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Synopsis

Polycystic ovary syndrome (PCOS), the most common endocrine disorder of pre-menopausal
women, is characterized by chronic hyperandrogenism, oligoanovulation, obesity and insulin
resistance. Importantly, PCOS women are at increased risk for glucose intolerance, type 2 diabetes
and cardiovascular disorders. Recent reports indicate an unexpectedly high prevalence of obstructive
sleep apnea (OSA) in PCOS. Alterations in sex steroids (i.e. high androgen and low estrogen levels)
and increased visceral adiposity in PCOS could potentially contribute to the increased prevalence of
OSA inthisdisorder. There is some evidence to suggest that there may be strong associations between
the presence and severity of OSA and the metabolic disturbances that characterize PCOS. Causal
mechanisms in the link between PCOS and OSA remain to be elucidated. Clinicians who manage
PCOS patients should be aware of the high prevalence of OSA in these patients and systematically
evaluate these women for sleep disturbances.
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Polycystic ovary syndrome (PCOS) affects approximately 5-8% of women in the United
States, making it the most common endocrine disorder of pre-menopausal women [1]. Women
with PCOS have a substantial risk for the development of a number of metabolic [2,3] and
cardiovascular [4-6] disorders. Specifically, women with PCOS have among the highest
reported rates of early-onset impaired glucose tolerance and type 2 diabetes [7,8] as well as a
substantial increase in risk for hypertension [9], dyslipidemia, coronary [10] and other vascular
disorders [11,12]. A recently identified and potentially very important addition to this list of
health risks is obstructive sleep apnea (OSA), which is present in PCOS women at rates that
are considerably higher than in age and weight-matched reproductively normal women [13].
Current evidence suggests that, in non-PCOS populations, OSA is independently linked to
adverse metabolic and cardiovascular outcome [14-16]. The majority of studies that have
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characterized metabolic and cardiovascular abnormalities in PCOS have, however, not
considered the high prevalence of OSA in this syndrome and the possible contribution of OSA
to the metabolic and cardiovascular disorders in PCOS.

In the present chapter, we provide a brief introduction to PCOS and review the current notions
regarding the pathogenesis of the metabolic and cardiovascular abnormalities in PCOS. Studies
that have examined the prevalence of OSA in PCOS and the evidence for a role of sex steroids
in promoting OSA in women with PCOS are summarized, and the possible role of OSA in the
increased risk of insulin resistance and type 2 diabetes associated with PCOS is discussed.

PCOS: definition and pathogenesis

A diagnosis of PCOS requires that at least two of the three following abnormalities are present:
1. absent or irregular menstrual cycles; 2. elevated levels of circulating androgens or clinical
manifestations of hyperandrogenism (e.g. hirsutism, acne, alopecia); 3. polycystic ovaries on
ultrasonography [17]. Thus, polycystic ovaries need not be present in PCOS women, and
conversely, the presence of polycystic ovaries alone does not establish a diagnosis of PCOS.
PCOS typically manifests at the time of puberty with menstrual irregularity, hirsutism, and
obesity (particularly central adiposity) [17].

Hyperandrogenism

The cause of hyperandrogenism in PCOS has been elucidated by both in vivo and in vitro
studies. In response to stimulation by luteinizing hormone (LH) released by the pituitary gland,
the ovarian theca cell synthesizes androstenedione and testosterone. Androstenedione is
converted by 17B-hydroxysteroid-dehydrogenase (17p-HSD) to form testosterone or
aromatized by the aromatase enzyme (cytochrome P450arom) to form estrone. Theca cells
from PCOS ovaries appear to be more efficient at converting androgenic precursors to
testosterone than are normal theca cells [18]. Thus, testosterone levels are generally elevated
in women with PCOS.

Insulin resistance

Insulin resistance is frequently present in PCOS women and is considered as a hallmark of the
syndrome. In insulin-resistant individuals, higher concentrations of insulin (hyperinsulinemia)
are needed to compensate and maintain normal glucose tolerance. It has been well documented
that in PCOS, the compensatory hyperinsulinemia contributes both directly and indirectly
[19-21] to the increase in plasma androgen concentrations that characterize PCOS. Insulin acts
directly by binding to its cognate receptor on the ovarian theca cell to stimulate testosterone
synthesis [22]. Insulin can also act indirectly to raise the serum concentration of free
testosterone by lowering the serum concentration of sex hormone binding globulin (SHBG)
[21].

Progesterone and Estrogen

Women with PCOS not only have higher levels of androgens but also lower levels of
progesterone and estrogen. Over time, circulating progesterone levels in PCOS women are
lower than those in normally cycling women [23,24]. This appears related to the chronic oligo-
or anovulation, and the resulting absence or reduction of the normal post-ovulatory surge in
progesterone production [25]. Progesterone is thought to “protect” against the development of
OSA during pregnancy-associated weight gain [26]. However, as reviewed in Chapter 8 of this
issue, there is emerging evidence suggesting the onset, or an increase in severity, of sleep-
disordered breathing (especially snoring) in the last trimester of the pregnancy. Physiological
and anatomical changes during pregnancy may be conducive to the development of sleep-
disordered breathing, particularly in women with preeclampsia (abrupt hypertension,
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hyperalbuminuria, edema in the third trimester). Progesterone is thought to promote its effects
through direct stimulation of respiratory drive via an increased ventilatory response to both
hypercapnea and hypoxia [27,28]. Progesterone may also act to enhance upper airway dilator
muscle activity [29] and to reduce upper airway resistance as has been found post-ovulation
in the luteal phase compared to the follicular phase of the menstrual cycle [30]. Reduced
progesterone levels in PCOS could be implicated in the high prevalence of OSA.

Underproduction of ovarian estrogen results from low intraovarian aromatase expression and
a consequent reduction in the production of the estrogens, estrone and estradiol, from their
respective precursor androgens, androstenedione and testosterone. Estrone is also synthesized
from peripheral aromatization (especially in adipose tissue) and thus the levels of this steroid
are normal or even slightly elevated in PCOS. However, estrone is a weak estrogen with
approximately 1/10t" the potency of estradiol [31]. In sum, estrogen levels are subnormal in
PCOS [32,33]. It is noteworthy that lower estradiol levels have been reported in association
with poor sleep quality among non-PCOS women aged 45 — 49 year [34]. Low estradiol levels
have also been associated with a higher frequency of apneic events in women across a broad
age spectrum of 24 to 72 year [35]. The high prevalence of OSA and the related poor sleep
quality in PCOS could be thus also be associated with the low estrogen levels that characterize
this condition.

Metabolic and ardiovascular abnormalities in PCOS

Women with PCOS are more insulin resistant than weight-matched control women and have
an increased risk of hypertension, dyslipidemia and cardiovascular disorders [17]. The vast
majority of studies that have focused on the metabolic and cardiovascular abnormalities of
PCOS have not controlled for the presence of OSA.

There is ample evidence to support a causal link between hyperinsulinemia and the
characteristic features of PCOS. For example, reduction of serum insulin levels in women with
PCOS results in a decrease in ovarian androgen biosynthesis, an increased SHBG
concentration, and a resultant decrease in free testosterone concentrations [2,36]. Insulin also
plays a key role in the higher risk of impaired glucose tolerance and type 2 diabetes of PCOS
[2,36]. Attenuation of hyperinsulinemia, whether through weight reduction [37] or
administration of either metformin [38] or a thiazolidinedione [39-41] substantially attenuates
the metabolic perturbations of PCOS.

While obesity is a major factor in the development of insulin resistance in PCQOS, it is now
established that a component of insulin resistance in PCOS is independent of body weight
[36,42]. Both lean and obese women with PCOS are more insulin resistant than their non-PCOS
counterparts matched for total and fat-free body mass as documented using a variety of well-
established techniques to assess insulin sensitivity [36,40,42,43]. The potential role of OSA in
the severity of insulin resistance in PCOS remains to be elucidated. Reduced sleep duration
and quality have been shown to result in decreased insulin sensitivity in laboratory studies
conducted in healthy young non-obese adults, and the majority of individuals with OSA have
reduced sleep duration and quality [44].

In long-term follow-up studies of women with PCOS there is an increased prevalence of type
2 diabetes when compared to appropriate controls [9]. Two large, prospective studies in PCOS
place the prevalence of impaired glucose tolerance (IGT) between 30-40% and type 2 diabetes
between 5-10% [7,8]. These prevalences approach those in Pima Indians, a population with
one of the highest rates of development of type 2 diabetes [45]. More recently, we [7] and
others [46] have found that the conversion rates from normal glucose tolerance to IGT or type
2 diabetes in PCOS are substantially elevated.
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Insulin secretory defects also play an important role in the propensity to develop diabetes in
PCOS. Initial evidence for 3-cell dysfunction in PCOS was derived from analyses of basal and
postprandial insulin secretory responses in women with PCOS relative to weight-matched
controls with normal androgen levels [47]. The incremental insulin secretory response to meals
was markedly reduced in non-diabetic women with PCOS and presented striking similarities
with the pattern of meal responses typical of individuals with established type 2 diabetes
[48]. Reduced beta-cell responsiveness to glucose may be experimentally produced in normal
healthy individuals by recurrent partial sleep deprivation or reduction of sleep quality,
suggesting that sleep disturbances in PCOS may contribute to insulin secretory deficits.

Insulin secretion is most appropriately expressed in relation to the magnitude of ambient insulin
resistance. When the initial insulin response to intravenous glucose is analyzed in relation to
the degree of insulin resistance, women with PCOS exhibit a significant impairment in p-cell
function [39,43]. p-cell function in PCOS was also quantified by examining the insulin
secretory response to a graded increase in plasma glucose and the ability of the B-cell to adjust
and respond to induced oscillations in the plasma glucose level [43]. Results from both
provocative stimuli were consistent: when expressed in relation to the degree of insulin
resistance, insulin secretion was impaired in PCOS subjects.

Women with PCOS are frequently characterized as having elevated triglyceride (TG) levels,
increased levels of very low density lipoproteins (VLDL) and LDL, and a lower HDL
cholesterol [49], a lipid pattern similar to that seen in patients with type 2 diabetes. The
mechanisms responsible for the adverse effects of PCOS on plasma TG homeostasis are not
known. Insulin resistance has been postulated to play a key role in causing hypertriglyceridemia
in PCOS. However, we found that treatment with the insulin sensitizing agent troglitazone
markedly improved insulin sensitivity in PCOS women but had little, if any, effect on plasma
TG concentration [50]. In addition, lean women with PCOS are found to have normal plasma
TG concentrations despite being hyperinsulinemic [10].

Both lipid and non-lipid criteria identify individuals at increased risk for coronary heart disease
and type 2 diabetes [51,52]. Because women with PCOS have high rates of impaired glucose
tolerance and type 2 diabetes [7,8] as well as a substantial number of risk factors for
cardiovascular disease [50], it has been generally assumed that many are also at increased
cardiometabolic risk.

Prevalence of OSA in PCOS

The most recent estimate of the prevalence of OSA in the general adult population is
approximately 17%. In overweight individuals (body mass index, BMI > 25 kg/m2), the
proportion of mild to moderate OSA is 41 to 58% [53]. As discussed in Chapters 8 and 12 of
this issue of Sleep Medicine Clinics, both community and clinic-based studies have consistently
noted that men have a higher prevalence of OSA than women [54-57]. The prevalence of OSA
is particularly low in pre-menopausal women and increases after menopause [54,58,59] (see
Chapter 11 of this issue). Among women with PCOS, however, OSA is considerably more
common than expected [13,60,61]. Vgontzas et al. assessed the prevalence of OSA in 53
premenopausal women with PCOS as compared to 452 control women [60]. The authors found
that PCOS women were 30 times more likely to have OSA than controls and that the difference
between the two groups remained significant even after controlling for BMI. In an independent
study published the same year, comparison of 18 overweight women with PCOS with 18 age-
and weight-matched controls, showed that PCOS women were significantly more likely to
suffer from symptomatic OSA (based on an apnea hypopnea index (AHI) >5 and the presence
of excessive daytime sleepiness) than control women (44.4% vs 5.5%) [13]. In another cohort
of 23 obese PCOS women, the prevalence of OSA was found to be 70% and there was no
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association between obesity (as assessed by BMI) and the severity of OSA [61]. Recently,
survey assessments of the prevalence of sleep apnea risk (using the Berlin questionnaire) in a
cohort of 40 women with PCOS, revealed that three of four women were at high risk for sleep
apnea [62]. About two third of these PCOS women had poor sleep quality as assessed by the
Pittsburgh Sleep Quality questionnaire and 45% had chronic daytime sleepiness as defined by
the Epworth Sleepiness Scale. Remarkably, less than 8% of this cohort of 40 women with
PCOS were free of sleep complaints (Figure 1) [62]. Consistent with the findings of frequent
daytime somnolence, in two other studies, women with PCOS were found to be subjectively
sleepier (as defined by the Epworth Sleepiness Scale) [13] and nine times more likely (80.4%
vs 27.0%) to report daytime sleepiness [60] than controls. Sleep disturbances thus appear to
be an important feature of PCOS. Given the high prevalence of OSA among women with PCOS,
it may be warranted to systematically evaluate them for sleep disorders. However, findings
from a recent survey suggest that more than 90% of physicians who manage PCOS patients
rarely ordered a sleep study (less than 25% of the time) [63].

PCOS and OSA: role of sex steroids and obesity

Sex steriods

Obesity

Differences in concentrations of circulating sex steroids i.e. estrogens, progestins, and
androgens are believed to partly account for the gender disparity in normal sleep architecture
[64] as well as in the prevalence and severity of OSA [65]. While androgens are thought to be
“harmful”, estrogens and progestins have been generally characterized as “protective” against
the development of OSA. Several studies have shown that testosterone administration may
have adverse effects on breathing during sleep and predispose to OSA [65-67]. Testosterone
appears to influence both the neural control of breathing [68] and upper airway mechanics
[69]. Zhou et al. [67] examined the effect of testosterone on the hypocapnic apneic threshold
in women during sleep. Eight normal, healthy, pre-menopausal women were studied before
and after treatment with transdermal testostosterone (5 mg/day) administered in the follicular
phase of the menstrual cycle. The authors concluded that testosterone increases the apneic
threshold in premenopausal women, facilitating central apneas, thus leading to breathing
instability during sleep.

Although it is plausible that androgen excess, a defining feature of PCOS, contributes to the
higher prevalence of OSA in this disorder, it appears that factors other than the androgen excess
may be involved in the increased prevalence of OSA in PCOS. Indeed, two studies found no
significant correlations between androgen levels and the severity of OSA [60,62]. In one study
of women with PCOS (n=53), those taking oral contraceptives (n=14) were less likely to have
OSA [60], consistent with the concept of a “protective role” for estrogens and progesterone in
the pathogenesis of OSA [54,58,59]. In contrast, Fogel et al. reported that the severity of OSA
(as assessed by the apnea-hypopnea index) correlated with both total and free testosterone
levels [13].

The link between obesity and OSA has long been recognized [53]. However, it seems that high
prevalence of OSA in PCOS is not simply due to the elevated BMI [13,60,61] but may be more
closely related to the degree of visceral adiposity. Visceral fat appears to be more metabolically
active and the quantity of visceral fat has been shown to highly correlate with OSA risk [53].
The relative proportion of visceral fat to total body fat is higher in obese men compared to
obese women. This difference is thought to contribute to the higher prevalence of OSA in men
than women. Women with PCOS have typically a high prevalence of visceral adiposity, as
assessed, for example, by higher waist to hip circumferences than non-PCOS BMI-matched
women. Fogel et al. reported a significant relationship between the waist to hip ratio, a measure
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of central obesity, and the severity of OSA in women with PCOS [13]. The authors suggested
that high androgen levels promote central obesity, which in turn leads to OSA. The latter finding
is consistent with the studies in non-PCOS populations indicating that visceral obesity is closely
associated with OSA [53].

In summary, the current evidence suggests that the increased prevalence of OSA in PCOS
cannot be fully explained by elevated BMI and high androgen levels. Further well-controlled
studies with careful characterization of the levels of sex steroids as well as assessments of body
fat distribution are needed to fully elucidate the complex interactions between obesity,
androgen excess and the presence and severity of OSA in the PCOS population.

PCOS and OSA: insulin resistance, glucose intolerance and type 2 diabetes

In non-PCOS populations, there is substantial evidence from cross-sectional studies that
supports an independent association between the presence and severity of OSA,and alterations
in glucose metabolism including glucose intolerance, insulin resistance and type 2 diabetes
[14-16]. A number of interventional studies have shown that the treatment of OSA with
continuous airway positive pressure (CPAP) improves insulin sensitivity [70] and is associated
with a reduction in postprandial glucose and glycohemoglobin levels in individuals with type
2 diabetes [71]. So far, only two previous studies have examined the relationships between
OSA and alterations in glucose metabolism in women with PCOS [60,62].

In the first study, Vgontzas and colleagues [60] found that PCOS patients who were
recommended treatment for OSA (based on the severity of the symptoms) had significantly
higher plasma insulin levels and a lower glucose-to-insulin ratio than those who did not have
clinically significant OSA, independently of BMI. These findings suggest that in the presence
of clinically significant OSA, women with PCOS may present with a more severe insulin
resistant state. Using a logistic regression model, the authors also concluded that insulin
resistance was the strongest predictor of OSA after controlling for age, BMI, and circulating
testosterone concentrations [60].

In the second study, we [62] explored the relationships between glucose metabolism and OSA
in two cohorts of non-diabetic PCOS women. In the first cohort, sleep apnea risk was
determined by the Berlin questionnaire and glucose metabolism was assessed by oral glucose
tolerance test (OGTT) in 32 women with PCOS. Fasting insulin levels and homeostatic model
assessment (HOMA; defined as the normalized product of fasting glucose by fasting insulin
and used as a measure of insulin resistance) index were significantly higher in the women who
were at high risk for sleep apnea. Furthermore, among the 19 women with normal glucose
tolerance, the insulin response to glucose ingestion was more than two-fold higher in women
at high risk for sleep apnea as compared to those at low risk (Figure 2). The latter findings
suggest that sleep apnea may contribute to the accelerated conversion rate from normal to
impaired glucose tolerance in PCOS.

In the second cohort [62], we assessed eight women with PCOS by overnight polysomnography
and OGTT. The women with PCOS had reduced sleep efficiency compared to age-matched,
healthy non-obese controls (mean+ SEM: 80+ 5% versus 92+ 1%), and reduced REM sleep
time — at about half that of the control group (mean+ SEM: 46+ 10 versus 96+ 8 minutes).
Women with OSA tend to have a clustering of events during REM sleep [72], and our cohort
of the women with PCOS were found to have severe REM-related OSA with a meant SEM
AHI of 42+ 6 per hour of REM sleep. In this small cohort of women with PCOS, remarkable
associations between measures of glucose tolerance and the severity of OSA were detected.
Specifically, the markers of the severity of OSA, as quantified by the total AHI of 7+ 1 per
hour of sleep (mean+ SEM) or the number of desaturations, by at least 3% from baseline, in
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REM sleep (the mean+ SEM of the oxygen desaturation index was 36+ 4 per hour of REM
sleep), were strong predictors of glucose tolerance (Figure 3).

Several studies have demonstrated that insulin resistance, visceral fat and higher circulating
levels of pro-inflammatory cytokines are independently and strongly associated with OSA and
excessive daytime sleepiness [73,74]. Inarecent report [75] comparing 42 obese PCOS women
without OSA, 17 obese women without OSA and 15 normal weight controls, it was shown that
interleukin-6 levels were elevated in obese women with PCOS independently of obesity or
OSA, suggesting that pro-inflammatory cytokines may be one of the pathways leading to
insulin resistance in PCOS.

In summary, limited evidence suggests the existence of strong associations between OSA and
abnormalities in glucose metabolism among women with PCOS. Causal mechanisms
underlying these relationships remain to be elucidated. In particular, systematic screening for
OSA and carefully designed interventional studies to examine the impact of CPAP treatment
of OSA would be important in women with PCOS and may lead to better treatment options.

PCOS is one of the most common endocrine disorders affecting women. This syndrome
involves a number of reproductive, metabolic and cardiovascular abnormalities. Importantly,
affected women are at increased risk for the development of early-onset impaired glucose
tolerance and type 2 diabetes. Androgen excess and insulin resistance are the main
characteristics in the pathogenesis of PCOS. Recent evidence is that sleep disturbances also
appear to be an important feature in PCOS and that OSA is considerably more common than
expected in women with PCOS. However, the high prevalence of OSA is under recognized
among clinicians who manage PCOS patients. Limited evidence summarized in this review
suggests that the androgen excess, subnormal estrogen levels and visceral adiposity could be
involved in the increased risk of OSA in PCOS, and that there may be a strong association
between the severity of OSA and glucose intolerance and insulin resistance. Further research
is needed to fully elucidate the causal mechanisms. A better understanding of the link between
OSA and PCOS could lead to better treatment options. Systematic screening for OSA inwomen
with PCOS may be warranted.
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Figure 1.

The frequency distribution of the risk for sleep apnea (derived from responses to the Berlin
questionnaire) and sleep complaints derived from responses to the Pittsburgh Sleep Quality
(PSQ) questionnaire and Epworth Sleepiness Scale (ESS) in 40 women with PCOS. A single
sleep complaint was defined as a PSQ index > 5 or an ESS score of > 10. (From Tasali E, Van
Cauter E, Ehrmann D. Relationships between sleep disordered breathing and glucose
metabolism in the polycystic ovary syndrome. J Clin Endocrinol Metab, 2006, 91:36-42)
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Figure 2.

Mean (£ SEM) profiles of glucose (upper panel) and insulin (lower panel) concentrations
during the oral glucose tolerance test in: A. Women with PCOS with normal glucose tolerance
(n=19). B. Women with PCOS with impaired glucose tolerance (n=13). Wide lines represent
PCOS women at high risk for sleep apnea; narrow lines represent PCOS women at low risk
for sleep apnea. (From Tasali E, Van Cauter E, Ehrmann D. Relationships between sleep
disordered breathing and glucose metabolism in the polycystic ovary syndrome. J Clin
Endocrinol Metab, 2006, 91:36-42)
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Figure 3.

Relationships between the markers of severity of sleep-disordered breathing (SDB) and
measures of glucose tolerance in eight women with PCOS. Left upper panel: relationship
between total apnea-hypopnea index (AHI41) and glycosylated hemoglobin (HbALC). Left
lower panel: relationship between AHl;qtq and the area under the glucose curve (AUCglu-3hr).
Right upper panel: relationship between total number of >3% desaturations in REM sleep and
HbA1C. Right lower panel: relationship between total number of >3% desaturations in REM
sleep and AUCglu-3hr. (From Tasali E, Van Cauter E, Ehrmann D. Relationships between
sleep disordered breathing and glucose metabolism in the polycystic ovary syndrome. J Clin
Endocrinol Metab, 2006, 91:36-42)
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