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Abstract Adequate sleep is crucial for general health and
wellbeing. Although the neuronal control of the reproductive
axis and sleep-generating neurons share an anatomical loca-
tion, little is known regarding the impact of sleep and circadian
disruption on fertility in women. Animal models have
established clear circadian control of the pre-ovulatory lutein-
izing hormone surge. Additionally, disruption of the circadian
timing system by exposure to abnormal light-dark cycles or
mutations of core clock genes results in diminished reproduc-
tive capacity in animals. Abnormalities in menstruation, fertil-
ity, and early pregnancy maintenance in female shift workers
provide evidence for a role of circadian rhythms in the repro-
ductive health of women. Reproductive hormones maymodify
sleep, and the relationship is bidirectional such that sleep dis-
ruption may alter the profile of reproductive hormone secre-
tion. Therefore, sleep, apart from its circadian timing, may also
have relevance in attaining pregnancy. Additionally, infertility
is associated with psychological distress which may result in
poor quality sleep. The interaction between psychological dis-
tress and disturbed sleep in reproduction has garnered minimal
attention and may be a crucial factor to consider during the
evaluation and treatment of infertility. This work reviews ani-
mal models and evidence in women that suggest a role for

sleep and circadian rhythms in reproductive health and reveals
areas that require future investigation.
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Introduction

Infertility is defined as the inability to conceive after
12 months of regular, unprotected intercourse in women less
than 35 years of age or after 6 months in women over 35 years
of age. The prevalence of infertility in the USA is estimated at
15 %, and 5 billion dollars are spent yearly on its evaluation
and treatment [117].

The World Health Organization (WHO) found that among
8500 couples, infertility was attributed to solely female factors
in 37 % [127]. Many female conditions cause or contribute to
infertility. This manuscript appraises the available literature
and describes potential links between sleep and circadian dis-
ruption and female infertility.

The ovulatory cycle is a critical factor in reproductive suc-
cess. The hypothalamic-pituitary-gonadal (HPG) axis refers to
the anatomical locations that mediate the ovulatory cycle,
which is approximately 28 days in duration [88]. The hypo-
thalamus controls the ovulatory cycle by secreting
gonadotropin-releasing hormone (GnRH) that stimulates the
pituitary to synthesize and release luteinizing hormone (LH)
and follicle stimulating hormone (FSH) [88]. The ovulatory
cycle is divided into the follicular phase, which begins the first
day of menses and concludes the day prior to LH surge, and
the luteal phase, which begins the day of the LH surge [88].

During the follicular phase, pulsatile GnRH secretion re-
sults in FSH production, which acts on the ovary to promote
follicular development [88]. The developing ovarian follicle
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produces estradiol which exerts negative feedback on hypo-
thalamus and pituitary, suppressing FSH and LH release [88].
Estradiol continues to rise during the late follicular phase and
peaks the day before ovulation. Coinciding with this sustained
peak, the feedback of estradiol switches from negative to pos-
itive and results in the LH surge [88]. The mechanism under-
lying the change from negative to positive feedback is not
fully understood [26]. The LH surge is followed by release
of the oocyte from the dominant ovarian follicle.

After ovulation, the ruptured ovarian follicle develops the
corpus luteum, which produces both estradiol and progester-
one during the luteal phase. The endometrium thickens in
preparation to receive a fertilized oocyte. In the absence of
implantation of a fertilized oocyte, the corpus luteum re-
gresses in approximately 14 days, estradiol and progesterone
decline, and menses occurs [88].

The most common cause of female infertility is ovulatory
dysfunction (including that accompanying reproductive ag-
ing); however, anatomical abnormalities (particularly of the
fallopian tubes or uterus), endometriosis, cervical factors,
medical disorders, or lifestyle factors may also be responsible.

Biological Rationale that Circadian Rhythms Modify
Female Fertility

Circadian rhythms are the near 24-h processes that allow an
organism to coordinate appropriate physiological responses to
the environmental light-dark changes associated with the ro-
tation of the earth. The most obvious circadian rhythm is the
sleep-wake cycle, which typically aligns to the external light-
dark cycle. In normally entrained individuals, the circadian
rhythm interacts with the homeostatic sleep drive in an oppos-
ing manner to provide consolidated wakefulness during the
daytime hours and continuous sleep during the night [18].

Circadian rhythms are inherent to the organism and gen-
erated by a genetic transcriptional-translational feedback
loop comprised of the following core clock genes: Bmal1,
Clock, Per, and Cry [59]. Together, Clock and Bmal1 acti-
vate transcription of Per and Cry which form heterodimers
in cytoplasm and translocate back into the nucleus to in-
hibit their own transcription by repressing the Clock: Bmal1
complex [59]. The entire cycle takes approximately 24 h to
complete [59].

Circadian rhythms persist apart from sleep-wake behavior
and external time cues. However, circadian rhythms are mod-
ifiable, particularly by light that entrains the central clock lo-
cated in the suprachiasmatic nucleus (SCN) of the hypothala-
mus [92]. Circadian rhythmicity is evident in the biological
processes of multiple organ systems and circadian oscillation
of clock genes has been demonstrated in tissues throughout
the body [92].

Ample evidence derived largely from animal models dem-
onstrates circadian regulation of critical reproductive events.

Animal Models

Ovulatory Cycle

The infradian (>24 h) pre-ovulatory LH surge also demon-
strates a circadian rhythm. The circadian regulation of the
LH surge is crucial to ensure that ovulation and the window
for oocyte fertilization overlap with the time when mating can
feasibly occur.

The first evidence of circadian control of ovulation was
more than 50 years ago byDrs. Everett and Sawyer who found
the LH surge was always witnessed in the afternoon in female
rats. When barbiturates (to provide global neuronal blockade)
were administered at the expected time of the LH surge, the
LH surge was suppressed and did not recur until 24-h later,
long after the effect of barbiturate had waned. These findings
suggested a neuronal control of the LH surge that cycled with
a 24-h period [37].

Since that time, the circadian control of the pre-
ovulatory LH surge by the SCN has been well documented
in rodent models and is timed such that ovulation is closely
tied to the start of the animals’ active period (for a compre-
hensive review, see [129]). Notably, the SCN triggers the
LH surge only in the context of estrogen levels exceeding a
critical threshold aligning with the change from negative to
positive feedback of estrogen on gonadotropin release [101,
129]. The finding that exogenous administration of estradi-
ol results in a daily, similarly timed LH surge in rats and
mice highlights the requirement of sufficient estrogen
levels in the circadian modulation of the LH surge [27,
63, 64].

The SCN controls the pre-ovulatory LH surge through ef-
ferent signals to GnRH neurons located in the preoptic area.
The SCN sends projections to GnRH neurons directly via
vasoactive intestinal peptide (VIP). However, the primary,
daily signal from the SCN to the reproductive system is indi-
rect and achieved by arginine vasopressin (AVP) signaling to
kisspeptin neurons of the anteroventral periventricular
(AVPV) nuclei. Kisspeptin is a potent stimulator of GnRH
release. Kisspeptin signaling is thought to be essential for
circadian input to the reproductive axis and coordination of
the shift from negative to positive feedback of estrogen on
GnRH neurons (for a comprehensive review, see [17, 101,
129]).

Both lesions of the SCN [20, 126] and mutations of core
clock genes result in disruption of the LH surge and estrus
cycle [16, 28, 33, 74, 86, 87]. Additionally, externally induced
disruption achieved by a shift in the normal light-dark cycle
results in desynchrony between the new external photoperiod
and the LH surge and ovulation [72, 75, 76]. Re-entrainment
to the new light-dark period is similar to that of locomotor
activity with faster re-alignment to a delay as opposed to ad-
vance of the light-dark schedule.
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In addition to the circadian control of ovulation, subsequent
reproductive events demonstrate 24-h timing and core com-
ponents of the molecular clock have been found in peripheral
reproductive organs. Disruption of circadian timing either by
genetic manipulation or alteration to the light-dark cycle re-
sults in impaired fertility in animal models.

Ovarian Function

Rhythmic oscillation of clock gene expression has been dem-
onstrated in the ovary, steroid producing granulosa and theca
cells lining the follicle, and the oocyte [95]. Apart from the
circadian control of the LH surge, the ovarian response to
gonadotropins demonstrates 24-h timing as exogenous LH
can only trigger ovulation at a certain time of day in the rodent
model [95]. Therefore, the peripheral ovarian clock may me-
diate the circadian variation in sensitivity to gonadotropins
and, as evident by animal models with knockout of core clock
genes, impact oocyte maturation and steroidogenesis [95].

Embryo Implantation

Clock gene expression has been documented in the uterus [50,
78, 87, 120], oviduct [50, 52], and pre-implantation embryo
[50]. Therefore, circadian oscillation in the peripheral repro-
ductive organs may play a role in early embryo development
and implantation.

In support of this hypothesis, female mice with knock out
of Bmal1, which results in loss of the circadian rhythm of
behavior and gene expression both in the SCN and periphery
[21], have failure of embryo implantation [16, 87]. This find-
ing may be secondary to impaired steroidogenesis; however,
implantation is only partially restored by exogenous proges-
terone supplementation [87]. Additionally, reduced implanta-
tion sites are observed when mice are subjected to a non-
24 h day beginning 2–6 weeks prior to mating; however, both
maternal and paternal contributions may be responsible as
males and females were exposed to the abnormal light-dark
cycle [35].

Early Gestation

Clock gene oscillation persists in the uterus and placenta dur-
ing pregnancy [3]. Therefore, circadian input from maternal
tissues may have implications for early gestation.

In fact, mutation of the gene Clock, which alters circadian
period length and impairs sustained circadian rhythmicity
[123], resulted in increased fetal resorption and non-
productive labor compared to wild type animals [74]. More
recently, abnormal Clock expression was found in spontane-
ously aborted mice fetuses [67, 68]. Middle aged, but not
young, Per mutant animals demonstrated frequent post-
implantation pregnancy loss [86].

Additionally, when external shifts of the light-dark cycle to
mimic jet lag or shift work were initiated after confirmed
copulation, a marked reduction in successful pregnancies
was observed. Productive matings were lowest in females
undergoing repetitive 6-h phase advances of the light-dark
cycle (22 %) but also significantly decreased in the phase
delay group (50 %) compared to control light-dark cycle
(>90 %) [110]. Fetal loss was suspected early in pregnancy;
however, the exact reproductive mechanism impacted by the
light-dark shift cannot be determined [110]. Additionally,
mice subjected to non-24 h days beginning on gestation day
zero were found to have more resorbed or dead embryos [35].

Human

Although much less evidence is available, the circadian sys-
tem may also influence timing of reproductive processes in
women. Notably, the central circadian pacemaker, the SCN,
contains estrogen and progesterone receptors [62].

Ovulatory Cycle

In addition to the infradian (>24 h) ovulatory cycle every
28 days, women display 24-h rhythmicity of the pre-
ovulatory LH surge that typically occurs in the early morning
hours [23, 53, 54].

However, the above studies are limited as the effect of sleep
was not uncoupled from diurnal variation. Therefore, the
rhythm of LH surge cannot be confirmed as circadian. In fact,
the single study that used constant routine to isolate circadian
rhythms from sleep found no circadian rhythm of LH secre-
tion [55]. Additionally, because ovulation occurs approxi-
mately 36 h after the LH surge and normal sperm are capable
of fertilizing an ovum in the female reproductive tract for up to
5 days, the current literature suggests the fertile window in
women is on the order of days [128], as opposed to the tighter
coupling seen in rodents [17]. Therefore, the presence and
relevance of circadian timing of the pre-ovulatory LH surge
in women remains uncertain. As in other mammals, kisspeptin
is a potent stimulator of GnRH secretion from the human
hypothalamus and ongoing work aims to determine the role
of kisspeptin in the timing of the LH surge and switch from
negative to positive estrogenic feedback on gonadotropin re-
lease [102].

Interestingly, bright light therapy may influence the ovula-
tory cycle. Bright light exposure delivered during various cir-
cadian times in women undergoing a 90-min ultra-short sleep-
wake cycle protocol increased LH secretion from baseline
[61]. Women were thought to be in the follicular stage of their
menstrual cycle but this was not verified hormonally. In the
same study, but with use of a different protocol, both morning
bright light and (to a lesser extent) evening bright light in-
creased LH secretion in the follicular and luteal stages of the
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menstrual cycle [61]. Another investigation that exposed
women in the follicular stage of the menstrual cycle to a 45-
min light pulse soon after awakening found increased levels of
prolactin, FSH, and LH [30]. Ovarian follicle size and number
of ovulatory cycles also increased [30]. Unfortunately, these
studies were not designed to determine whether the impact of
bright light on the ovulatory cycle is mediated by circadian
phase shift, melatonin suppression, or changes in sleep.

On the other side of this bidirectional relationship, hormon-
al changes corresponding to the different phases of the ovula-
tory cycle may exert influence on circadian rhythms. Core
body temperature displays a circadian rhythm with the nadir
occurring typically 2–3 h before habitual sleep offset. During
the progesterone predominate luteal phase, overall tempera-
ture is higher and the nocturnal decline in core body temper-
ature is blunted [8, 94, 97]. Circadian rhythms of cortisol and
thyroid stimulating hormone are also diminished during the
luteal phase [99]. In conjunction with decreased amplitude of
the circadian rhythm, naturally cycling reproductive age wom-
en demonstrate an increase in subjective daytime sleepiness
and increased slow wave sleep during daytime naps [99].
Additionally, stage REM sleep is reduced in association with
increased core body temperature during the luteal phase [8,
94, 97].

In the late follicular phase of the menstrual cycle, when
estrogen levels are highest, core body temperature is de-
creased [8, 97]. Despite the changes in absolute temperature
and amplitude of the circadian rhythm of core body tempera-
ture, the phase of the temperature rhythm appears stable over
the course of the menstrual cycle [8, 10, 97].

Steroid Hormones

Sex steroids display diurnal variation. In premenopausal
women with normal menstrual cycles, estradiol and progester-
one peak in the early morning after awakening along with
cortisol; however, unlike the well-established 24-h cortisol
rhythm that persists when separated from sleep and waking
behavior, true circadian variation has not been confirmed by
protocols removing the influence of circadian zeitgebers ([1,
12, 22].)

Ovarian Function

Although evidence of molecular clock machinery has been
well described in the non-human mammalian ovary [95], cir-
cadian influence on human ovarian function is unknown.
However, a single study demonstrated diurnal variation in
anti-Müllerian hormone (AMH), a marker frequently used to
assess ovarian reserve in the clinical setting. AMH secretion
demonstrated a small peak at 08:00 a.m. [22]. Further, the
change in AMH over 24 h co-varied with LH secretion [22].
This interesting finding warrants further investigation given

the circadian variation of ovarian responsiveness to gonado-
tropins seen in animals [95].

Embryo Implantation and Early Gestation

Implantation of the embryo in the uterus is a highly coordi-
nated event requiring a receptive endometrium, good quality
embryo, and appropriate interaction between the two [100].
Peripheral clock function in the uterus could contribute to
these critical reproductive events. Bmal1 and Per2 expression
have been demonstrated in both the non-pregnant and gravid
uterinemyometrium inwomen [15].More relevant for fertility
is the recent finding that Per2 is also rhythmically expressed
in the human endometrial stromal cells of the uterus and its
expression is downregulated during decidualization [77].
When this downregulation is premature, the decidual response
is disorganized. In fact, endometrial biopsies during the
midluteal phase from patients with recurrent miscarriages
demonstrated an inverse correlation between Per2 transcript
levels and number of failed pregnancies [77]. These findings
suggest that intact circadian timing of reproductive events
subsequent to ovulation may be required for successful
conception.

An investigation of single-nucleotide polymorphisms in
circadian clock genes may strengthen this hypothesis as poly-
morphisms in Bmal1 increased risk of miscarriages and poly-
morphisms in theClock homologNPAS2were associated with
decreased miscarriage [60].

Melatonin

The rhythm of endogenous melatonin secretion from the pi-
neal gland is an output of the circadian clock and suppressed
by light. Endogenous melatonin also provides feedback to the
circadian timing system to reinforce entrainment to the 24-h
day and appropriately timed exogenous melatonin can be used
to produce shifts in circadian phase [65]. In addition to its
function at the level of the central clock, melatonin receptors
are located in numerous organs [48, 103] and apart from its
action on receptors, melatonin functions as a free radical scav-
enger [42, 89].

The relevance of melatonin for reproduction was first
understood in animals that breed seasonally. The duration
of melatonin secretion provides information regarding day
length to the reproductive axis [90]. Consequently, repro-
ductive functions are optimized such that mating and con-
ception are appropriately timed for parturition to occur
during a season where conditions can sustain offspring
[90].

Melatonin levels are particularly high in human ovarian
follicular fluid and reflect both pineal and ovarian production.
The role of melatonin in the ovary may be protection of the
oocyte from oxidative stress, particularly during ovulation. In
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fact, lower follicular melatonin levels were associated with
higher levels of reactive oxidative species and decreased oo-
cyte quality in infertile women [113].

Knowledge of melatonin’s ability to reduce oxidative stress
in the ovary has prompted the investigation of exogenous
melatonin as a protective agent during in vitro fertilization
(IVF) [90]. Melatonin supplementation (3 mg with duration
of treatment lasting from 2 weeks to 3 months) has resulted in
improvement of IVF outcomes including number of oocytes
retrieved [36], oocyte maturation and quality [36, 91, 121],
fertilization rate [82, 113, 121], and embryo quality [36, 82,
91, 121]. Improvements in IVF outcomes with melatonin sup-
plementation have also been noted specifically in womenwith
polycystic ovary syndrome (PCOS) [83]. Because of these
promising early findings, a double-blind randomized
placebo-controlled dose-response trial has been devised [39].

However, whether circadian timing of endogenous melato-
nin secretion or suppression of melatonin secretion by bright
light has relevance for reproductive function in women is
unclear.

Biological Rationale that Sleep May Modify Female
Fertility

Apart from circadian timing, a bidirectional relationship may
exist between sleep and female reproductive physiology. The
findings detailed below provide evidence for a possible con-
tribution of sleep, both quality and duration, to fertility.

Reproductive Hormonal Milieu Influences Sleep

Subjective sleep complaints are most common the days pre-
ceding and during menstruation [7, 10]; however, despite the
subjective symptoms and dynamic changes in hormone levels,
objectively measured sleep duration and quality remain rela-
tively stable during the different phases of the ovulatory cycle
[8, 10, 94, 96].

A few studies in normally cycling women have objectively
demonstrated greater sleep fragmentation during the luteal
phase compared to the follicular phase [11]. These findings
have also been seen in women of later reproductive age [32,
131]. Interestingly, the predominant hormone during the lu-
teal phase, progesterone, is a known GABA A receptor ago-
nist [81] and exogenous administration increases sleep in
post-menopausal women [25, 94] and women in the early
follicular phase [106]. Conversely, endogenous progesterone
is associated with increased wake time during the sleep peri-
od [10, 67, 68] potentially due to elevation of core body
temperature [79]. In particular, the speed of progesterone rise
and progesterone increases in the presence of estrogen may
underlie the association of progesterone with reduced sleep
quality [96].

Progesterone [96] may also be responsible for the increase
in stage N2 sleep [34, 94, 96] seen during the luteal phase of
the ovulatory cycle. Spindle frequency is also increased dur-
ing the luteal phase but an association with progesterone has
not been found [10]. Although stage REM sleep is reduced
during the luteal phase [9, 10, 85, 94, 97], a direct association
between REM sleep amounts and progesterone is less clear
[10, 96].

In the follicular phase, at which time estradiol rises and
peaks just prior to ovulation, core body temperature is lower
and objective sleep quality may be superior to the luteal phase
[11]. Estrogen improves sleep in post-menopausal women and
one investigation demonstrated a positive association between
actigraphically recorded sleep efficiency and an estrogen me-
tabolite [67, 68]; conversely, a polysomnogram study demon-
strated a positive association between wake after sleep onset
and estrogen [10]. Therefore, the relationship between endog-
enous estrogen and sleep remains to be elucidated.

Sleep Influences Reproductive Hormones

Reciprocal to the impact of reproductive hormones on sleep,
there is evidence that sleep modifies reproductive hormone
levels.

Appropriate pulsatility of GnRH is a key factor in repro-
ductive function and can be measured by LH pulsatility
[119]. During puberty, sleep stimulates pulsatile gonadotro-
pin secretion; however, in reproductive age women, sleep
reduces LH pulse frequency during the early follicular
phase and exerts minimal effect during other menstrual
cycle phases [47]. Another key regulator of reproductive
function is FSH, which stimulates growth of the ovarian
follicle. A positive association between FSH and sleep du-
ration was found in a study of 160 normally cycling, re-
productive age women and persisted after adjusting for age
and body mass index [118]. However, a causal relationship
cannot be established and a study of sleep deprivation in
the second half of the night did not result in FSH changes
in women during the early follicular stage of the menstrual
cycle [14]. The same investigation demonstrated that estro-
gen increased in response to partial sleep loss [14].
However, in a subsequent study, absolute sleep duration
was not related to estradiol levels although greater variation
in sleep duration was significantly correlated [73]. Another
hormone active in reproductive physiology, prolactin, is
well known to be augmented by sleep, largely independent
of circadian timing [107, 114].

The above studies that evaluated the impact of sleep on
hormone secretion have revealed contradictory findings and
were often limited by small sample size. Further, the relevance
of these changes in regards to fertility is unclear necessitating
further investigation.
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Other Potential Mechanisms that Implicate Sleep in Fertility

Psychological distress is considered detrimental to fertility;
however, findings have been contradictory [71]. Further,
study populations are often comprised of individuals seeking
infertility treatment and investigations are typically cross sec-
tional in design [71]. Therefore, directionality of the relation-
ship cannot to be determined [71]. However, in a large pro-
spective cohort study, women in the highest tertile of salivary
alpha-amylase (a stress biomarker) exhibited a 29% reduction
in fecundity compared with women in the lowest tertile de-
spite adjustment for age, race, income, and caffeine and tobac-
co use. Notably, frequency of intercourse and day of LH surge
was similar in the high and low salivary alpha-amylase
categories.

Psychological stress may negatively impact fertility
through increased hypothalamic-pituitary-adrenal (HPA)
axis activation and excessive sympathetic nervous system
activity [24]. Sleep curtailment shares these biological
outcomes of stress [2, 130]. Therefore, sleep loss could
impact fertility through these mechanisms, or as sleep
disruption often accompanies psychological stress, modify
the relationship between psychological stress and
infertility.

Additionally, another potential outcome of sleep depriva-
tion, excessive oxidative stress is considered potentially detri-
mental to early reproductive outcomes including ovarian func-
tion, embryo implantation, and early pregnancy maintenance
[93].

Finally, sleep may impact sexual behavior. In a recent in-
vestigation, sleep duration was associated with sexual desire
and genital response [51]. With every 1-h increase in total
sleep time, a 14 % increase in the odds of partnered sexual
activity was seen [51]. Greater genital arousal was reported in
women with longer average sleep time [51].

Evidence that Sleep and Circadian Disruption Impacts
Fertility in Women

Despite the biological plausibility that sleep and circadian
disruption could reduce fertility in women, data confirming
this hypothesis are limited.

Shift Workers and Fertility

The vast majority of literature that associates sleep and circa-
dian disruption with impaired reproductive health and fertility
is among female shift workers. In shift work (particularly
night work), the work period occurs when the circadian timing
system promotes sleep and the time allotted for sleep overlaps
with the time of high circadian alerting signal. Together, this
results in sleep deprivation and misalignment between the
endogenous circadian system and externally imposed light-

dark cycle. This desynchrony has negative repercussions for
physiological function as circadian oscillators are spread
throughout the periphery [6].

A 2014 meta-analysis assessed the effect of shift work on
the following reproductive outcomes: menstrual disruption
defined as cycles less than 25 days or greater than 31 days,
infertility defined as time to pregnancy greater than 12months,
and early spontaneous pregnancy loss prior to 24 weeks ges-
tation [109]. Fifteen studies of more than 100,000 women in
total were included [109]. Shift workers had increased odds of
menstrual disruption (OR 1.22, 95 % confidence interval [CI]
1.15–1.29) and infertility (OR 1.8, 95% CI 1.01–3.20) but not
early spontaneous pregnancy loss. After confounder adjust-
ment for age and various characteristics that differed among
studies, including BMI, education, marital status, parity, race,
smoking, caffeine, alcohol, physical activity, intercourse fre-
quency, work hours, and other work related factors, the in-
creased odds of menstrual disruption persisted, but the asso-
ciation with infertility was no longer significant. A
subanalysis was performed and assessed night shift workers,
defined as those working shifts only at night that typically
began between 20:00 and 22:00 and lasted 10–12 h [109].
When restricting the analysis to night shift workers, a signif-
icantly increased risk of early spontaneous pregnancy loss was
seen and persisted after adjustment for confounders (OR 1.41,
95 % CI 1.22–1.63).

A subsequent study demonstrated that nurses working
night shifts more than 7 times per month were almost twice
as likely to have short menstrual cycles (odds ratio of 1.76
95 % CI (1.32–2.28) [124]. Although menstrual cycle length
is an important indicator of reproductive capacity, a recent
investigation in 1739 women demonstrated no impact of
shift work on fecundity; however, working more than 40 h
per week was associated with a 20 % longer time to preg-
nancy [44]. Although monetarily compensated work time
has the largest inverse relationship with sleep duration com-
pared to other time use activities [13], self-reported sleep
duration did not impact this finding [44]. Of note, frequency
of intercourse was not measured [44]. A study of more than
2000 female flight attendants revealed a significantly in-
creased risk of first trimester miscarriage when work times
coincided with the sleep period based on time zone of origin
[45].

Shift work has been used extensively as a surrogate
marker for circadian desynchrony to assess health risks but
this design is not without weaknesses. Vast differences in shift
work schedules and duration of shift work may exist.
Additionally, the degree of impairment during shift work like-
ly reflects the degree of circadian desynchrony [46]. If indi-
viduals with impairment abandon shift work while individuals
who tolerate non-traditional shifts remain in their current job,
the healthy worker effect results [57, 58]. Therefore, we can-
not assume that all individuals working shifts have the same
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amount of sleep deprivation and circadian misalignment.
Further, it is unclear whether circadian desynchrony, sleep
deprivation, or light at night mediate the observed risks. The
contradictory results and overall minimal impact of shift work
on early reproductive outcomes may be secondary to these
weaknesses and this area deserves further attention.

Sleep Disturbances in Women Undergoing Infertility
Treatment

Sleep disturbances are thought to be common in women un-
dergoing infertility treatment [36] despite minimal data to
support this hypothesis [69, 70, 84]. In one investigation eval-
uating a heterogeneous group of women in infertility clinic,
34 % answered yes to the question Bdo you experience dis-
turbed sleep^ [84]. Analysis with multivariable logistic regres-
sion (adjusting for race, BMI, and vasomotor symptoms)
found that among premenopausal infertile women, those with

diminished ovarian reserve were 20 times more likely to ex-
perience disturbed sleep. Sleep quality measured by the
Pittsburgh Sleep Quality Index (PSQI) was also assessed in
a group of women receiving infertility treatment with intra-
uterine insemination [69]. Poor quality sleep was found in
35 % [69]. When the same group evaluated the PSQI in 100
patients undergoing IVF, 23 % had poor quality sleep during
oocyte retrieval and 46 % had poor quality sleep during em-
bryo transfer [70]. Poor quality sleep was an independent pre-
dictor of psychological distress during the IVF procedure [70].

To our knowledge, we are the first group to evaluate sleep
prior to and throughout the IVF process with both validated
subjective and objective sleep measures (Goldstein et al. Sleep
in women undergoing in vitro fertilization: a pilot study, sub-
mitted for publication). Actigraphically recorded sleep dura-
tion <7 h was noted in approximately 45–70 % women de-
pending on which point in the cycle it was measured
(Goldstein et al. Sleep in women undergoing in vitro
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Fig. 1 Direct evidence and theoretical pathways of how disturbed sleep
may result in infertility. Studies in female shift workers have
demonstrated an increased risk of early pregnancy loss and abnormal
menstrual cycle length, which may reflect problems with ovulation. As
sex steroids and gonadotropins may demonstrate circadian rhythmicity
and are modified by sleep, short sleep duration or circadian desynchrony
could be detrimental to their normal secretion forming an intermediary
pathway to poor early reproductive outcomes. Obstructive sleep apnea
(OSA), short sleep duration, and circadian disruption are all known to

result in glucose intolerance and insulin resistance, another potential link
to infertility. The rhythmic oscillation of clock genes in the uterus may
suggest circadian contributions to embryo implantation and early
pregnancy. Increased hypothalamic-pituitary axis (HPA) activation,
elevated sympathetic nervous system (SNS) activity, and excessive
oxidative stress have been hypothesized as detrimental to multiple steps
crucial to conception. These biological factors may all be influenced by
sleep
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fertilization: a pilot study, submitted for publication).
Excessive daytime sleepiness measured by the Epworth sleep-
iness scale (ESS) was found in 20–30 % of women during the
IVF process and poor sleep quality as defined by a PSQI value
over 5 was seen in 30 % to nearly 60 % depending on time
point. The most notable finding in our study was the trend for
a linear association between baseline total sleep time (TST)
and oocytes retrieved, an important outcome in IVF that is
associated with live birth [112]. The number of oocytes re-
trieved increased by 1.5 on average for every 1-h increase in
TST. TST, AMH, and day 3 FSH together explained 40 % of
the variance of oocyte retrieved (Goldstein et al. Sleep in
women undergoing in vitro fertilization: a pilot study, submit-
ted for publication). This finding suggests, for the first time,
that sleep duration may be a mediator of important markers of
IVF success (Goldstein et al. Sleep in women undergoing in
vitro fertilization: a pilot study, submitted for publication).

Polycystic Ovary Syndrome and Obstructive Sleep Apnea

Women with polycystic ovary syndrome (PCOS) have anovu-
latory infertility and early pregnancy loss. PCOS is associated
with an increased risk of obstructive sleep apnea up to 30
times that of normal controls (122). The presence of obstruc-
tive sleep apnea in PCOS is a predictor of insulin resistance,
glucose intolerance, and type 2 diabetes [115]. Additionally,
treatment of obstructive sleep apnea improves insulin sensi-
tivity in women with PCOS [116].

Insulin resistance in women with or without PCOS may
contribute to infertility and recurrent pregnancy loss [29].
Therefore, evaluation and treatment of sleep-disordered
breathing may have potential to improve fertility in this pop-
ulation of women. Further, as sleep deprivation also impairs
glucose homeostasis [5], adequate sleep duration may also be
crucial in this setting.

Conclusion

In summary, multiple pathways exist by which sleep and cir-
cadian rhythms may influence fertility (Fig. 1). Disrupted
sleep may modify hormone secretion which could have neg-
ative repercussions on ovulatory cycles. Insufficient sleep du-
ration or sleep disrupted by obstructive sleep apnea may result
in insulin resistance and glucose intolerance potentially con-
tributing to infertility and early pregnancy loss, particularly
among women with PCOS. Further, disturbed or inadequate
sleep may produce biological changes similar to psychologi-
cal distress and could modify the relationship seen between
stress and infertility. Although well described in animals, cir-
cadian control of the ovulatory cycle is less clear in humans.
However, the effects of shift work and circadian clock gene
polymorphisms on miscarriage and the finding of oscillation

of core clock components in peripheral reproductive organs
suggest a potential circadian contribution to conception.

Despite joint consensus recommendations for 7–8 h of
sleep per night [125], Centers for Disease Control (CDC)
survey data show that approximately 30 % of women
25–44 years of age report sleep less than or equal to 6 h
in a 24 h day and the mean sleep duration in this age
group is approximately 7.1 h [41]. Further, the prevalence
of obesity has significantly risen in women over the past
decade and is currently estimated at 40 % [40] which in-
creases the risk of sleep-disordered breathing and associated
metabolic abnormalities in women of child bearing age.
Additionally, as we become an increasingly 24-h society,
misalignment between our endogenous circadian rhythm
and external light-dark schedule may impair reproductive
health as evident in female shift workers. These epidemics
underscore the need to understand the role of insufficient,
disturbed, or mistimed sleep in infertility.

Finally, coincident with the increase in first births in wom-
en over 35 years of age, IVF use has more than doubled since
1996 [111]. Thirteen states have laws that require insurance
companies to cover infertility treatment [108]. Despite the
increased resources devoted to IVF, the procedure is still
largely unsuccessful with >50 % of cycles failing to result in
live birth [105]. Factors exacerbated by sleep deprivation [19,
38, 80, 130], including excessive sympathetic activation [1, 4,
104], oxidative stress [31, 49], and increased ghrelin [66] may
be detrimental to IVF outcomes. Additionally, psychological
distress, which could be mediated by poor sleep [70], may
reduce IVF success [56] or result in discontinuation of the
IVF process [43]. Therefore, sleep remains an under-investi-
gated, modifiable target that may provide a non-pharmacolog-
ical, cost-effective, and patient-centered avenue to improve
IVF outcomes.
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