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Abstract

Despite research indicating that sleep disorders influence reproductive health, the effects of sleep 

on reproductive hormone concentrations are poorly characterized. We prospectively followed 259 

regularly menstruating women across one to two menstrual cycles (the BioCycle Study, 2005–

2007), measuring fasting serum hormone concentrations up to eight times per cycle. Women 

provided information about daily sleep in diaries and chronotype and night/shift work on a 

baseline questionnaire. We evaluated percent differences in mean hormone concentrations, the 

magnitude of shifts in the timing and amplitude of hormone peaks, and the risk for sporadic 

anovulation associated with self-reported sleep patterns and night/shift work. We estimated 

chronotype scores—categorizing women below and above the interquartile range (IQR) as 

“morning” and “evening” chronotypes, respectively. For every hour increase in daily sleep 

duration, mean estradiol concentrations increased by 3.9% (95% confidence interval [CI] 2.0, 

5.9%) and luteal phase progesterone by 9.4% (CI 4.0, 15.2%). Receiving less than 7 hours of sleep 

per day was associated with slightly earlier rises in peak levels for several hormones. Women 

reporting night/shift work (n=77) had lower testosterone relative to women employed without 

night/shift work (percent difference: −9.9%, CI −18.4, −0.4%). Women with morning chronotypes 

(n=47) had earlier rises in estradiol during their cycles and potentially an earlier rise in luteinizing 
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hormone. Compared to those who had intermediate chronotypes, women with evening 

chronotypes (n=42) had a later luteinizing hormone peak of borderline statistical significance. A 

reduced risk for sporadic anovulation was suggested, but imprecise, for increasing hours of daily 

sleep leading up to ovulation (risk ratio 0.79, CI 0.59, 1.06), while an imprecise increased risk was 

observed for women with morning chronotypes (risk ratio 2.50, CI 0.93, 6.77). Sleep-related 

hormonal changes may not greatly alter ovarian function in healthy women, but have the potential 

to influence gynecologic health.
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Introduction

The American Academy of Sleep Medicine, the Sleep Research Society, and the National 

Sleep Foundation recommend that adults sleep at least 7 hours per night on a regular basis 

(Watson et al., 2015; Hirshkowitz et al., 2015). However, data from large surveys indicate 

that as many as a third of women in the United States report sleeping less than 6 to 7 hours 

in a typical 24 hour period (Centers for Disease Control and Prevention, 2008, 2011). In a 

recent meta-analysis, short sleep duration was associated with increased risk of mortality 

and chronic diseases (Itani et al., 2016). Scientific reviews highlight the potential for sleep 

disorders or changes in sleep duration and timing to alter aspects of reproductive health such 

as fertility (Kloss et al., 2015), but biologic mechanisms are unclear. The circadian system is 

known to influence cholesterol synthesis pathways, which precede sex steroid hormone 

production (Panda, 2016; Urlep & Rozman, 2013). The suprachiasmatic nucleus, which 

governs circadian rhythmicity, has sex steroid hormone receptors; both animal and human 

studies indicate that feedback mechanisms between circadian rhythms, these hormones, and 

gonadotropins exist (reviewed in Mong et al., 2011; Lord et al., 2014; Rossmanith, 1998). 

Furthermore, light exposure and changes in melatonin levels are thought to influence risk for 

menstrual cycle disorders; melatonin may help regulate oxidative stress within the ovary and 

melatonin receptors help control the release of gonadotropins (Barron, 2007; Reiter et al., 

2014; Reiter et al., 2009).

Among reproductive-aged women, complex feedback mechanisms regulate sex steroid 

hormone and gonadotropin levels across the menstrual cycle. As such, there have been 

studies of sleep quality across the cycle, but associations between sleep behaviors and 

hormone concentrations among reproductive-aged women are not well characterized (Lord 

et al., 2014). Studies exploring sleep patterns across the menstrual cycle tend to assess sleep 

quality in small groups of women under experimental conditions; focus on women with 

conditions such as premenstrual dysphoric disorder and polycystic ovarian syndrome; or if 

hormone concentrations are assayed, rely on only one or two measurements within a 

menstrual cycle (Lord et al., 2014; Driver & Baker, 1998; Baker & Lee, 2018; Sun et al., 

2019; Shechter et al., 2010; de Zambotti et al., 2015; Driver et al., 1996; Sharkey et al., 

2014). Additionally, few studies evaluate hormone concentrations or indicators of ovarian 

cycle functioning in the context of sleep characteristics such as chronotype. Chronotype is a 
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measure of one’s preference for the timing of sleep and activity (i.e., morningness or 

eveningness) and it is influenced by both circadian rhythms, age, and social factors 

(Roenneberg et al., 2007). Chronotype can account for not only sleep duration, but also for 

changes in the duration and timing of sleep across weekdays and weekends.

To better understand the connections between sleep and the ovarian cycle, we used data from 

a group of healthy, regularly menstruating women who were followed across two menstrual 

cycles. Women provided multiple serum samples across their cycles and completed 

questionnaires and daily diaries. This longitudinal data collection facilitated our assessing 

differences in hormone concentrations, the timing (i.e., phasing) and amplitude of hormone 

peaks across the cycle, and the risk for sporadic anovulation associated with self-reported 

sleep patterns and characteristics (daily hours of sleep, chronotype, night or shift work).

Materials and Methods

Study population

The BioCycle Study (2005–2007) is a prospective cohort of 259 women recruited from 

upstate New York (NY), U.S. These women were healthy, regularly menstruating, and aged 

18–44 years. Women were excluded if they were currently using oral contraceptives or had 

used them within the last three months; were currently using other medications or vitamins; 

if they had been pregnant in the last six months; or if they had any diagnoses of certain 

chronic conditions (e.g., menstrual and ovulation disorders, fibroids, history of cancer). 

Women should not have had gynecologic surgeries in the past year, but it is possible that a 

woman could enroll if she previously had a unilateral oophorectomy and was still regularly 

menstruating, but this information was not collected. Further details of the study design and 

exclusion criteria have been published (Wactawski-Wende et al., 2009).

Ethical approval

The University at Buffalo Health Sciences Institutional Review Board (IRB) approved study 

procedures and served as the IRB designated by the National Institutes of Health under a 

reliance agreement. All participants provided written informed consent.

Data collection

Participants were followed for one (n=9) to two (n=250) menstrual cycles. Fasting blood 

samples were collected at eight clinic visits across each menstrual cycle (up to sixteen 

samples per participant): on the second day of menstruation (1 visit), during the mid- and 

late follicular phase (2 visits), on the day of the luteinizing hormone (LH) peak (1 visit), on 

the day of predicted ovulation (1 visit), and during the early, mid, and late luteal phase (3 

visits). Visits were scheduled to occur in the morning to reduce diurnal variation. Fertility 

monitors (Clearblue Easy Fertility Monitor; Inverness Medical, Waltham, Massachusetts 

[MA]) were used to assist in the timing of mid-cycle clinic visits (Howards et al., 2009). 

Ninety-four percent of participants completed at least seven clinic visits per cycle. Most 

women participated in the study for two consecutive menstrual cycles (91%). Of the 24 

cycles [9%] that were not consecutive, the median interval between cycles was 30 days (IQR 
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27 to 45; range 19 to 143 days). Prior to hormone measurement, specimens were processed 

and frozen at −80°C within 90 minutes of blood draw.

Participants completed baseline questionnaires and provided information on demographics 

and their lifestyles and health histories. In each menstrual cycle, participants also completed 

up to four 24-hour dietary recalls; from this, we estimated average daily caloric intake and 

caffeine intake, as well as the percent of the diet attributable to macronutrients (i.e., fat, 

protein, carbohydrates) and alcohol, for each “phase” within each ovarian cycle (follicular, 

ovulatory, or luteal). Dietary questionnaire data were analyzed with the Nutrition Data 

System for Research software (version 2005) developed by the Nutrition Coordinating 

Center of the University of Minnesota (Minneapolis, Minnesota). Participants completed 

daily diaries, which included questions on daily sleep duration (defined below) and cigarette 

smoking (defined as any cigarette use in the two days prior to each clinic visit compared to 

none). Study personnel used calibrated scales and standardized procedures to measure 

weight and height (for calculating body mass index [BMI]).

Assessment of sleep habits

Our exposures of interest were daily sleep duration, night or shift work, and chronotype. To 

estimate daily sleep duration, we used information from diaries. Each day, participants 

reported their total hours of sleep from the 24 hours prior, including nightly sleep and naps, 

but they did not report the timing of their sleep. To create a measure of sleep duration around 

the time of hormone measurement, average daily sleep duration was defined as the average 

hours of sleep on the day of and the day before the clinic visits (a continuous variable that 

varied across each menstrual cycle for each woman). The median hours of sleep per day 

calculated from all of these two-day averages (all women, all clinic visits) was 7 hours 

(interquartile range: 6.3, 8.0). Accordingly, we created a dichotomous variable reflecting 

whether the average daily sleep at each clinic visit was <7 hours or ≥7 hours (reference). 

Missingness of the diary-based sleep information was generally low (<15 women per visit), 

but n=19 and n=27 women did not provide diary-based information on the last late luteal 

phase visit in cycle 1 and 2, respectively.

At baseline, participants were asked if they were currently employed and if they worked 

nights or rotating shifts. From this, we created a categorical variable: unemployed, employed 

without night or shift work (reference), and employed with night or shift work. Thirty-five 

women were missing employment information.

Since timing of sleep (i.e., time of sleep onset and waking) was unavailable in the diaries 

and daily sleep duration included naps, we did not use diary information to estimate 

chronotype. On the baseline questionnaire, participants reported their usual bedtimes, the 

amount of time they typically take to fall asleep, and the usual time they get up in the 

mornings on both weekdays and free days. Using this information, we estimated sleep 

midpoints across the week and generated chronotype scores as described by Roenneberg and 

colleagues: a measure of an individual’s natural midpoint of sleep on free days with 

correction for their sleep debt accumulated during the work week (i.e., a lack of sleep on 

work nights) (Roenneberg et al., 2004; Roenneberg & Merrow, 2007). To contrast women 

with scores indicating a strong “morningness” preference and women with a preference for 
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“eveningness” to those without a clear preference for either, we categorized chronotype 

using the interquartile range of these scores. Women with scores of 2.0 to <3.5 were grouped 

as “morning” chronotypes and women with scores >6.0 had “evening” chronotypes. For 

brevity, we refer to women with chronotype scores within the interquartile range as having 

“intermediate” chronotypes (including the 25th and 75th percentiles). Fourteen women were 

missing chronotype information. Unlike daily sleep, each participant was assigned one 

chronotype and night/shift work status; these exposures were fixed for all time points/clinic 

visits and did not vary across the menstrual cycle.

Reproductive hormone measurement

Total estradiol, follicle stimulating hormone (FSH), LH, and progesterone were measured 

from fasting serum at the Kaleida Health Center for Laboratory Medicine using solid-phase 

competitive chemiluminescent enzymatic immunoassays (Specialty Laboratories Inc., 

Valencia, California) on a DPC Immulite 2000 analyzer (Siemens Medical Solutions 

Diagnostics, Deerfield, Illinois). Total testosterone was measured in frozen stored samples 

by liquid chromatography/tandem mass spectrometry employing a Shimadzu Prominence 

Liquid Chromatograph (Shimadzu Scientific Instruments, Inc., Columbia, Maryland) with 

an ABSceix 5500 tandem mass spectrometer (AB SCIEX, Framingham, Massachusetts) at 

the University of Minnesota. Increased sensitivity was obtained by using Mobile Phase B 

(100% acetonitrile) with a low standard of 4 ng/dL added to the standard curve. The 

coefficients of variation for these tests reported by the laboratories were <10% for estradiol, 

<5% for LH and FSH, <14% for progesterone, and <7% for total testosterone. The number 

of measurements missing ranged from 4–5% for all the hormones.

For our analyses on anovulation, cycles with progesterone concentrations ≤5 ng/mL and no 

observed serum LH peak in the mid or late luteal phase samples (in the event that timing of 

progesterone measurements was too early) were considered anovulatory (n=42) (Lynch et 

al., 2014).

Statistical analyses

Descriptive statistics for our population are presented in Table 1. To visualize overall sleep 

patterns across the menstrual cycle, we used linear mixed models to estimate unadjusted 

population least-square means for the average daily sleep durations at each clinic visit (using 

data from both cycles) (Supplemental Figure 1).

Models for hormone differences associated with sleep

We ran linear mixed models with random intercepts (‘proc mixed’ modeling in SAS) and 

inverse probability weighting to model the percent difference in mean hormone 

concentrations associated with each sleep exposure (daily hours of sleep, night/shift work, 

chronotype). Hormones were log-transformed to achieve normality and effect estimates were 

back-transformed and interpreted as percent difference. These longitudinal models used data 

from each clinic visit across both cycles and accounted for repeated observations (up to eight 

clinic visits per menstrual cycle and up to two cycles per woman). For progesterone, we 

limited the models to those observations from the luteal phase in each of the cycles, as we 

expected low concentrations and little variation in the follicular phase. Similarly, models for 
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LH and FSH were limited to the observations around expected ovulation—those 

corresponding to the late follicular phase, LH peak, and predicted ovulation. For FSH, we 

also report estimates including all visits, as FSH concentrations slightly increase at the end 

of the luteal phase.

In these analyses, we treat sleep characteristics as our exposures. However, hormone 

concentrations on a given clinic visit potentially affect sleep behaviors at the next visit as 

well (i.e., both confounding and mediating relationships exist). We accounted for this time-

varying confounding between daily sleep and hormones across the menstrual cycle by 

generating inverse probability weights for each clinic visit in each cycle. These weights 

incorporated information on hormone levels and in the models for sleep duration, 

information on sleep duration from the prior clinic visits (Cole & Hernan, 2008; Moodie & 

Stephens, 2011). All hormones except testosterone were included in the weights, which 

would not be expected to greatly influence hormonal feedback for other hormones. The 

weights also accounted for other confounders that do not vary across the menstrual cycle 

(see below). The inverse probability weights for the night/shift work and chronotype models 

also control for the cyclic variation in hormones across the cycle, but not sleep duration. 

Chronotype and night/shift work status were established at baseline, before our 

measurement of daily sleep during the cycles; therefore, we did not adjust for a potential 

causal mechanism through which these exposures may influence hormone levels.

Selection of confounders for the weighted models

Potential confounders were selected a priori from the literature and with the use of causal 

diagrams. Similar to the complicated relationship between sleep and hormone levels, we 

recognize that 1) dietary intake can influence both daily sleep and hormone levels and 2) 

daily sleep can also influence one’s diet (e.g., caffeine or carbohydrate consumption) (St-

Onge et al., 2016; Peuhkuri et al., 2012; Dashti et al., 2015). Therefore, in the inverse 

probability weighted models for daily sleep, the weights controlled for time-varying 

confounding by both changing hormone levels and changing diet—which we allowed to 

vary by “phase” in each cycle (follicular, ovulatory, luteal). We also used the weights to 

control for the season of each menstrual cycle. Though an understudied topic in humans, 

studies from Norway and Russia note seasonal variation in sex steroid hormone and 

gonadotropin levels among reproductive aged women (Bjornerem et al., 2006; Kauppila et 

al., 1987; Danilenko et al., 2011). This may be due to changes in light exposure and 

corresponding changes in melatonin or vitamin D availability, both of which play a role in 

ovarian functioning (Barron, 2007; Irani & Merhi, 2014). We assigned a season to each 

menstrual cycle based on the date of the LH surge (December-February=winter, March-

May=spring, June-August=summer, September-November=fall). Most of the cycles were in 

the same or similar seasons (e.g., end of spring, then beginning of summer); only 22 women 

had cycles in different seasons.

The weighted models for daily sleep duration were adjusted for age, race, BMI, chronotype, 

night/shift work status, average hours of sleep per day from the prior clinic visit, hormone 

levels at the prior clinic visit (estradiol, progesterone, FSH, and LH), average daily caloric 

intake, average daily caffeine intake, cigarette use, season, and the percent of energy intake 
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attributable to alcohol, fat, protein, and carbohydrates. Weighted models for night/shift work 

status and chronotype were adjusted for: age, race, BMI, chronotype (night/shift work 

models), night/shift work status (chronotype models), season, and hormone levels from the 

prior clinic visits. We chose not to adjust for factors such as diet in models for these sleep 

characteristics because night/shift work and chronotype were established at baseline, before 

we assessed diet during each of the menstrual cycles. Diet may be a mechanism through 

which night/shift work or chronotype affect hormone metabolism—several groups note that 

chronotype is associated with dietary habits (Lucassen et al., 2013; Maukonen et al., 2016, 

Sato-Mito et al., 2011).

Models to assess shifts in hormone peaks across the cycle

To further assess associations between sleep characteristics and hormonal patterns, we also 

estimated non-linear mixed models with harmonic terms. This unique modeling approach 

takes into account between- and/or within-subject variation and allows for estimation of 

mean concentrations over the entire menstrual cycle (similar to the linear mixed model 

approach described above, but data from all clinic visits were used for all hormones), as well 

as the estimation of amplitude (i.e., difference between nadir and peak concentrations) and 

timing of hormone peaks/phase shifts (Albert & Hunsberger, 2005). Given that the 

magnitude and timing of hormone peaks are relevant for understanding menstrual cycle 

fluctuations, these models offer important insight into potential associations between sleep 

and hormonal patterns. In these models, the cycle timescale was centered on ovulation and 

scaled to the observed cycle length (i.e., first cycle day=0, last cycle day=1, and predicted 

ovulation day=0.5). The use of cycle time centered on ovulation accommodates variability in 

follicular and luteal phase lengths across the cycles and allows for appropriate cycle phase 

comparisons of hormone concentrations and peaks. Our covariate adjustment for these 

models was similar to that used for the linear mixed modeling, though these models do not 

use weighting to adjust for cycle phase.

Models for estimating risk of sporadic anovulation

We used modified Poisson regression with robust errors to obtain risk ratios (RR) and 95% 

confidence intervals (CI) for the risk of sporadic anovulation associated with our sleep 

exposures. These models accounted for multiple cycles per woman (up to two) and use 

longitudinal modeling, but not inverse probability weighting. For daily sleep, we used the 

average daily sleep leading up to the predicted LH surge as the exposure in each menstrual 

cycle. These models were similarly adjusted for age, race, BMI, night/shift work status, 

chronotype, season; and from the LH surge in each cycle, average daily caloric intake, 

average daily caffeine intake, cigarette use, and the percent of energy intake attributable to 

alcohol, fat, protein, and carbohydrates. Models for night/shift work status and chronotype 

were adjusted for age, race, BMI, chronotype (night/shift work models), night/shift work 

status (chronotype models), and season. We did not adjust for hormone concentrations in 

any of the sporadic anovulation models because they are used to define the anovulation 

outcome in each cycle. All statistical analyses were performed using SAS 9.4 (SAS Institute 

Inc., Cary, North Carolina).
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Results

Daily sleep duration

Women reported shorter daily sleep durations at ovulation and their longest sleep durations 

in the mid-luteal phase (Supplemental Figure S1); the difference between these two time 

points reached statistical significance, while other comparisons across the cycle did not 

(Bonferroni corrected, p=0.02). The least-square means ranged from 6.9 to 7.1 hours of 

daily sleep across the cycle.

We noted increases in both estradiol and luteal phase progesterone as average hours of daily 

sleep increased (Table 2). For every hour increase, we noted mean estradiol levels increased 

by 3.9% (CI 2.0, 5.9%) and mean luteal progesterone levels increased by 9.4% (CI 4.0, 

15.2%). Correspondingly, reductions in mean estradiol (−7.0% CI −11.3, −2.5%) and luteal 

phase progesterone (−9.5% CI −20.2, 2.6%) were indicated for women reporting <7 hours 

sleep per day leading up to the clinic visits, but null changes could not be ruled out for the 

latter. Potential differences in FSH associated with sleep duration were indicated, but not 

precise. In our harmonic models (Supplemental Materials: Table S1, Figures S2–S4), women 

reporting <7 hours of daily sleep did have slightly lower mean estradiol levels. These women 

also had lower LH levels across the cycle—which was not detected in the weighted mixed 

models that limited observations to those around ovulation. Reporting average daily sleep of 

<7 hours was associated with earlier phase shifts (i.e., peaks) for LH, FSH, and 

progesterone, and we noted an earlier phase shift of borderline statistical significance for 

estradiol. A decreased risk for sporadic anovulation was suggested with increasing hours of 

daily sleep leading up to the LH surge, but did not reach statistical significance (RR 0.79, CI 

0.59, 1.06). Sleeping <7 hours per day around the LH surge, did not translate into an 

increased risk for sporadic anovulation (Table 3).

Night/Shift work

Women reporting employment with night/shift work (n=77) or unemployment (n=44) had 

significantly lower mean concentrations of testosterone relative to women who were 

employed without night/shift work (night/shift work percent difference: −9.9%, CI −18.4, 

−0.4%; unemployed percent difference: −12.0%, 95% CI −21.4, −1.4%; Table 2). In our 

harmonic models (Table S2; Figures S5–S6), we observed lower mean testosterone levels 

across the cycle for unemployed women; lower levels were suggested, but imprecise, for 

those employed with night/shift work. Women reporting night/shift work had higher mean 

LH concentrations across the entire menstrual cycle in the harmonic models. Employment 

type was not associated with sporadic anovulation (Table 3).

Chronotype

We did not identify differences in mean hormone concentrations associated with chronotype 

in the weighted linear mixed models (Table 2). However, in the harmonic models (Table S3; 

Figures S7–S9), we noted an earlier phase shift in estradiol and a suggested, but not 

statistically significant, earlier rise in LH for women with morning chronotypes. Among 

women with evening chronotypes, a lower peak amplitude for progesterone and later rise in 

LH was suggested. Women reporting evening chronotypes did not have increased risk for 
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sporadic anovulation compared to those with an intermediate chronotype, but an increased 

risk for those with morning chronotypes was suggested (RR 2.50, CI 0.93, 6.77) (Table 3).

Discussion

Among our study population of regularly menstruating women, we observed that sleep 

patterns changed over the menstrual cycle—with the shortest sleep durations reported 

around ovulation. We were able to evaluate multiple sleep exposures in the same study and 

interestingly, each sleep characteristic was associated with unique differences in hormone 

levels. Estradiol and progesterone were altered with sleep duration, but not with exposures 

strongly associated with sleep timing: night/shift work and chronotype. All sleep 

characteristics that we evaluated were associated with only small shifts in the timing of 

events during the menstrual cycle (i.e., hormone peaks). None of these hormonal changes 

translated into clear differences in risk for sporadic anovulation. These results suggest that 

sleep characteristics among a group of healthy, reproductive-aged women may not greatly 

impact ovarian function, but they do have the potential to influence health through sex 

steroid hormone and gonadotropin metabolism. Sleep duration and associated behaviors 

(e.g., diet and eating times) can also alter risk for reproductive health problems through 

other aspects of lipid and energy metabolism (Kloss et al., 2015; Panda, 2016, Urlep & 

Rozman, 2013).

The differences in the timing of hormone peaks across the menstrual cycle that we noted 

with some sleep characteristics were often only shifts in fractions of a day. Therefore, these 

shifts may not have great clinical implications. However, in population-based studies—

especially those with few hormone measurements—one can easily understand how these 

shifts could lead to erroneous conclusions about differences in hormone concentrations 

between groups with varying sleep habits. We also show “suggested” hormone shifts for 

some sleep exposures (our supplemental figures). Although effect estimates may not have 

reached statistical significance when comparing to reference groups, we observed larger and 

potentially biologically meaningful shifts when visualizing the hormone patterns for all 

levels of a sleep exposure together. For example: the LH peaks appear to differ by a day 

when contrasting the morning and evening chronotype groups with each other, rather than 

with the intermediate chronotype group.

Our unique longitudinal data and modeling approaches make it difficult to compare findings 

with prior studies. We believe Touzet and colleagues conducted the only other study that 

used linear mixed modeling and data from multiple hormone assessments across menstrual 

cycles, though they measured different hormones in urine. They noted a positive correlation 

between FSH and sleep duration (Touzet et al., 2002). The changes in estradiol and 

progesterone that we found with sleep duration correspond with women reporting less sleep 

around ovulation, when concentrations of these hormones are lowest.

Night/shift work is associated with exposure to light at night and circadian misalignment of 

sleep/wake and dietary/metabolic rhythms. Physiologically, shift work has been linked to 

alterations in DNA methylation (Bhatti et al., 2015; Zhu et al., 2011), but circadian 

disruption may impact glucose metabolism, inflammation, and oxidative stress—all of 
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which play a role in the ovarian cycle (Kecklund & Axelsson, 2016). We know the circadian 

clock is important in pregnancy and parturition (reviewed in Gamble et al., 2013), but the 

relationships between night/shift work and reproductive hormone levels are uncertain. 

Researchers for the Nurses’ Health Study identified lower geometric mean levels of estradiol 

among premenopausal women who never worked night shifts, compared to women who 

worked 15 or more years of night shifts (Schernhammer et al., 2004). These researchers did 

not see differences in testosterone concentrations, but the androgen precursor 

dehydroepiandrosterone (DHEA), DHEA-sulfate, and androstenedione (which can be 

converted to/from testosterone) were lower among those who worked night shifts 

(Schernhammer et al., 2004). Two other studies reported higher estradiol concentrations 

among shift workers (Bracci et al., 2014; Gomez-Acebo et al., 2015). In our analyses, 

reproductive-aged women who were unemployed and those working nights/shifts had lower 

concentrations of testosterone. The women who were unemployed likely represent a 

heterogeneous or unique group—such as students. We also saw that night/shift work was 

associated with higher LH levels across the cycle. A Seattle based study found higher FSH 

and LH levels in the luteal phase among shift workers (Davis et al., 2012).

Few studies explore chronotype and reproduction, but there is increasing interest in this 

measure because it accounts for how long a person sleeps and when they sleep. “Evening” 

types tend to go to bed later on weekdays and sleep longer on weekends relative to those 

with intermediate or early chronotypes (Roenneberg et al., 2007). Chronotype is affected by 

both genetic and social factors (e.g., work schedules) and is associated with smoking, diet, 

and obesity—all of which influence reproductive function (Wittmann et al., 2006; Lucassen 

et al., 2013; Maukonen et al., 2016; Sato-Mito et al., 2011). Bracci and colleagues report a 

positive correlation between chronotype (i.e., increasing eveningness) and estradiol 

concentrations, though women in this study were older than those enrolled in the BioCycle 

Study and the researchers measured estradiol once during the follicular phase (Bracci et al., 

2014).

To our knowledge, ours is the first study to assess changes in hormone concentrations across 

the menstrual cycle by chronotype. We were able to calculate this metric with information 

reported by participants at baseline, but we could not use our questionnaire data to 

differentiate between waking and rising in the mornings, nor did we have a validated sleep 

questionnaire designed to assess chronotype. We also did not have information about night 

and shift work occurring during each menstrual cycle and we may be underestimating the 

effect that this exposure has on hormone levels. However, a strength of our study is the 

prospective assessment of multiple measures of sleep behavior in the same population. Our 

daily sleep estimates were based on diary information recalled by participants during the 

menstrual cycle, which potentially reduces measurement error when compared to a single 

report of typical sleep.

The variability in both sleep and hormone levels across the menstrual cycle indicates that our 

use of repeated measurements and longitudinal modeling is warranted. Uniquely, we 

incorporated harmonic modeling that allowed us to evaluate hormone peak amplitudes and 

phase shifts across the cycles. Examination of too few time points and not controlling for 

variability in hormone levels could lead to incorrect conclusions about relative 
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concentrations of hormones between women with and without certain sleep behaviors. 

While we adjusted for hormone levels and sleep duration to control for variability by phase, 

we are not able to rule out reverse causality. There is potential for sleep duration to alter 

reproductive hormone levels and these hormones may also influence sleep duration. For 

example, sleep disruption and insomnia are commonly reported during the menopausal 

transition, which in part, is attributable to the cessation of estrogen production (Monteleone 

et al., 2018).

Ultimately, to better understand the short- and long-term effects of sleep duration on 

reproductive hormone metabolism, our findings should be replicated in other populations of 

healthy women with detailed occupational and sleep information, as well as within groups of 

women at greater risk for anovulation and infertility (e.g., among women with higher BMIs 

or disorders such as polycystic ovarian syndrome). The BioCycle Study selection criteria led 

to the exclusion of women with these characteristics.

In our study, sleep characteristics among healthy, reproductive-aged women did not greatly 

alter ovarian function. However, we demonstrated a potential for sleep characteristics to 

influence reproductive hormone concentrations and the timing of hormone peaks. While 

none of the hormonal changes we observed clearly translated into increased risk for sporadic 

anovulation, the suggested associations with sleep duration and morning chronotype merit 

further investigation. The long-term influence of chronotype and night/shift work also need 

evaluation due to the increasing evidence that these exposures influence obesity and 

behavioral factors that are associated with infertility and increased risks for many chronic 

diseases.
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Table 1.

Characteristics of the BioCycle Study participants (2005–2007)

n %

Age (years)

Median [IQR] 24 [20–35]

Race

White 154 59.5

Black 51 19.7

Other 54 20.9

Body Mass Index (kg/m2)

Median [IQR] 23 [21–26]

Cigarette use around the LH surge
a

Yes 14 5.5

Mean daily caffeine intake around the LH surge (milligrams)
a

Median [IQR] 43 [1–143]

Percent of energy intake around the LH surge attributable to
a,b

:

 Alcohol

 Median [IQR]
b 0

 Fat

 Median [IQR] 34 [26–41]

 Protein

 Median [IQR] 15 [12–18]

 Carbohydrates

 Median [IQR] 50 [42–60]

Mean daily energy intake around the LH surge (kcal)
a

Median [IQR] 1515 [1245–1950]

Menses length, days
a

Median [IQR] 5 [4–6]

Season around the LH surge
a

Winter 67 25.9

Spring 72 27.8

Summer 70 27.0

Fall 50 19.3

Average hours of sleep per day around the LH surge

Median [IQR] 7.0 [6.3–7.8]

Women sleeping <7 hours per day at the LH surge 
a 116 45.7

Employment and night/shift work status

Employed, No night/shift work 103 46.0

Unemployed 44 19.6

Employed, Yes night/shift work 77 34.4
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n %

Chronotype Scores, continuous

Median [IQR] 4.5 [3.5–6.0]

Categorized chronotype

Morning (score range 2.0 to <3.5) 47 19.2

Intermediate (≤3.6 to ≤6.0) 156 63.7

Evening (>6.0 to 23.0) 42 17.1

n=number, p=p-value, IQR=interquartile range, (kg/m2)=kilograms per meter squared, LH=luteinizing hormone, kcal=kilocalorie

The percentages in the tables reflect the proportion of women not missing information on a given characteristic. The number of women missing 
information: cigarette use around the LH surge, cycle 1 (n=5); daily caffeine intake around the LH surge, cycle 1 (n=7); percent of energy intake 
around the LH surge, cycle 1 (n=7 each for alcohol, fat, protein, and carbohydrates); daily caloric intake around the LH surge, cycle 1 (n=7); 
menses length in cycle 1 (n=5); night/shift work (n=35); chronotype (n=14); average daily sleep around the LH surge, cycle 1 (n=5).

a
From the first menstrual cycle followed for each woman

b
The IQR for percent of diet attributable to alcohol was zero.
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Table 3.

Risk of sporadic anovulation associated with sleep characteristics in the BioCycle Study (2005–2007)

Risk of Anovulation

RR 95% CI

Average daily sleep duration (in hours) at the LH surge 
a

Continuous number of hours (increasing) 0.79 0.59, 1.06

<7 hours compared to ≥7 hours 1.63 0.84, 3.16

Employment and night/shift work status
b

Employed, No shift/night work reference

Unemployed 0.65 0.24, 1.73

Employed, Yes shift/night work 0.70 0.32, 1.56

Chronotype
b

Morning 2.50 0.93, 6.77

Intermediate reference

Evening 1.20 0.50, 2.86

RR=risk ratio, CI=confidence interval.

These modified Poisson regression models take repeated observations into account: up to two menstrual cycles per woman.

a
Average hours of sleep per day is taken from the total amount of sleep on the day of and day before the clinic visit around the LH surge, as 

reported in daily diaries. In the first model, average sleep per day is treated continuously; in the second model, those who reported <7 hours per day 
are compared to those reporting at least 7 hours per day (reference). Models are adjusted for: age, race, BMI, chronotype, night/shift work status, 
season; and at the time of the LH surge in each cycle, average daily caloric intake, average daily caffeine intake, cigarette use, and percent of 
energy intake attributable to alcohol, fat, protein, and carbohydrates.

b
Adjusted for age, race, body mass index (BMI), chronotype (night/shift work model), night/shift work status (chronotype model), and season.
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