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Abstract
Background:
Biological rhythms, the innate cycle of changes in the body's physiological functions, are circadian if they have a 24-hour period.  It is known that sleep is a key feature of human circadian rhythm but the relationship between sleep and female fertility is largely unknown.  This paucity of research is surprising given that circadian rhythms are paramount to human physiology and sleep is related to major female reproductive events.  This study was designed to investigate whether there is a difference between the sleep and activity parameters of women suffering poor reproductive outcome compared with healthy, fertile parous women (comparator group) using subjective (questionnaires) and objective measures (actigraphy and light exposure).
Materials and methods: 
A prospective cohort study in a tertiary IVF referral centre, UK.  This composed of three study groups; women diagnosed with Recurrent Implantation Failure (RIF), women with Recurrent Miscarriage (RM) and a comparison group (fertile women without endometrial pathology).  Comparison women were selected gynaecology patients without endometrial disease (i.e. perineal complaints or altruistic egg donors).  Primary outcome was differences in objective length of sleep in each of the participant groups using actigraphy.  Secondary outcomes were subjective sleep quality and quantity, using participant questionnaires, light exposure and the feasibility of machine learning in activity-pattern interpretation. 
Results: 
RIF patients slept daily on average for 7 hours 35 ±57 min, 53 minutes less than the comparison group (p=0.03), although quality of their objective sleep, and quantity of their subjective sleep, were not significantly different.  Women with RM slept less that the comparison women (36 minutes less/night) but more than women with RIF (17 minutes more/night).  No difference in light exposure was found between RM nor RIF and the comparison group. 
Conclusions:
This study demonstrates an objective observation of sleep time reduction in women with subfertility, although it is not yet clear if this association is casual. Given our increased understanding of the internal body clock and circadian rhythm on fertility, our observation warrants further investigation.
Keywords: Infertility, Assisted reproduction, Early Pregnancy Complications, Reproductive Endocrinology, Women’s Health Issues

Abbreviations:
IVF: In vitro fertilisation
RIF: Recurrent implantation failure
RM: Recurrent miscarriage
ESS: Epworth sleepiness scale 
PSQI: The Pittsburgh Sleep Quality Index
Key message:
This prospective cohort study uses questionnaires and actigraphy to investigate sleep in women suffering recurrent miscarriage and implantation failure.  We demonstrate reduced sleep in women with subfertility.   Further work is needed to aid our understanding of the impact of sleep on fertility.


Introduction
It is known that sleep is a key feature of human circadian rhythm but the relationship between sleep and fertility is largely unknown.  Biological rhythms, the innate cycle of changes in the body's physiological functions, are circadian if they have a persistent 24-hour period.  This paucity of research is surprising given that circadian rhythms are paramount to human physiology and sleep is related to some major female reproductive events 1,2.  The menstrual cycle regulates normal sleep 3, menopause causes sleeplessness 4 and sleep deficit is linked with gynaecological cancers 5.
Disrupted sleep is known to alter circadian rhythm in hormones  6 and  we have previously shown that women exposed to shift work, a proxy marker for disrupted sleep, have poor reproductive outcomes 7.  Indirectly, anxiety and stress, which are associated with the burden of disease may also impact on sleep and circadian rhythm 8.  
Other factors that can influence sleep include environmental changes, including night exposure to artificial lighting and digital screens.  Disrupted sleep can alter the expression of circadian clock genes such as Clock, Bmal1, Cry, Per which regulate timings of daily cellular activities 6, where alteration in the circadian clock in turn leads to poor sleep, and disrupted molecular clock genotype 9. Importantly, polymorphisms of clock genes are present in the peripheral blood of women with recurrent pregnancy losses 10. Objective (actigraphy and light exposure) and subjective (questionnaires) measures of sleep in women with mixed causes of subfertility undergoing in vitro fertilisation (IVF) has previously shown that there is a trend towards an association between length of sleep and number of oocytes retrieved 11.  However, total sleep time and the quality of sleep is likely to be influenced by medical process, and has not been compared outside a treatment setting, nor compared to a comparison group of fertile women.
We hypothesise that women with poor reproductive outcomes will subjectively and objectively have shorter sleep duration and poorer sleep quality. Given the highly plausible biological hypothesis that links sleep disturbance with adverse reproductive outcomes 7, we propose to compare the sleep time, sleep quality and activity patterns in women with RIF and RM, relative to a fertile comparison group by way of subjective questionnaires and objective data from actigraphy.  Additionally, we intend to assess the feasibility of using machine learning methods to differentiate women with pathology from those without.
[bookmark: _Ref282726010][bookmark: _Toc500073993]
[bookmark: _Toc488684010][bookmark: _Toc499768845][bookmark: _Toc503952186]Materials and Methods
[bookmark: _Toc488684011][bookmark: _Toc499768846][bookmark: _Toc503952187]Patient selection
[bookmark: _Ref283047799][bookmark: _Toc488684012]Women attending gynaecology outpatient clinics at a tertiary university hospital in the UK were invited to participate in this prospective cohort study.  Female patients aged between 18–45 years were recruited into three separate study groups.  These women had a diagnosis at the time of inclusion to the study of either: 
1. Recurrent Implantation Failure (RIF; the absence of pregnancy after transfer of >3 good quality embryos and over two or more IVF cycles).  
2. Recurrent Miscarriage (RM; >3 unexplained pregnancy losses <24 completed weeks of pregnancy) 

[bookmark: _Toc499768847][bookmark: _Toc503952188]None of the women were undergoing fertility treatment at the time of the study.  The comparison group was randomly selected gynaecology outpatients.  These included women with perineal complaints (dyspareunia), continence problems (excluding nocturia) or altruistic egg donors.  They were all asked about their medical history and were selected from hospital patients to satisfy the requirements of the Ethics Committee (as opposed to non-patients).  These women were fertile (all had to be parous, having had at least one child conceived without difficulty, i.e. without assisted reproductive treatment and within a year of trying), and without known endometrial pathology (from their medical history).  Pregnant women were excluded from the study, as were women who had taken drugs which could have interfered with their reproductive cycles within the last three months.  Any participants with psychiatric disorders were also excluded.  Baseline demographic information was recorded for all women (age, ethnicity, parity, smoking status).  The participant numbers are shown in Figure 1. 
RM is defined as at least three ultrasound confirmed pregnancies resulting in pregnancy loss before 24 completed weeks (the standard definition of miscarriage in the UK).  In practice, all these women had experienced their miscarriages before 16 completed weeks.  They also had a normal ultrasound of their uterus and normal parental karyotype. 
Assessing sleep quality
All participants were asked to complete a validated sleep questionnaire and a daytime sleepiness scale at the time of recruitment.  Sleep quality was determined using the Pittsburgh Sleep Quality Index (PSQI) questionnaire and daytime sleepiness was assessed using the Epworth Sleepiness Scale (ESS) questionnaire.  These one-off measurements were administered by the research team and completed by the patient on paper at home on the same day as recruitment and then returned in person or post.  All data was blinded until the point of interpretation (data inputted on to electronic database and checked by two independent verifiers).  Basic demographic data and information on sleep patterns were also collected on the sleep questionnaire.
The Pittsburgh Sleep Quality Index (PSQI)
This self-reported, validated questionnaire 14 assessed sleep quality and disturbances for over a one-month period.  It consists of 19 questions with seven component scores: subjective sleep quality, sleep latency (time to fall asleep), sleep duration, sleep efficiency (length of time you spend in bed versus actually sleeping), sleep disturbances, use of sleeping medication and daytime dysfunction.  Each component score is rated from zero, indicating no difficulty, to three, indicating severe difficulty, and is aggregated to a global score with a maximum difficulty score of 21.  A score above five indicates poor sleep quality.  
Epworth sleepiness scale (ESS)
The ESS measures a subject's usual level of daytime sleepiness 15.  It asks the study patient to rate their sleep propensity in eight different situations.  The score reflects average sleep propensity (ASP), a measurement of a person's general level of daytime sleepiness.  The reference range of ‘normal’ ESS scores is zero to 10 (as the range defined by the 2.5 and 97.5 percentiles).  The scores may be subdivided as follows: 0-5 Lower Normal Daytime Sleepiness, 6-10 Higher Normal Daytime Sleepiness, 11-12 Mild Excessive Daytime Sleepiness, 13-15 Moderate Excessive Daytime Sleepiness, 16-24 Severe Excessive Daytime Sleepiness.  A score of between 9 and 16 suggests inadequate sleep.
Objective monitoring of sleep–wake patterns
[bookmark: _Toc488684013]The sleep–wake patterns in a randomly selected (using a blinded paper ‘in a hat’ method) subgroup of women from the three cohorts (RM n=23, RIF n=11, comparison women n=14) were monitored using a wrist-worn Actiwatch device (Phillips Healthcare, Respironics, The Netherlands) for seven consecutive days and nights.  This was commenced on the day after recruitment.  Actiwatches are small, actigraphy-based data loggers that record a digitally integrated measure of gross motor activity.  Accelerometers measure an acceleration, and individual samples are summed over the epoch period. Each data sample is then passed through a band limiting filter intended to remove non-humanlike motion. Activity that caused the acceleration signal to exceed the threshold is ‘counted’ as activity; anything below this threshold ignored. At the end of the measurement period, the number of activity ‘counts’ would be recorded (unit is counts/minute).  The device also records white light exposure (lux) and activity levels (counts/minute) and provides a reliable indicator of sleep–wake state in healthy populations 16.  Exposure of the participants to white light was used as white and blue light exposure has been reported to be a key determinant of the sleep–wake cycles and melatonin release 17,18, and all white light contains some blue light.  For the purposes of this study, the primary outcome measure was total sleep time (minutes) and several key sleep and activity variables were also calculated using sleep analysis software (Phillips Healthcare, Respironics, The Netherlands).  The flow of patients though the study can be seen in Figure 1.
Power calculation 
Power calculation was based on the primary outcomes (length of time asleep between women with RM, RIF and comparison women, or total sleep questionnaire score) 19.  For the Actiwatch data, an a priori sample size of 9 per group was calculated based on an average sleep time for a UK adult (taken from estimates based on the National Sleep Council UK 2013 data 20 of 395 minutes (± 15 minutes).  We therefore considered a mean of group 1 (comparison groups) to be 395 minutes with a difference of group 2 (RIF or RM) to be >20 minutes change in average sleep time (with 5% significance and 90% power).
[bookmark: _Toc499768848][bookmark: _Toc503952189]For both the questionnaires, the original scoring system was tested on normal subjects and this data was used in power calculations 19.  A PSQI mean score of 2.67±1.7 was used and we powered the study to detect a difference in scores between cases and comparison women (1:1) of 2.08 (that is just below the threshold that would take the women into the poor sleep quality).  This resulted in n=14.  Similarly, an ESS of 5.9±2.2 was used and again we powered the study to detect a difference of 2.85.  This resulted in n=13, both with 5% significance and 90% power.  The power calculation was verified by an independent medical statistician who repeated the power calculation using Stata (version 14.1). 
Statistical analyses
Data handling was performed using PRISM Version 6.0a (GraphPad Software, Inc. USA) and SPSS Version 21 (IBM, United Kingdom).  Group differences of categorical variables were evaluated using the Chi-squared test and continuous data with independent samples t-test.  Multiple logistic regression analysis was used to evaluate the potential impact of demographic characteristics.  Statistical significance was set at P<0.05.  Data values are represented as mean ± standard deviation (SD) or percentage (%). 
Statistics were applied to the averages of 7 days of continuous Actiwatch data obtained to compare the groups and elicit differences in activity pattern and light exposure.  
[bookmark: _Toc499768849][bookmark: _Toc503952190]Ethical approval
[bookmark: _Toc499768850][bookmark: _Toc503952191]All patients gave informed written consent prior to taking part in this study and ethical approval was granted by the local ethics committee, Regional Ethics Committee number 12/SC/0568 and Registered with the Research and Development Department at Princess Anne Hospital, Southampton, UK.

Results
Eighty-eight participants (the complete cohort) were recruited and completed the Epworth Sleepiness Scale (ESS) questionnaire and the Pittsburgh Sleep Quality Index (PQSI) questionnaire (RIF n=21, RM n=33, comparison group n=34).  Most women were white British (n=74, 84%), six were white European (7%), seven were Asian (8%) and one woman was African (1%).  The average age of these women was 35 years (range 20-48) and they had an average body mass index of 27 (19-40).  There was no difference in the patient characteristics between groups. A multiple regression was run to predict total sleep time, ESS and PSQI total score from ethnicity, age and BMI and none of these variables were predictive (all three variables did not add statistically significantly to the prediction, p >0 .05), and so adjusting for these confounders was not performed (Table 1).
Forty-eight women wore an Actiwatch and 41 of these women completed a contemporaneous week-long sleep diary (non-compliance rate 14.6%) (RIF n=9, RM n=19, comparison women n=13).  Four women failed to answer all the questions in the PSQI and therefore their final PSQI scores (which relies on all components being summated) were excluded from this analysis only.
[bookmark: _Toc499768852][bookmark: _Toc503952193]The women with RIF sleep for less time than the comparison group
Of the 48 women who wore an Actiwatch, 23 (47.9%) suffered RM, 11 (22.9%) RIF and there were 14 (29.2%) comparison women.  The results of sleep actigraphy is shown in Table 2 and presented as:
1. Sleep duration (minutes): time from sleep onset to waking (discounting any waking episodes) 
2. Activity count (accelerometer counts per minute)
3. Sleep efficiency (% of total sleep time): % time from sleep onset to sleep offset that is recorded as sleep.
4. Rest time ( ‘sedentary’ i.e. accelerometer ≤100 counts/minute)
5. Sleep onset (hours:minutes): time taken for subject to fall asleep after bedtime.
6. Wake after sleep onset (WASO) (number of episodes): number of occasions after sleep onset that subject is partially or completely awoken.
7. Awake time after sleep onset (hours:minutes): total length of time of combined WASO.
8. Activity (movement counts/minute): number of movement episodes 
9. Light exposure (lux/minute): exposure to sunlight

[bookmark: _Toc499768853][bookmark: _Toc499768851][bookmark: _Toc503952192][bookmark: _Toc499768854][bookmark: _Toc503952197]There was a daily reduction in sleep duration between the women with RM than the comparison group by an average of 36 min per night (471.32±73.33 min vs 507.35±57.29 min, p=0.13) but they slept longer than women with RIF by 17 minutes (454.63±56.56 min per night more, p=0.47), although none of these reductions were significantly different.  However, RIF patients slept significantly less daily by 53 minutes than the comparison group (454.63±56.56 min vs 507.35±57.29 min, p=0.03).  Although there is a significant difference in total sleep time between the comparison group and women with RIF, this is neither due to a significant overall average later bedtime nor due to earlier awakening (see Table 3).  However, the comparison group fell asleep no earlier than the women with RIF (23:41 pm±35 mins compared with 23:23 pm±47 min, p=0.35) nor the women with RM (23:23±47, p=0.98).  There was no significant difference in wake-up time between groups, with RIF women waking up at 7:04 am ±37 min, the comparison group women at 7:11 am±49 min and RM women at 7:01 am±53 min (RIF vs the comparison group p=0.75, RM vs the comparison group p=0.61, RIF vs RM p=0.87).  Moreover, there was no difference in daily average nap time between the comparison group women (12 min ± 10 mins) and  women with RIF (11 min ±13 mins) (p=0.86), or the comparison group women and women with RM (15 min ± 11 mins) (p=0.68) or women with RM compared with women with RIF (p=0.61).  Of the nested case-the comparison group, the average sleep diary data did not statistically differ between the comparison group (n=12) and those suffering RM (n=18) nor RIF (n=9), see Table 3.  
Self-reported sleep parameters demonstrate a trend towards poorer sleep in the RIF patients
The breakdown in the individual components of sleep parameters, as measured by the PSQI are shown in Table 4.  The mean PSQI score of the women was 5.32 ±2.67 with women with RIF scoring 5.66±2.66, the comparison group women 5.38±2.94 (RIF vs the comparison group p=0.38) and women with RM 4.70±2.23 (RM vs the comparison group p=0.89).  There was a significant negative correlation (r=-0.38, p=0.02) between the self-reported PSQI sleep efficiency and the actigraphy-recorded sleep-efficiency across all groups, suggesting that the PSQI was a good predictor of the actual sleep efficiency.
The ESS results are shown in Table 4.  The mean ESS of women was 6.18±3.72 (n=88) (the comparison group 5.65±3.80, RIF 6.43±2.84 and RM 6.58±4.14), but there was no significant difference between groups (the comparison group vs RIF p=0.42, the comparison group vs RM p=0.34).  Seventy-five (72.7%) women had normal ESS scores and there was no significant difference in the number of women in either the RM (n=28, 37.3%, p=0.96) or RIF groups (n=18, 24.0%, p=0.97) compared with the comparison group (n=29, 38.7%).  The number of women who fell into the levels of daytime sleepiness as measured by the ESS (see supplementary data, Table S1).
The activity of women with RIF or RM were similar to the comparison group during the active and non-active (rest period)
Activity data were not significantly different between groups.  The overall average activity count per minute being 351.97±97.93 (counts/minute) during normal daytime activity and 51.38±74.97 (counts/minute)  during rest periods compared to 15.40±10.12 (counts/minute) during sleep (Table 2).  Accelerometer counts per minute based on previous research suggests ‘sedentary’ as < 100 (counts/minute); light activity as 101 to 760 (counts/minute); low to moderate as 761 to 1,952 (counts/minute); high-moderate as 1,953 to 5,724 (counts/minute) and vigorous >5,725 (counts/minute) 30,31.
There was no difference in the amount of light exposure in the RIF, RM and the comparison group groups 
[bookmark: _Toc499768856][bookmark: _Toc503952199]Light exposure was highest during activity with average exposure being 914.11±3405.33 lux (comparable to being exposed to office-lighting or a dull day), with the average total Time Above Light Threshold (TALT) being 01:04±00:01 lux/min.  During sleep, light exposure fell to 578.97±4006.04 lux, 63.33% less light exposure compared with the active phase.  When the groups were compared, there was no difference in the light exposure during the sleep, active and rest phases between RM and the comparison group, and between RIF and the comparison group (Table 2).  Total mean light exposure (light exposure during activity, rest and sleep over 24 hours, averaged over the week) between the the comparison group (344004.22±511111.70 lux) or those with RIF (199189.29±179695.20 lux, p=0.34) or RM (444796.62± 539545.39 lux, p=0.57) was also not significantly different (Table 2).  There was still a significant negative correlation between total sleep time and light exposure for the women in the RIF group (r=-0.68, p=0.02) but not in the RM (0.29, p= 0.18) or the comparison group (p=-0.15, p=0.60).  The same was true when comparing light exposure between RIF and the comparison group women during the different arousal states.  There was an outlier who was exposed to far more light than any of the other women, so for the purposes of the analysis, this participant was removed from the main analysis but the results are shown both excluding and included her in supplementary data, Table S2.
[bookmark: _Toc503952200]

Discussion
This study compares sleep-wake activity in women with RIF and RM, relative to a healthy fertile comparison group of women.  Sleep time was significantly less in women with RIF compared to the comparison group.  However, subjective sleep quality, quantity, and light exposure did not differ between groups.  Quantity of sleep was still in-keeping with societal norms, with 22% of British adults sleeping between 7 and 8 hours a night (7% have fewer than 5 hours sleep, 30% have six to seven hours, 7% have eight to nine hours, 1% have more than 9 hours) 20.
As measured by actigraphy, women suffering RIF slept for less time than the comparison group.  This quantity of sleep loss over one week has been shown to have biological and genomic changes in humans32,33. The subjective measures of sleep, however, are not statistically supportive of the fact that the sleep quality and quantity was lower in women suffering RIF than in the comparison group women (PSQI/ESS, Table 4, and sleep diaries, Table 3).  This may suggest that quantity, as opposed to quality of sleep may be a reproductive modulator.  Also, work from large cohort studies demonstrate only moderate correlations between self-reported sleep duration and actigraphic or polysomnographic measures 34,35.  Nevertheless, RIF women reported sleeping 17 minutes less (Table 3), had a PSQI score 0.62 points lower and an ESS score 0.78 points higher than the comparison group (Table 4). The Actiwatch data for amount of time in bed and sleep time is less, but not significantly so in the RIF group of women (Table 2 and supplementary data, Table S1).
Lux exposure varied hugely (0.0001 lux is an overcast night-sky, 100 000 lux direct sunlight) 36.  Light exposure was greater in RIF women than the comparison group, but this observation was non-significant after removing an outlier.  Duration of exposure to light is a potent disruptor of circadian rhythm and may independently ‘reset’ the circadian clock 37. Of interest, we observe that all the women in our Actiwatch subgroups were exposed to light, even through the night. This may have confounded our study on light exposure between groups.  For example, if light exposure from turning a light on or electronic devices being activated, ‘resetting’ may have occurred at different times, eg 1am as opposed to 5am.  This may have had a different effect on those women who were at different stages in their sleep cycle.  However, there is no reason to think that this happened unequally between the groups (RIF/RM/comparison women). 
The finding of significantly less sleep in the RIF group, which was not replicated in the RM group is somewhat surprising and may imply that the underlying mechanisms are more than the assumed psychological and emotional burden of disease; especially if RIF and RM as disease entities, are thought to feature at opposite ends of the spectrum of endometrial receptivity 38. The notion that ‘clock’ biology may differ in its implications for fertility than in recurrent pregnancy loss therefore fits well with the theory of  the ‘discerning’ endometrium 39.  This hypothesis suggests that decidual cells are programmed to select against unsuitable (aneuploid or metabolically insufficient) embryos, thus increasing the likelihood that a failing pregnancy is disposed of in a timely manner.
The comparison group may have heightened stress and anxiety levels compared with a ‘true’ control (i.e. free from any gynaecology problem) thereby masking the true impact of the RM and RIF condition on sleep parameters. Future studies should consider utilising quality of life measures, in addition to recruiting a comparison group who are not patients. However, it is important that the women in this study were not undergoing fertility treatment during the period of monitoring. This study was not able to ascertain whether sleep duration influences the development of RIF or RM, or whether having either RIF or RM influences sleep duration. Quality of life studies may in part inform this but examining sleep patterns across a woman’s life course would also provide further information.  For example, recruiting a cohort of young women, examining their sleep habits and then collecting data about their child-bearing later in life. Further studies, where hormonal profiling and sleep are measured in tandem, would also help to delineate the aforementioned relationships. 
Whilst aspects of sleep were determined using PSQI and ESS scores, they do not provide detail of sleep architecture, such as the length of rapid vs non-rapid eye movement (NREMs) sleep.  The ‘true’ circadian activity pattern, given that many women likely have to go to work and their schedule is defined by other factors, and not solely by their free-running circadian rhythms.  In reproduction this is important because hypothalamic hormones, including oestrogen and progestogen,  play a role in the diurnal pattern of NREMs maintenance 40.  Physiological levels of oestradiol and progesterone in female rats is related to sleep architecture differently at baseline and after acute sleep loss 41.  Additionally, sleep restriction during rodent pregnancy affects hypothalamic hormones important in gestational development.  Negative outcomes on early pregnancy progression and fetal development in rats may be related, in part, to this hormonal imbalance 42.  There is evidence that a disrupted hormonal milieu exists in RIF and/or RM 43,44.  
Additionally, the results would be improved by a longer duration of monitoring, for example over the entire menstrual cycle, ideally utilising PSG.  This would be more accurate, albeit timelier and more intrusive to sleep than the Actiwatch.   Although still elusive, serum biomarkers to monitor circadian changes are being developed and again, would help with precision of monitoring circadian rhythm. 45,46.  The standard deviation and measurable differences between sleep parameters were larger than accounted for in our power calculation, and therefore the study may be underpowered.  As such, using statistical significance in isolation to interpret these results may be too simplistic a model 47,48.  A larger scale study using the pilot data obtained here would be informative.  
Conclusion
This study investigates and demonstrates an association between the duration of sleep and reproductive disorders, namely RIF and RM.  We found that women with RIF slept on a daily basis less than fertile women. Further studies with a larger sample size are now necessary. 
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Legend for figure:
Figure 1. A flow diagram of the participants through the study
