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Abstract

Objective: During the early follicular phase, sleep-related luteinizing hormone (LH) pulse 

initiation is positively associated with brief awakenings but negatively associated with random eye 

movement (REM) sleep. The relationship between sleep architecture and LH pulse initiation has 

not been assessed in other cycle stages or in women with polycystic ovary syndrome (PCOS).

Design and Methods: We performed concomitant frequent blood sampling (LH pulse analysis) 

and polysomnography in 8 normal women (cycle day 7-11) and 7 women with PCOS (at least 

cycle day 7).

Results: In normal women, the 5 minutes preceding LH pulses contained more wake epochs and 

fewer REM epochs than the 5 minutes preceding randomly-determined time points (wake: 22.3 vs. 

9.1%, p = 0.0111; REM: 4.4 vs. 18.8%, p = 0.0162). However, LH pulse initiation was not related 

to wake or REM epochs in PCOS; instead, the 5 minutes preceding LH pulses contained more 

slow wave sleep (SWS) than the 5 minutes before random time points (20.9 vs. 6.7%, p = 0.0089). 

Compared to normal subjects, women with PCOS exhibited higher REM-associated LH pulse 
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frequency (p = 0.0443) and a lower proportion of wake epochs 0-5 minutes before LH pulses (p = 

0.0205).

Conclusions: Sleep-related inhibition of LH pulse generation during the later follicular phase is 

normally weakened by brief awakenings and strengthened by REM sleep. In women with PCOS, 

LH pulse initiation is not appropriately discouraged by REM sleep and may be encouraged by 

SWS; these abnormalities may contribute to high sleep-related LH pulse frequency in PCOS.
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INTRODUCTION

Progesterone is the primary hormonal regulator of day-to-day luteinizing hormone (LH)—

and by inference gonadotropin-releasing hormone (GnRH)—pulse frequency in women. 

Normally-cycling women also demonstrate decreases in LH pulse frequency during sleep, 

most prominently in the early follicular phase [1-6], but also in the mid- to late follicular 

phase [7-10]. In contrast, early neuroendocrine puberty is characterized by increases in LH 

pulse frequency during sleep [11,12]. Since high and low GnRH pulse frequencies favor 

gonadotrope production of LH and follicle-stimulating hormone (FSH), respectively, sleep-

related changes in GnRH pulse frequency have been postulated to contribute to the early 

follicular prominence of FSH secretion in post-pubertal women [6] and to normal 

gonadotropin production across puberty in girls [13].

Our understanding of the relationships between GnRH pulse initiation and sleep architecture 

is incomplete. In normal women studied during the early follicular phase, sleep-related LH 

pulses were more likely to be associated with brief awakenings compared to rapid eye 

movement (REM) and slow wave sleep (SWS) [6]. In pubertal subjects, LH pulse initiation 

was positively related to SWS but uncommon with REM and wake epochs [14,15]. These 

discordant findings suggest that the relationships between sleep architecture and GnRH 

pulse initiation may vary according to physiological and/or developmental status. To our 

knowledge, previous studies have not addressed these relationships in the mid- to late 

follicular phase, or in different populations such as those with polycystic ovary syndrome 

(PCOS)—a disorder associated with increased LH (GnRH) pulse frequency [16]. Since sleep 

architecture may be an important determinant of sleep-related GnRH pulse frequency, we 

performed concomitant overnight LH pulse assessment and polysomnography (PSG) during 

the mid- to late follicular phase in normally-cycling, normoandrogenic women and in 

women with PCOS.

SUBJECTS AND METHODS

The Institutional Review Board at the University of Virginia approved all study procedures, 

which were in accordance with the ethical standards of the Helsinki Declaration of 1975, as 

revised in 2008. The studies were registered with ClinicalTrials.gov (identifiers and ). Each 

study participant provided full written informed consent after full explanation of the purpose 

and nature of all study procedures.
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Subjects

Fifteen women participated in a total of 20 overnight admissions involving both frequent 

blood sampling and PSG. Eight subjects were healthy women with regular, predictable 

menstrual cycles and no evidence of hyperandrogenism. Seven subjects had PCOS, defined 

as hyperandrogenism (clinical and/or biochemical) and oligomenorrhea (fewer than nine 

menses per year) without evidence for an alternative etiology. Subject characteristics are 

included in Table 1.

Study procedures

Volunteers underwent detailed screening procedures to exclude significant hormonal and 

health-related abnormalities, as previously described [9]. Study participants had taken no 

medications known to affect the reproductive axis in the 90 days prior to study.

Overnight admissions occurred in the context of two ongoing clinical research studies:

• is a randomized cross-over study designed to assess the acute effects (on LH 

pulsatility) of single-dose progesterone vs. placebo in women pretreated with 

transdermal estradiol (0.2 mg/day) for three days. In this study, overnight 

sampling and PSG occurred before progesterone or placebo administration (at 

0600 h), but transdermal estradiol was continued throughout admissions. Primary 

analyses in normal women were recently reported [10]. For the current analysis, 

we only included admissions for which PSG data were available: 12 admissions 

in 8 normal women, 5 admissions in 4 women with PCOS. Also of note, since 

the current analysis was restricted to nighttime hours (i.e., before progesterone or 

placebo administration), sleep-related data from admissions involving later 

progesterone administration were not excluded from analysis.

• is a randomized cross-over study to assess the effect of flutamide vs. placebo 

pretreatment on wake- and sleep-related LH pulse frequency. Given the potential 

confounding effect of flutamide, we only analyzed data from admissions 

preceded by placebo administration and for which PSG data were available (n = 

3 PCOS).

Inclusion of PSG in the aforementioned studies related to a pre-planned sub-analysis of the 

relationships between sleep architecture and LH pulse initiation. Although these studies are 

ongoing, we are no longer performing PSG in these protocols.

Overnight studies were performed between cycle days 7 and 11 (inclusive) in normally-

cycling women, and at least cycle day 7 in PCOS. Plasma progesterone concentrations were 

confirmed to be less than 1 ng/ml during each overnight study. All admissions involved 

frequent blood sampling through an indwelling intravenous catheter for later hormone 

measurement as follows: LH every 10 minutes; progesterone every 30 minutes () or 2 hours 

(); FSH, estradiol, and testosterone every 2 hours. Frequent blood sampling occurred for 24 

hours (2000-2000 h; ) or 15 hours (1500-0700 h; ).

Lights were extinguished, and participants were encouraged to sleep, from 2200 to 0600 h () 

or from 2300 to 0700 h (). Overnight PSG was performed using conventional techniques, 
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including electroencephalograms, electrooculograms, and submental electromyograms. 

Sleep stage was visually scored in 30 second epochs by a registered polysomnography 

technician (HGB) according to the American Academy of Sleep Medicine Scoring of Sleep 

and Associated Events version 2.1.0 (http://www.aasmnet.org/scoringmanual/v2.1.0/). Sleep 

stage designations were reviewed in detail and validated by a single physician board-

certified in sleep medicine (PMS). Both investigators were blinded to subject group and LH 

pulse characteristics.

Hormone assays

All hormone assays were performed by the Ligand Assay and Analysis Core (LAAC) of the 

Center for Research in Reproduction at the University of Virginia. Samples from individual 

study participants were analyzed in duplicate in the same assay run for each hormone. LH 

was measured by chemiluminescence (Siemens Healthcare Diagnostics, Los Angeles, CA; 

LAAC- derived assay characteristics: sensitivity 0.1 IU/liter; intra-assay coefficient of 

variation [CV] 3.3%; interassay CV 5.8%). Other LAAC assay procedures and 

characteristics have been reported previously [9,17].

Data and statistical analysis

As our primary analysis, we compared sleep stages during and preceding LH pulses vs. 

randomly-determined time points, as described by Hall and colleagues [6]. Our a priori 
hypothesis for both study groups: compared to random time points, LH pulse onsets are (a) 

more likely to occur during and to be preceded by wake epochs and (b) less likely to occur 

during and to be preceded by REM epochs.

Each subject’s PSG records were synchronized to her LH time series (Figure 1). For each 

LH concentration time series, we employed a computerized data reduction protocol 

(StdCurve) to establish statistically accurate estimates for experimental LH measurement 

error, and pulsatile LH secretion was characterized using deconvolution (AutoDecon) 

[10,18]. The temporal location of LH pulse initiation was assigned as two secretory standard 

deviations (SD) before the time of peak LH secretion rate (Figure 1). To limit false positives, 

we excluded AutoDecon-identified pulses that did not achieve a 20% increment between the 

preceding nadir and at least 2 points at the peak. We also excluded pulses occurring before 

sleep initiation, after final sleep termination, or that did not have at least one non-wake 

epoch in the preceding 15 minutes.

For every sleep-related LH pulse identified, we determined 3 random time points for the 

same admission. Random numbers were generated using the RANDBETWEEN function of 

the Excel® spreadsheet program (Microsoft Corporation, Redmond, WA), with the lowest 

possible whole number corresponding to the time of initial “lights out,” and a first decimal 

place allowing placement into one of two 30-second sleep epochs per clock minute. The 

following random points were excluded: those occurring before first sleep initiation or after 

final sleep termination, those without at least one non-wake epoch in the 15 minutes prior, 

and those located within 15 minutes of an LH pulse.

In keeping with the analysis of Hall et al. [6], we combined sleep stages 1 and 2, yielding 

four sleep stages: wake, REM, non-REM (NREM) stages 1+2, and NREM stage 3. We 
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identified the instantaneous sleep stage corresponding to each LH pulse and random time 

point. For each subject group, we tested whether pulses and random points were 

proportionally partitioned across the four sleep stages using Fisher’s exact testing for a 2 

(pulse vs. random) x 4 (wake, REM, NREM 1+2, NREM 3) contingency table. We then 

tested whether pulses and random points were differentially associated with each sleep stage 

via chi-square or Fisher’s exact tests for a 2 (pulse vs. random) x 2 (sleep stage A vs. not 

sleep stage A) contingency table.

We then identified the proportion of each sleep stage occurring in three 5-minute time blocks 

(0-5, 5-10, and 10-15 minutes) preceding each pulse and random point. For each time block, 

we compared (a) the proportion of each sleep stage preceding LH pulses to (b) the 

proportion of the corresponding sleep stage preceding random points using Wilcoxon rank 

sum (two-sample) tests.

We performed two sensitivity analyses to explore the robustness of positive findings from 

our primary analyses. In the first, we paired (a) sleep stage proportions before each LH pulse 

to (b) average corresponding sleep stage proportions during the same clock times for all 

other admissions (Figure 2A). We restricted this analysis to clock times after which all 

subjects had initiated sleep and before which no subject had finally terminated sleep. These 

paired data were analyzed for consistent differences using Wilcoxon signed rank tests. In the 

second sensitivity analysis, we paired (a) average sleep stage proportions before all LH 

pulses during an individual admission to (b) corresponding sleep stage proportions from first 

to last sleep during the same admission (Figure 2B). These paired data were analyzed using 

Wilcoxon signed rank tests.

Lastly, we assessed differences between the normal and PCOS groups. We used exact 

Wilcoxon rank sum (two-sample) tests to compare (normal vs. PCOS) estimated LH pulse 

frequencies for each sleep stage, calculated for each admission as the number of sleep-

related LH pulses instantaneously associated with a sleep stage divided by the total time (in 

hours) spent in that sleep stage. We also used exact Wilcoxon rank sum (two-sample) tests to 

compare (normal vs. PCOS) “normalized” sleep stage proportions before LH pulses (i.e., 

differences between [a] average sleep stage proportion 0-5 minutes before all sleep-related 

LH pulses in an admission and [b] corresponding sleep stage proportions for the entire sleep 

period). For subjects with two overnight admissions, results were calculated for each 

admission and averaged.

All statistical analyses involved nonparametric tests, which are based on ranks of 

observations and require no assumptions about underlying data distribution. All hypothesis 

tests were two-sided, conducted at the 0.05 level of significance, and performed using SAS 

version 9.4 (SAS Institute Inc., Cary, NC). We did not correct for multiple comparisons 

because, in most cases, related comparisons were not independent. For example, changes in 

the percentage of one sleep stage cannot occur independently of changes in the percentage 

of other sleep stages; and sleep stage epochs in close temporal proximity are commonly 

correlated. Instead, we provide precise p-values when less than 0.05.
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RESULTS

Normally-cycling, normoandrogenic women

Overnight admissions in normal women occurred on cycle days 9.6 ± 1.6 (10 [8.5-11]), 

expressed as mean ± SD (median [interquartile range]). The number of sleep-associated 

pulses per admission was 3.3 ± 1.2 (3 [2-4]). Total sleep period (time from first to last sleep), 

sleep efficiency (percentage of total sleep period occupied by non-wake epochs), and 

proportions of time spent in each sleep stage (time in sleep stage divided by total sleep 

period) are shown in Table 1.

Pulses and random time points were not proportionally partitioned across the four sleep 

stages (p = 0.0132). Compared to random time points, LH pulses were more likely to be 

initiated during wake epochs (9 of 39 pulses vs. 12 of 117 random points; p = 0.0422) but 

less likely to be initiated during REM epochs (1 of 39 pulses vs. 22 of 117 random points; p 

= 0.0164) (Figure 3A). No differences were observed for NREM 1+2 or NREM 3.

Compared to the 5 minutes preceding randomly-determined time points, the 5 minutes 

preceding LH pulse initiation contained a higher percentage of wake epochs (22.3 vs. 9.1%; 

p = 0.0111) and a lower percentage of REM epochs (4.4 vs. 18.8%; p = 0.0162), with no 

significant differences for NREM 1+2 or NREM 3 (Figure 3B). No sleep stage differences 

were demonstrable in the 5-10 or 10-15 minutes before LH pulses vs. random time points.

In the first sensitivity analysis, the proportion of REM sleep was significantly lower 0-5, 

5-10, and 10-15 minutes before LH pulses compared to the proportion of REM sleep in 

corresponding clock times for all other subjects (5 vs. 14% [p = 0.0003], 10 vs. 14% [p = 

0.0184], and 11 vs. 14% [p = 0.0171], respectively) (Figure 4A). In the second sensitivity 

analysis, the average proportion of REM sleep in the 0-5 minutes before sleep-related LH 

pulses during an admission was less than the overall proportion of REM during the same 

sleep periods (4 vs. 11% [p = 0.0161]) (Figure 4B). Differences in wake proportions were 

not statistically significant for either sensitivity analysis.

Women with PCOS

Overnight admissions occurred on cycle days 41.6 ± 36.5 (33.5 [12-61]). The number of 

sleep-associated pulses per admission was 4.4 ± 1.1 (4.5 [3.5-5]). Total sleep period, sleep 

efficiency, and proportions of time spent in each sleep stage are shown in Table 1.

LH pulses and random time points were not proportionally partitioned across the four sleep 

stages (p = 0.0301). Compared to random time points, LH pulses were more likely to be 

initiated during NREM 3 epochs (9 of 35 pulses vs. 9 of 105 random points; p = 0.0087), 

with no differences for wake, REM, or NREM 1+2 (Figure 5A). Although Figure 5A 

suggests that, compared to random time points, LH pulses were less likely to occur during 

REM epochs (4 of 35 pulses vs. 27 of 105 random points), the difference was not significant 

(p = 0.1005 by Fisher’s exact test).

Compared to the 5 minutes before randomly-determined time points, the 5 minutes 

preceding LH pulse initiation contained a higher percentage of NREM 3 (20.9 vs. 6.7%; p = 
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0.0089) (Figure 5B). Similar differences were demonstrable in the 10-15-minute time block 

(19.4 vs. 7.1%; p = 0.0392). No differences were observed during any time frames for wake, 

REM, or NREM 1+2 sleep. In sensitivity analyses, NREM 3 was not demonstrably more 

common before LH pulses (Figure 6).

Normal women vs. women with PCOS

Compared to normal women, women in the PCOS group were older and demonstrated 

higher BMI, higher total and free testosterone, and higher fasting insulin (Table 1). 

Overnight admissions also occurred on later cycle days in women with PCOS (41.6 ± 36.5 

vs. 9.6 ± 1.6; p = 0.0171).

Sleep-related LH pulse frequency was higher in PCOS compared to controls (0.65 ± 0.13 vs. 

0.46 ± 0.15 pulses/hour; p = 0.0401). As shown in Figure 7A, REM-associated LH pulse 

frequency was higher in women with PCOS compared to normal women (p = 0.0443), but 

other sleep stage-associated LH pulse frequencies were similar. The normalized proportion 

of wake epochs 0-5 minutes before LH pulses was lower in women with PCOS compared to 

normal women (p = 0.0205; Figure 7B), but no other group differences were demonstrable.

Post hoc analyses

Since normal and PCOS groups differed in a number of ways, we performed simple and 

partial correlation procedures to assess whether specific variables associated with the PCOS 

group in our study (i.e., age, BMI, testosterone, insulin, cycle day) correlated with (a) REM-

associated LH pulse frequency or (b) normalized wake epochs 0-5 minutes before LH 

pulses. For subjects with two overnight admissions, admission-specific results were 

averaged prior to analysis; accordingly, all correlation analyses involved 15 observations (8 

normal women, 7 PCOS).

REM-associated LH pulse frequency was positively correlated with total testosterone (rs = 

0.65; p = 0.0092), free testosterone (rs = 0.57; p = 0.0280), and fasting insulin (rs = 0.62; p = 

0.0143), but not age, BMI, or cycle day. After correcting for all other PCOS group-related 

variables (partial correlation), REM-associated LH pulse frequency was independently 

predicted by total testosterone (rs = 0.84; p = 0.0014), fasting insulin (rs = 0.62; p = 0.0432), 

and, although not reaching statistical significance, free testosterone (rs = 0.57; p = 0.0660). 

Age, BMI, and cycle day were not independent predictors of REM-associated LH pulse 

frequency.

The normalized proportion of wake epochs 0-5 minutes before LH pulses was negatively 

correlated with total testosterone (rs = −0.53; p = 0.0428), free testosterone (rs = −0.63; p = 

0.0127), BMI (rs = −0.55; p = 0.0323), and fasting insulin (rs = −0.58; p = 0.0237), but not 

age or cycle day. However, none of the PCOS group-related variables was an independent 

predictor of the normalized proportion of wake epochs 0-5 minutes before LH pulses.

Lastly, one subject with PCOS had obstructive sleep apnea, and we repeated analyses after 

exclusion of this subject. These analyses produced very similar results. For example, 

compared to the 5 minutes before randomly-determined time points, the 5 minutes preceding 

LH pulses contained a higher percentage of NREM 3 epochs in PCOS: 19.3% before pulses 
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and 4.6% before random points (p = 0.0085). Also, REM-associated LH pulse frequency 

was higher in women with PCOS compared to normal women: 0.678 ± 0.262 vs. 0.071 ± 

0.071, respectively (p = 0.0430). These analyses are described in detail in Supplemental 

Materials.

DISCUSSION

Our primary analyses suggested that, in normal women assessed in the mid- to late follicular 

phase, LH pulses were (a) more likely than randomly-determined time points to occur 

during and to be preceded by wake epochs and (b) less likely than randomly-determined 

time points to occur during and to be preceded by REM epochs. In addition to providing 

new information about the later follicular phase, our analysis helps to corroborate findings in 

the early follicular phase [6]. Our sensitivity analyses suggested that the negative 

relationship between REM sleep and LH pulses was more robust than the positive 

relationship between brief awakenings and LH pulses. However, our decision to exclude LH 

pulses without at least one non-wake sleep epoch in the preceding 15 minutes could have 

partially masked a relationship between wake epochs and LH pulses.

Although we modeled our analysis after that of Hall et al. [6], our a priori plan involved 

minor methodological differences. Hall and colleagues used a validated modification of the 

Santen and Bardin pulse detection method, assigning LH pulse onset as the first time point 

after the nadir preceding the pulse (i.e., onsets were constrained to 10-minute intervals), and 

assigning associated sleep stage as the predominant sleep stage in the 10 minutes preceding 

the pulse. We employed multi-parameter deconvolution, which permitted assignment of 

(estimated) pulse onsets to individual 30-second sleep epochs. Also, when assigning sleep 

stages to time blocks, we represented each sleep stage in accordance with the proportion of 

time occupied by that sleep stage instead of employing the predominant (simple majority) 

sleep stage. We used the American Academy of Sleep Medicine Scoring of Sleep and 

Associated Events version 2.1.0 instead of the Rechtschaffen and Kales criteria; and we 

employed conservative nonparametric analyses instead of parametric statistical procedures 

(ANOVA). Despite these minor methodological differences, we observed remarkable 

concordance with the results of Hall and colleagues [6]; this increases our confidence in both 

sets of results.

To our knowledge, this is the first study to investigate the relationship between sleep 

architecture and LH (GnRH) pulse initiation in PCOS. Our primary analyses suggest that 

relationships are altered in PCOS, with LH pulses more likely than randomly-determined 

time points to occur during and to be preceded by slow wave sleep (SWS). Our analyses also 

suggest that REM sleep does not inhibit GnRH pulse initiation as effectively in PCOS 

compared to normal. For example, the negative relationship between LH pulses and REM 

sleep was highly robust in normal women, but no demonstrable relationship was observed in 

PCOS despite a similar number of analyzed pulses in each group (39 normal vs. 35 PCOS). 

Moreover, in direct group comparisons, women with PCOS exhibited higher REM-

associated LH pulse frequency compared to normal women. Importantly, these putative 

abnormalities—SWS encouragement of pulse initiation and failure of REM sleep to inhibit 

pulse initiation—may contribute to high sleep-related GnRH pulse frequency in PCOS, 
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which would be expected to enhance LH release, thus contributing to ovarian 

hyperandrogenemia and ovulatory dysfunction.

While the PCOS and control groups differed with regard to age, BMI, testosterone, insulin, 

and cycle day of study, post hoc analyses suggested that apparent differences in REM-

associated LH pulse frequency related specifically to differences in testosterone and insulin 

concentrations. Of interest, results in our relatively young adult controls (aged 19.6 ± 2.7 

years) were remarkably consistent with those in the older group of normal women (aged 

28.6 ± 3.9 years) studied by Hall et al. [6]; this suggests that the relationship between sleep 

stages and LH pulse initiation does not change substantially across the third decade of life. 

Also, although obesity is associated with lower mean LH concentrations and lower LH pulse 

amplitude—largely a reflection of lower LH responses to GnRH stimulation and shorter 

gonadotropin half-lives—and obesity per se is not associated with alterations in LH pulse 

frequency [19-23]. Similarly, human data regarding the potential influence of insulin per se 
on LH release are inconclusive [24]. Although these findings imply that obesity and 

hyperinsulinemia are unlikely to affect the relationship between sleep stages and LH pulse 

initiation, published data do not directly address these possibilities.

Because sensitivity analyses did not corroborate the relationship between SWS and LH 

pulses in PCOS, and since no SWS-related differences were evident between groups (PCOS 

vs. normal), we believe that this finding requires further confirmation. Regardless, it is of 

interest that a similar relationship between SWS and LH pulse initiation has been described 

during puberty, a developmental phase marked by sleep-related increases in LH pulse 

frequency [13]. Early reports suggested that sleep-related pulses during puberty occur 

primarily during non-REM sleep [11,12]; and recent detailed work by Shaw and colleagues 

[14,15] disclosed a strong relationship between SWS and LH pulse initiation. Thus, instead 

of a negative relationship between SWS and LH pulse initiation observed in adult women 

during the early follicular phase, a positive relationship may exist in both early puberty and 

PCOS. Similarly, instead of a positive relationship between wake epochs and LH pulse 

initiation observed in adult women in the early and later follicular phases, no relationship or 

a negative relationship may exist in PCOS and early puberty, respectively. The negative 

relationship between REM sleep and LH pulse initiation is the most consistent finding in 

studies of normal adult and pubertal subjects, but it was not formally demonstrable in our 

subjects with PCOS.

Although the reasons for these discordant findings are unclear, it is tempting to speculate 

that characteristics common to both puberty and PCOS (e.g., relative hyperandrogenemia, 

insulin resistance/hyperinsulinemia) could influence the interaction between sleep 

architecture and GnRH pulse initiation. Interactions between sleep stages and GnRH pulse 

initiation could also be impacted by recent progesterone exposure, which differed among 

normal women in the early follicular phase [6], our normal women in the mid- to late 

follicular phase (cycle days 9.6 ± 1.6), our women with PCOS (cycle days 41.6 ± 36.5), and 

early pubertal subjects (presumably minimal prior progesterone exposure) [14,15]. Further 

supporting this supposition, the negative feedback effects of progesterone on GnRH pulse 

frequency are mediated by hypothalamic opioids [25,26], and one study suggested that 

naloxone (an opioid-receptor antagonist) prevented the sleep-associated decrease in LH 
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pulse frequency during the early follicular phase [3]. Our group has also published data 

suggesting that the increase in nocturnal LH pulse frequency across the follicular phase may 

reflect the gradual loss of the restraining effects of progesterone [27]; and a study of recently 

menarcheal girls assessed during the early to mid-follicular phase (cycle days 1-9)—to date 

published in abstract form only [28]—suggested that sleep-related LH pulse frequency was 

inversely related to degree of recent progesterone exposure. We speculate that lingering 

effects of recent progesterone action may influence sleep-related LH pulse frequency by 

altering the relationship between sleep architecture and LH pulse initiation (Figure 8). Note 

that relative hyperandrogenemia could also play a role in this regard since androgens 

antagonize the negative feedback effects of progesterone on the GnRH pulse generator 

[29,30]; and a potential role of hyperandrogenemia is provisionally supported in our data set 

by an independent association between testosterone and REM-associated LH pulse 

frequency. Alternatively, it remains possible that hyperandrogenemia more directly mitigates 

the ability of REM sleep to inhibit GnRH pulses. Although study involved androgen 

receptor blockade, the paucity of PCOS subjects with PSG data after flutamide 

administration (n = 2) precludes meaningful analysis.

Limitations of our study include relatively small numbers of subjects, potentially affecting 

statistical power. This may explain why our sensitivity analyses did not formally support all 

relationships suggested by primary analyses, despite similar data trends. An additional 

potential limitation is that some study participants were pretreated with estradiol () while 

others were not (). However, estradiol pretreatment resulted in serum estradiol 

concentrations that were compatible with values in the mid- to late follicular phase. We 

believe that all other procedural differences ( vs. ) were minor and unlikely to represent 

confounders in this analysis. Also, our normal and PCOS groups differed in ways that may 

limit precise interpretation of apparent group differences. Although post hoc analyses 

suggested that group differences in primary endpoints are best explained by differences in 

testosterone and insulin concentrations, the other group differences (age, BMI, cycle day) 

remain important potential confounders. Lastly, our study was observational in nature (i.e., 

we did not perform an intervention), but it provided new information regarding sleep stage-

LH pulse relationships in a different cycle stage and in a different subject population.

In conclusion, we provide data suggesting that sleep-related inhibition of LH pulse secretion 

during the mid- to late follicular phase is normally weakened by brief awakenings and 

strengthened by REM sleep—similar to previously-reported findings in the early follicular 

phase. In contrast, our data in PCOS suggest that REM does not appropriately inhibit LH 

pulse initiation; instead, sleep-related LH pulse initiation may be associated with slow wave 

sleep in PCOS—similar to findings in pubertal subjects. Although these letter findings 

require confirmation, such abnormalities may contribute to high sleep-related LH pulse 

frequency—and thus ovarian hyperandrogenemia and ovulatory dysfunction—in PCOS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Example of aligned LH and PSG data.
In deconvolution, the rate of LH secretion from the anterior pituitary during a pulse is 

assumed to exhibit a Gaussian pattern; and deconvolution results include the pulse position

—the center of the underlying secretory event (i.e., time of peak LH secretion rate)—and a 

secretory standard deviation (SD). The precise timing of sleep-associated LH pulse initiation 

(denoted by dashed vertical lines) was defined as two secretory SDs before pulse position.
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Figure 2. Depiction of sensitivity analyses.
Panel A. In the first sensitivity analysis, we paired (a) sleep stage proportions before each 

LH pulse to (b) average sleep stage proportions during the same time block for all other 

admissions. For each group (normal, PCOS), paired data were analyzed for consistent 

differences using Wilcoxon signed rank tests. Panel B. In the second sensitivity analysis, we 

paired (a) the average proportion of sleep stages before all LH pulses during an admission to 

(b) the proportion of sleep stages occupying the entire sleep period (same admission). For 

each group (normal, PCOS), paired data were analyzed for consistent differences using 

Wilcoxon signed rank tests.
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Figure 3: Primary analyses, normal women.
Panel A: Proportion of LH pulses (solid bars) vs. random time points (open bars) 

instantaneously associated with various sleep stages, calculated as the number of LH pulses 

(or random time points) instantaneously associated with a sleep stage divided by the total 

number of LH pulses (or random time points). Panel B: Proportion of time frame 0-5 

minutes before LH pulses (solid bars) vs. random time points (open bars) occupied by each 

sleep stage. Data are expressed as mean ± standard error of the mean. * p < 0.05.
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Figure 4: Sensitivity analyses, normal women.
Panel A: First sensitivity analysis: Proportion of sleep stage before LH pulse initiation (solid 

bars) vs. average proportion of the same sleep stage occurring at the same clock times in 

other admissions in normal subjects (open bars). Panel B: Second sensitivity analysis: 

Average proportion of sleep stage before all LH pulses in an admission (solid bars) vs. 

proportion of the same sleep stage during the same admission’s sleep period. Data are 

presented as mean ± standard error of the mean. * p < 0.05; *** p < 0.001.
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Figure 5: Primary analyses, women with PCOS.
Panel A: Proportion of LH pulses (solid bars) vs. random time points (open bars) 

instantaneously associated with various sleep stages. Panel B: Proportion of time frame 0-5 

minutes before LH pulses (solid bars) vs. random time points (open bars) occupied by each 

sleep stage. Data are presented as mean ± standard error of the mean. ** p < 0.01.
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Figure 6: Sensitivity analyses, women with PCOS.
Panel A: First sensitivity analysis: Proportion of sleep stage before LH pulse initiation (solid 

bars) vs. average proportion of the same sleep stage occurring at the same clock times in 

other subjects with PCOS (open bars). Panel B: Second sensitivity analysis: Average 

proportion of sleep stage before all LH pulses in an admission (solid bars) vs. proportion of 

the same sleep stage during the same admission’s sleep period. Data are presented as mean ± 

standard error of the mean.
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Figure 7: Normal vs. PCOS.
Panel A: LH pulse frequency for a given sleep stage was calculated as the number of LH 

pulses instantaneously associated with the sleep stage divided by the percentage of total 

sleep period (in hours) occupied by that sleep stage. For women studied during two 

overnight admissions, sleep stage-associated LH pulse frequencies were calculated for both 

admissions and results averaged. Panel B: “Normalized” sleep stage proportions in the 0-5 

minutes before LH pulses, defined as the average sleep stage proportion 0-5 minutes before 

all sleep-related LH pulses in an admission divided by the corresponding sleep stage 

proportion for the sleep period. Both panels: For subjects with two overnight admissions, 

results were calculated for each admission and averaged. Data are presented as mean ± 

standard error of the mean. * p < 0.05.
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Figure 8. Hypothetical model.
We speculate that progesterone action—including lingering effects of recent progesterone 

exposure—strengthens (a) the positive relationship between wake epochs and GnRH pulse 

initiation, (b) the negative relationship between REM sleep and GnRH pulse initiation, and 

(c) the negative relationship between slow wave sleep (SWS) and GnRH pulse initiation. In 

contrast, the absence of substantial progesterone action may be associated with partial or full 

reversal of these relationships. Instead of a negative relationship between SWS and GnRH 

pulse initiation, as observed in the early follicular phase (adults), a positive relationship 

between SWS and GnRH pulse initiation is observed in PCOS and early puberty. Similarly, 

instead of the positive relationship between wake epochs and GnRH pulse initiation 
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observed in the early and late follicular phases (adults), no relationship or a negative 
relationship is observed in PCOS and early puberty, respectively. Other factors could also 

play important roles in the relationship between sleep architecture and GnRH pulse 

initiation. For example, hyperandrogenemia may antagonize the effects of progesterone on 

these relationships.
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Table 1.

Summary data

Normally-cycling,
normoandrogenic (n = 8) PCOS (n = 7) p-value

Age (years) 19.6 ± 2.7 (18.5 [18-20]) 26.6 ± 4.1 (27 [24-30]) 0.0045

Body mass index (kg/m^2) 22.9 ± 2.7 (22.4 [21.2-23.8]) 35.2 ± 10.4 (36.7 [26.1-42.6]) 0.0205

Body fat percentage (%) 24.8 ± 5.9 (23.2 [22.1-27.5]) 41.2 ± 15.6 (45.9 [26.0-54.8]) NS

Waist-to-hip ratio 0.77 ± 0.06 (0.76 [0.74-0.81]) 0.87 ± 0.09 (0.90 [0.84-0.92]) 0.0426

Total testosterone (ng/dl) 26.3 ± 8.1 (25.2 [19.4-32.0]) 54.1 ± 23.3 (50.4 [49.5-54.0]) 0.0033

Sex hormone binding globulin (nmol/l) 51.9 ± 29.6 (52 [29-68]) 36.1 ± 12.2 (36 [28-41]) NS

Free testosterone (pg/ml) 3.9 ± 1.7 (3.5 [2.5-5.8]) 10.4 ± 7.3 (8.6 [7.8-9.8]) 0.0062

Estradiol during admission (pg/ml) 98 ± 48 (78.5 [71.5-135.5]) 109 ± 86 (111 [34-147]) NS

Progesterone during admission (ng/ml) 0.4 ± 0.1 (0.4 [0.4-0.5]) 0.5 ± 0.2 (0.5 [0.3-0.5]) NS

Fasting insulin (μIU/ml) 3.7 ± 3.6 (2.0 [2.0-3.9]) 18.2 ± 14.8 (14.4 [5.4-31.0]) 0.0092

Fasting glucose (mg/dl) 85 ± 6 (87 [81-89]) 90 ± 12 (90 [87-97]) NS

Sleep-related mean LH (IU/l) 5.2 ± 3.4 (5.1 [2.4-7.6]) 7.0 ± 1.4 (7.4 [6.1-7.9]) NS

Sleep-related mean FSH (IU/l) 3.4 ± 1.4 (3.75 [2.15-4.3]) 3.6 ± 1.4 (3.5 [1.9-5.2]) NS

Sleep-related LH pulse frequency (pulses/h) * 0.46 ± 0.15 (0.45 [0.32-0.59]) 0.65 ± 0.13 (0.65 [0.52-0.76]) 0.0401

Sleep-related LH pulse amplitude (IU/l) 3.1 ± 1.8 (2.6 [1.7-4.9]) 3.5 ± 2.9 (2.4 [2.1-4.1]) NS

Total sleep period (hours) 
† 6.7 ± 0.9 (7.0 [6.2-7.4]) 6.9 ± 0.8 (6.9 [6.3-7.6]) NS

Sleep efficiency (%) 
‡ 78.4 ± 18.9 (82 [72-93]) 80.0 ± 16.5 (85 [64-96]) NS

Percent wake (%) 21.6 ± 18.9 (18 [7-28]) 20.0 ± 16.5 (15 [4-36]) NS

Percent REM sleep (%) 11.5 ± 5.5 (13 [9-15]) 15.2 ± 7.9 (19 [11-21]) NS

Percent sleep stage 1+2 (%) 51.3 ± 13.0 (52 [46-63]) 53.1 ± 7.0 (53 [47-59]) NS

Percent sleep stage 3 (%) 15.5 ± 7.3 (16 [10-20]) 11.7 ± 11.2 (10 [4-19]) NS

Data are presented as mean ± standard deviation (median [interquartile range]). The number of subjects is 8 vs. 7 (normal vs. PCOS) for all 
variables except for body fat percentage and waist-to-hip ratio (8 normal vs. 6 PCOS). Exact Wilcoxon rank sum (two-sample) tests were used to 
compare variables (normal vs. PCOS); reported p-values are not corrected for multiple comparisons.

*
Sleep-related LH pulse frequency was defined for an individual as the number of LH pulses during a sleep period divided by the total sleep period 

(h).

†
For subjects with PSG data for two overnight admissions, only the first admission was used for PSG-related summary statistics.

‡
Sleep efficiency is defined here as the percentage of total sleep period occupied by non-wake epochs. To convert metric units to SI units: total 

testosterone (ng/dl) × 0.0347 (nmol/l); free testosterone (pg/ml) × 3.467 (pmol/l); insulin (μIU/ml) × 7.175 (pmol/l); glucose (mg/dl) × 0.0555 
(mmol/l); estradiol × 3.671 (pmol/l); progesterone × 3.18 (nmol/l). Abbreviations: NS, (statistically) nonsignificant (i.e., p > 0.05); PCOS, 
polycystic ovary syndrome; PSG, polysomnography; REM, random eye movement.
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