivariable Apnea Prediction Index
are easy-to-use tools for the clinician to screen for OSA.

OSA treatment is recommended in patients with an AHI greater than 15 or in those
with an AHI greater than 5 who have daytime sleepiness or cardiovascular disease.
CPARP is the treatment of choice for OSA.

Given its exceedingly high prevalence, a systematic evaluation of OSA is
warranted in patients with type 2 diabetes.

Current evidence strongly supports an independent association between OSA and
insulin resistance and glucose intolerance, but causality remains to be determined.

6. Research Agenda

The role of OSA in the management of type 2 diabetes and prediabetes is in urgent
need of further rigorous assessment.

The question of whether OSA represents an independent risk for the development
of prediabetes and type 2 diabetes over time, remains to be investigated by
prospective studies of sufficient duration and power.

Large scale randomized controlled trials of CPAP treatment of OSA with well-
validated assessments of insulin sensitivity and glucose tolerance are needed.

The sufficient amount and duration of CPAP that is required to improve glucose
metabolism remains to be determined.

The vast majority of studies of the relationship between OSA and glucose
regulation have been conducted in males. There is a need to evaluate this
relationship in women, in whom OSA may be underdiagnosed and undertreated.
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