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This study quantifies sex differences in the diurnal and circadian
variation of sleep and waking while controlling for menstrual cycle
phase and hormonal contraceptive use. We compared the diurnal
and circadian variation of sleep and alertness of 8 women studied
during two phases of the menstrual cycle and 3 women studied
during their midfollicular phase with that of 15 men. Participants
underwent an ultradian sleep-wake cycle (USW) procedure consist-
ing of 36 cycles of 60-min wake episodes alternating with 60-min
nap opportunities. Core body temperature (CBT), salivary melatonin,
subjective alertness, and polysomnographically recorded sleep
were measured throughout this procedure. All analyzed measures
showed a significant diurnal and circadian variation throughout the
USW procedure. Compared with men, women demonstrated a sig-
nificant phase advance of the CBT but not melatonin rhythms, as
well as an advance in the diurnal and circadian variation of sleep
measures and subjective alertness. Furthermore, women experi-
enced an increased amplitude of the diurnal and circadian variation
of alertness, mainly due to a larger decline in the nocturnal nadir.
Our results indicate that women are likely initiating sleep at a later
circadian phase than men, which may be one factor contributing to
the increased susceptibility to sleep disturbances reported in women.
Lower nighttime alertness is also observed, suggesting a physiolog-
ical basis for a greater susceptibility to maladaptation to night shift
work in women.

sex difference | circadian variation of sleep | circadian variation of
alertness | core body temperature | melatonin

meta-analysis has indicated an overall increased risk ratio of

1.41 in women vs. men for experiencing insomnia, and this
risk ratio increases to 1.64 when considering high-quality studies
with rigorous methodology (1). The etiology of sex-based dif-
ferences in vulnerability to sleep disturbances remains to be fully
elucidated, but evidence points to a role for sex-based differ-
ences in sleep, its timing, and circadian rhythms as potential
contributors (2).

There is sufficient evidence to support a role for circadian fac-
tors in the pathophysiology of chronic insomnia, as the timing of
sleep relative to the endogenous circadian system can substantially
affect sleep initiation and maintenance (3). Interestingly, mor-
phological differences, as well as variations in circulating hormones
and their receptors, have been reported between sexes and can
affect circadian physiology. For example, the localization of sex
steroid receptors to the suprachiasmatic nucleus (SCN) and a sex
difference in the expression of androgen and estrogen receptors
there indicate a direct and differential role of specific gonadal
steroid hormones in the circadian system (4). Moreover, a sexual
dimorphism in structure and sex steroid receptor expression also
exists in efferent targets of the SCN, including the preoptic area of
the hypothalamus, which is known to influence sleep (4). In a re-
cent postmortem brain study, the circadian variation of PER2,
PER3, and ARNT1 peaked significantly earlier (~5-7 h) in the
dorsolateral prefrontal cortex of deceased women than men (5).
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In humans, the timing of sleep shows sex-based differences. Prior
studies using the Horne and Ostberg Morningness—Eveningness
Questionnaire (6) or the midpoint of sleep based on the Munich
Chronotype Questionnaire (7) have shown earlier chronotypes in
women than men. Interestingly, the sex difference in chronotype
disappears around the age of menopause (7), indicating a likely
role of hormones in circadian preference.

A study by Mongrain et al. (8) revealed that, for a similar chro-
notype, young women had an earlier timing of dim-light melatonin
onset (DLMO) vs. young men as well as a larger phase angle be-
tween DLMO and bedtime. In that study, sleep duration tended to
be the same despite sleep occurring at a later circadian phase in
women, suggesting there could be a sex difference in the circadian
variation of sleep.

Earlier phase of core body temperature (CBT) and melatonin
rhythms relative to habitual sleep time was reported by other groups
in women vs. men (9-11). Duffy et al. also reported that women
have a shorter intrinsic circadian period of CBT and melatonin vs.
men (12), which might contribute to these observations.

Unfortunately, many prior studies that documented sex dif-
ferences in circadian physiology have not done so while con-
trolling for menstrual cycle and hormonal contraceptive use in
female participants. This is crucial, because we previously dem-
onstrated, under controlled conditions, that the expression of
circadian thermoregulatory mechanisms and sleep patterns in
unmedicated healthy ovulating women is affected by menstrual
cycle phase (13, 14). To our knowledge, no prior study has
compared the circadian variation of sleep propensity and waking
between men and women while controlling for menstrual cycle
phase and hormonal contraceptive use. This is the aim of the
current study. We used an ultradian sleep-wake cycle (USW)
procedure in men and in women selectively studied during the
midfollicular (MF) phase of the menstrual cycle to quantify sex
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differences in the diurnal and circadian variation of sleep propensity
and organization, as well as CBT and salivary melatonin, under
highly controlled laboratory conditions. A subgroup of women also
participated in the USW procedure during their midluteal (ML)
phase, which allowed further between-sex comparisons.

Results

We first explored sex differences by studying women during their
MF phase. The study of women during their ML phase was
limited to a subgroup in which data were available. Unless stated
otherwise, results are based on the MF phase data.

Baseline Sleep. As detailed in ST Appendix, Table S2, bedtime was
comparable between groups (mean + SEM; women, 0024 hours +
15 min; men, 0010 hours + 11 min; P = 0.46) as well as wake
time (women, 0818 hours + 14 min; men, 0810 hours + 11 min;
P = 0.63). SI Appendix, Table S3 presents the average poly-
somnography (PSG) sleep parameters measured during the
nocturnal 8-h sleep period in women and men. During the
nocturnal sleep period, stage 1 sleep [minutes and percentage
of total sleep time (TST); P < 0.036] and non-REM (NREM)
sleep (percentage of TST only; P = 0.009) were significantly
shorter in women than men. Rapid eye movement (REM) sleep
(minutes and percentage of TST; P < 0.009) was also signifi-
cantly longer for women than men. No sex difference was de-
tected for TST, sleep efficiency (SE), sleep onset latency
(SOL), REM sleep onset latency (ROL), stage 2 sleep, and
slow-wave sleep (SWS) (P > 0.113).

The analysis of the PSG parameters throughout the nocturnal
sleep periods revealed a significant time effect for all PSG pa-
rameters measured (P < 0.026), except for stage 1 sleep (P = 0.18;
Fig. 1). Furthermore, across the night, women presented shorter
stage 1 sleep (P = 0.02) and longer REM sleep (P = 0.01) than
men. No other significant sex effect (P > 0.23) or interaction was
observed (P > 0.49) for sleep parameters across the night.

Diurnal and Circadian Variation of Sleep. A significant diurnal
rhythm was observed for all sleep parameters when USW nap data
were aligned by the time since lights on (P < 0.0001; Fig. 2 and
Table 1). The nonlinear mixed-effect analysis revealed significant,
but small, sex differences in the diurnal mesor (the average level
throughout the day) of stage 1 sleep (—1.2 min in women, P =
0.02; not illustrated), stage 2 sleep (+5.2 min in women, P =
0.001), and SWS (—2.8 min in women, P = 0.003). Women had a
slightly lower stage 1 sleep amplitude (—1.1 min, P = 0.001) vs.
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Fig. 1. Sex differences in nocturnal baseline sleep. Women were studied
during their MF phase. *, sex differences (P < 0.05); {, time effects (P < 0.05).
All values are means + SEM.
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Fig. 2. Diurnal variation of sleep parameters during the USW procedure
aligned by the time since lights on. Women were studied during their MF
phase. The vertical dotted lines correspond to the CBT minimum. The bottom
X axis represents the time since lights on, and the top x axis represents the
corresponding clock time. Black bars along the x axis represent the time of
projected habitual nocturnal sleep episodes. €, sex differences in mesor (P <
0.05); *, sex differences in phase (P < 0.05). All values are means + SEM.

men. The acrophase of all sleep parameters was advanced (by +1.7
to +2.3 h, P < 0.03; Table 1) in women vs. men.

A significant circadian rhythm was observed for all PSG pa-
rameters when USW nap data were aligned by the CBT minimum
(P < 0.0005; SI Appendix, Fig. S2 and Table S4). A significant sex
difference was observed for the circadian mesor of NREM sleep
(+2.8 min in women, P = 0.033), stage 2 sleep (+4.9 min in
women, P = 0.002), and SWS (-2.8 min in women, P = 0.01). No
sex difference of circadian amplitude was observed for sleep pa-
rameters. The acrophase of SE (+16.0° or 64 min, P = 0.004),
stage 2 sleep (+17.1° or 68 min, P = 0.047), and TST (+16.0° or 64,
P = 0.006) was advanced in women vs. men.

Diurnal and Circadian Rhythm of Subjective Alertness. When data
were aligned by the time since lights on, the diurnal rhythm of sub-
jective alertness was significant (P < 0.0001; Fig. 3 and Table 1). This
rhythm was significantly advanced (P < 0.001), with higher amplitude
(P = 0.002) but no mesor differences (P = 0.10) in women vs. men.
The higher amplitude in women was the result of lower nocturnal
alertness scores. When data were aligned by the CBT minimum (S
Appendix, Fig. S3 and Table S4), rhythms were significant (P <
0.0001), phase-advanced (P = 0.037), and of greater amplitude (P =
0.020) in women vs. men but with no mesor differences (P = 0.11).

Diurnal and Circadian Phase Markers. The average CBT minimum
during the USW procedure occurred at 0455 hours + 24 min in
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Table 1.
procedure aligned by the time since lights on

Diurnal parameters of sleep measures, alertness, CBT, and melatonin during the USW

Variables aligned on lights on

Mesor Amplitude Acrophase, h

Sleep recording Women Men Women Men Women Men
SE, % 489 + 1.8 455+16 334+19 313+18 223+02* 0.0+0.2*
SOL, min 294 +128 283+ 11.0 20.0+1.2 179 + 1.1 10.4 + 0.2* 12.1 + 0.2*
ROL, min 49.5 + 10.1 49.2 + 8.7 10.1 + 1.3 122 + 1.2 11.1 £ 0.5 129 + 0.4*
Stage 1, min 2.7 + 0.3* 3.9 + 0.3* 1.2 + 0.2* 23 +0.2* 23.3 +0.6* 14 + 0.3*
Stage 2, min 17.7 £ 1.1* 125 +1.0* 10.0+0.8 8.0+0.8 22.7 + 0.3* 0.3 + 0.4*
SWS, min 3.8 + 0.6* 6.6 + 0.5* 3.0+0.6 3.5+06 19.6 + 0.8* 21.9 + 0.6*
REM, min 80+ 1.8 43 + 05 6.3 +0.7 6.0 £ 0.7 22.1 + 0.4* 0.4 + 0.5*
NREM, min 24.1 + 8.2 228 +7.0 135 + 1.1 13.1+ 1.1 22.1 +£0.3* 239+ 0.3*
TST, min 29.2 + 8.7 27.3+75 20.1 + 1.1 18.8 + 1.1 22.3 +0.2* 0.0 + 0.2*
Alertness, 0-10 6.4+ 0.3 7.1+03 1.8 +0.1* 1.2+01* 95+03* 11.7 +0.4*
CBT, °C 37.13 £ 0.04 37.08 +£0.04 0.31 +£0.01 0.30 +0.01 9.0 +0.1* 10.1 £ 0.1*
Melatonin, pg/mL 10.7 £ 2.3 10.0+ 1.6 49 + 0.7 49 + 0.5 19.7 + 0.5 20.2 +04

Women were studied during their MF phase.
*Sex difference (P < 0.05).

women and 0521 hours + 15 min in men (P = 0.34; SI Appendix,
Table S2). The average phase angle (wake time-time of CBT
minimum) for women (3.41 + 0.35 h) was longer than that for
men (2.81 + 0.27 h), but not significantly (P = 0.15). When data
were aligned by the time since lights on, a significant diurnal
rhythm was observed for CBT and melatonin (P < 0.0001; Fig. 4
and Table 1). The CBT acrophase was 66 min advanced in
women vs. men (P < 0.0001) but the melatonin acrophase was
similar (P = 0.48). No other difference was observed in CBT and
melatonin rhythms. When melatonin and CBT data were aligned
by the CBT minimum, no significant mesor, amplitude, or phase
difference was observed (P > 0.08; SI Appendix, Table S4).

Menstrual Phase Effect. Results of between-sex comparisons for
the ML phase data available for 8 out of 11 women are detailed
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Fig. 3. Diurnal variation of subjective alertness during the USW procedure
aligned by the time since lights on. Women were studied during their MF

phase. See the legend for Fig. 2 for more details. *, sex differences in phase;
1, sex differences in amplitude (P < 0.05). All values are means + SEM.
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in SI Appendix, Figs. S4-S9 and Tables S5-S7. Results are essentially
the same whether the ML or MF phase data were used. Due to the
reduced sample size, some significant differences became a trend or
became nonsignificant. This was especially the case when USW data
were aligned by the CBT minimum, as the effect size was smaller (SI
Appendix, Table S7). Of note, women in the ML phase had higher
CBT mesor and reduced amplitude of CBT vs. men when data were
aligned by the time since lights on (P < 0.004; SI Appendix, Table S5)
or by the CBT minimum (P < 0.004; SI Appendix, Table S7). As
illustrated in SI Appendix, Fig. S7, higher nocturnal CBT values in
women during their ML phase mainly contribute to these results.

Discussion

To our knowledge, no prior study has examined sex differences in
the diurnal and circadian variation of sleep and waking under
highly controlled conditions while simultaneously controlling for
menstrual cycle phase and hormonal contraceptive use. Our use of
the USW procedure allowed for a quantification of PSG-derived
sleep measures at all circadian phases while reducing the con-
founding effects of changes in environmental light, posture, and
food intake as well as for a comparison between sexes while
studying naturally cycling women.

In both women and men, SE, SOL, ROL, TST, stage 1 sleep,
stage 2 sleep, SWS, REM sleep, and/or NREM sleep significantly
varied with time of day, as previously reported for a subset of
participants (13-15) and with others who used imposed experi-
mental non-24-h sleep-wake cycle procedures to desynchronize
the sleep-wake and circadian cycles (16, 17). The greatest and
lowest sleep propensity occurred near the trough and crest of the
CBT rhythm, respectively.

‘When comparing the diurnal variation of sleep between sexes by
aligning our results on the habitual time of awakening, we observed a
significant advance of +1.7 to 2.3 h of the rhythm of all sleep mea-
sures in women vs. men. By aligning our results on the time of CBT
minimum, we observed this advance in women to be significant, al-
though smaller (of +1.0-1.1 h), for the circadian variation of SE,
stage 2 sleep and TST. When the sex difference in CBT acrophase
(+1.1 h earlier in women vs. men) is added to the circadian variation
of sleep, it explains the diurnal variation of sleep. Similar observations
are made for the diurnal variation of subjective alertness. When the
phase angle difference in CBT minimum is added to the circadian
variation of alertness (+1.1 h in women vs. men), it explains the di-
urnal variation of alertness (+2.2 h in women vs. men).

Boivin et al.
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Fig. 4. Diurnal variation of salivary melatonin (MLT) and CBT during the
USW procedure aligned by the time since lights on. Women were studied
during their MF phase. See the legend for Fig. 2 for more details. *, sex
differences in phase (P < 0.05). All values are means + SEM.

The phase advance of the alertness rhythm in women vs. men is
consistent with a prior study (18), although alertness and sleepiness
were only assessed from 0800 to 2100 hours and not under controlled
conditions. An advance in the drive for alertness may conceivably
explain the higher prevalence of difficulty maintaining sleep (19, 20)
and early-morning awakenings (20) reported in women vs. men.
Additionally, we currently report that the amplitude of the variation
was significantly increased in women vs. men due to a larger decline
of alertness scores at night. This observation may partially explain the
lower tolerance to shift work (21), greater fatigue and sleepiness
levels (22), and increased risk of work-related injuries (23) in female
shift workers, although contradictory results have been reported (24)
and other nonphysiological factors (e.g., marital and parental status,
socioeconomic factors) could be involved. Current results indicate
lower values of alertness in the night and in the early morning in
women, which is likely related to their higher prevalence of feeling
unrefreshed upon awakening (19). These results are consistent with
the lower nighttime performance scores in women compared with
men reported by Santhi et al. (25). In that study, women also rated
themselves as less sleepy than men in the late afternoon and evening.
Methodological differences in recruitment criteria, study protocol,
and experimental measures might contribute to differences between
their sleepiness results and ours.

As for the menstrual cycle effect, the earlier diurnal variation of
sleep and alertness was still observed in a subgroup of women
studied during the ML phase vs. men. Due to our reduced sample
size, these differences were not always significant, especially for
the analyses aligned by the CBT minimum, whose size effect was
smaller than those aligned by the time since lights on. Neverthe-
less, these sex differences remained in the same direction. We
cannot totally exclude the possibility that small menstrual-related
differences in the circadian variation of sleep might exceed the
limit of detectability of this experimental protocol and our prior
one (13). This possibility is reinforced by the observation that the
size of between-sex differences in the phase of the diurnal varia-
tion of sleep and alertness is reduced by 4.3 to 95.2% when ML
phase data are considered instead of MF phase data. Similarly,

Boivin et al.

this reduction is on the order of 18.6 to 88.6% for the circadian
variation of sleep and alertness, except for NREM sleep (+34.2%)
and SWS (+19.2%), for which sex differences in phase are in-
creased during the ML vs. MF phases.

Our observed sex-based differences in the phase of the CBT
rhythm are similar to that reported by Cain et al. (9) but our
amplitude data are not. When considering MF phase data, no sex
difference was observed in CBT amplitude, although there was
for ML phase data. Although Cain et al. did not track menstrual
cycle phase, they speculate that more women were studied dur-
ing the luteal than the follicular phase, which could account for
the reduced CBT amplitude observed (9). Our prior findings of a
reduced CBT amplitude during the ML vs. MF phase together
with the current observations support their assertion (13).
Moreover, Baker et al. (26) compared sex and menstrual dif-
ferences in 24-h CBT profiles and observed an increase in the
nocturnal CBT minimum during the luteal vs. follicular phase, as
we did previously (14), and with men, as we do here. Therefore,
it appears that the sex difference in circadian CBT amplitude is
limited to the ML phase and is minimized when women are se-
lectively studied during their preovulatory follicular phase.

It is well-established that body temperature changes are closely
linked to the sleep-wake cycle and that sleep is initiated on the
falling limb of the CBT curve (27). Thus, the advanced CBT rhythm
in women may be partially driving the earlier sleep and sleepiness
rhythms. Our study does not indicate that changes in the timing of
melatonin secretion significantly contribute to sex differences in the
diurnal and circadian variation of sleep and waking. These are
consistent with a recent study reporting no sex difference in mela-
tonin onset relative to bedtime (28) but differ with others who did
observe a phase advance and increased circadian amplitude of
plasma melatonin in women vs. men (9) or of advanced salivary
DLMO (10, 11). However, it should be pointed out again that the
previous studies (9-11) did not control for menstrual cycle phase.
Another important consideration that was controlled for here is
hormonal contraceptive use. This is important, because women tak-
ing hormonal contraceptives appear to have increased melatonin
secretion, but no changes in circadian timing, compared with natu-
rally cycling women in both the follicular and luteal phases of the
menstrual cycle (29). This may explain the recent findings by Santhi
et al. (25), which, in contrast to current observations, reported higher
melatonin secretion in women vs. men despite no sex difference in
the circadian timing of melatonin secretion. Indeed, in that study, half
of the female participants were using hormonal contraceptives, and
menstrual cycle phase was not controlled for (25). Nevertheless, it
should be noted that our sample size is smaller than in these studies,
which could have prevented us from detecting between-sex differ-
ences. Similar to current findings, a subsequent study using a forced
desynchrony protocol also failed to detect a statistically significant sex
difference in the circadian phase of melatonin secretion (12). Our
prior controlled study found no menstrual phase difference in the
circadian melatonin profile (13), although there have been other
reports of decreases (30), increases (31), phase delays (32), or no
change (29) in melatonin secretion during the luteal vs. follicular
phase. Therefore, more work should be done to determine whether
and how menstrual and/or sex-based differences affect melatonin
secretion, and what the practical implications of this could be.

Because habitual bed and wake times were similar between
women and men, our currently observed advanced CBT rhythm
in women confirms the hypothesis that women are initiating
sleep at a later circadian phase than men. This delay in the
timing of habitual sleep initiation relative to the timing of the
endogenous circadian system may be one factor contributing to
the increased susceptibility to sleep disturbances in women, al-
though this was not the case for our study group, which did not
show a sex difference in SE during the baseline sleep episode. It is
possible that healthy young women living on a conventional day-
oriented schedule are less affected by such slight circadian and/or
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diurnal differences, although these might become important in
particular situations or vulnerable populations. For instance, sex
differences in the circadian/diurnal variation of sleep could affect
the ability to sleep at atypical times of day, with potential appli-
cations for jet lag or shift work adaptation. Indeed, prior studies
do indicate that circadian parameters are important for individ-
uals’ susceptibilities to developing insomnia (3).

The clinical implications of the small sex differences in mesor
and amplitude of sleep parameter rhythms are unclear. These
could have been affected by the number of baseline sleep periods
preceding the USW procedure. Indeed, a lower mesor of stage 1
and SWS and higher mesor of stage 2 were observed in men having
one vs. two baseline nights. These were also the differences ob-
served in women vs. men. Because 91% of women (10 out of 11)
had only one baseline night compared with 40% of men (6 out of
15), the number of baseline nights could have affected the slight sex
differences observed in mesor of these sleep stages. However, when
we compared results of the USW sleep data in men who had one
vs. two baseline nights, we observed that the phase, its relationship
to lights on, and the diurnal rhythm amplitude were unaffected by
the number of baseline nights. An effect of the study protocol on
mesor and amplitude of sleep rhythms is also possible. Indeed,
small differences in amplitude and mesor were observed when we
excluded data from participants who had a blood pressure measure
taken during their nap.

Despite these uncertainties concerning mesor and amplitude
differences, in all cases, sex differences in circadian phase were
consistent. We believe our approach, which required participants
to maintain a regular 8-h sleep schedule for at least 2 wk before
laboratory entry, is adequate to stabilize the phase angle between
the endogenous circadian system and the sleep—wake schedule
and is not affected by the number of baseline nights or the dif-
ferences in experimental measurements across the study groups.

Interestingly, the phase advance of sleep propensity rhythms in
women vs. men is reminiscent of findings from a study that also
used a USW procedure to compare circadian sleep rhythms in old
and young participants (17). Therefore, because young adult
women are already demonstrating a circadian variation of sleep
propensity that is advanced in a way similar to that of older adults,
the diurnal variation of sleep in women may become worsened
with age. This may explain why the already high prevalence of
insomnia in women continues to disproportionally increase after
menopause (2), and why a higher prevalence of insomnia in
women vs. men persists in old age (1).

Several limitations in the current work should be discussed. This
study included a relatively limited sample size, which was smaller
than a prior study investigating sex differences in circadian physiol-
ogy (9). The assessment of baseline sleep, before the USW pro-
cedure, was limited by the concomitant screening for sleep disorders.
Also, the present paper combines data from three different studies
that were not perfectly balanced across sexes. Finally, melatonin data
were available in a smaller sample of participants, which might have
prevented us from detecting sex differences.

In the current protocol, the diurnal/circadian variation of sleep
was quantified using the USW procedure. By design, our protocol
was developed to specifically address the circadian variation of sleep
while minimizing the effects of the homeostatic buildup of sleep
propensity. Using this sensitive and controlled protocol, we did
observe sex differences in the expression of the diurnal/circadian
variation of sleep, although we are limited in our investigation of the
homeostatic regulation of sleep. Using a forced desynchrony pro-
tocol, Santhi et al. recently described higher slow-wave activity in
women during the biological night compared with men (25).
However, as described above, that study suffered from a lack of
control for menstrual cycle as well as hormonal contraceptive use in
a substantial proportion of female participants, which could con-
tribute to their findings. Future studies are necessary to more fully
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characterize sex differences in the interaction between circadian
and homeostatic sleep regulation.

We cannot totally exclude the possibility that sleep inertia
could have partially influenced subjective alertness measured
30-min postawakening, although this is thought to be minimal.
Indeed, sleep inertia is generally believed to be dissipated within
that time frame (33). Controlling for both circadian phase and
homeostatic sleep pressure using a forced desynchrony protocol,
Scheer et al. (34) demonstrated that the effect of sleep inertia on
performance was gone within 20 min across all circadian phases.
Conversely, others, albeit using protocols that did not assess
throughout all circadian phases (35) or with infrequent assess-
ments postawakening (36), have reported that sleep inertia can
take longer periods to dissipate (between 2 and 4 h). We also did
not include an objective measure of performance, although our
results are consistent with those of others who did (25).

Despite these limitations, our stringent inclusion/exclusion
criteria, preexperimental baseline sleep-wake tracking, and strict
control of menstrual cycle phase and hormonal contraceptive use
added strength. Moreover, studying naturally cycling women
during the follicular and luteal phases of their menstrual cycle
provided the necessary control to conduct nonconfounded sex-
based comparisons. Overall, the results point consistently in the
same direction of advanced diurnal and circadian rhythms of
sleep and waking in women vs. men. The current findings are
important, because an interaction between the menstrual and
circadian cycles can influence sleep, particularly during the luteal
phase, which is often characterized by sleep complaints (38).

In conclusion, we observed an advance in the diurnal and cir-
cadian rhythms of sleep and alertness in women vs. men during
both the MF and ML phases of the menstrual cycle. This is
explained by an earlier circadian variation of sleep and waking
superimposed on advanced circadian rhythms. The acrophase of
SE and TST in women was observed 1.0 to 1.7 h before their
habitual time of waking, whereas it was observed at the habitual
time of waking in men. Thus, the last 2 h of women’s habitual
sleep period have a weaker circadian drive for sleep at a time
when the homeostatic drive is also low. Even though participants
in the present study did not present sleep disturbances, our current
findings are particularly relevant for helping to explain women’s
susceptibility to early-morning awakenings. Because diurnal and
circadian factors are relevant for the physiopathology of insomnia
(3), it is important to consider the timing of sleep and circadian
rhythms for the treatment of sleep complaints in women (1).

Methods

Participants. Results from 11 healthy women in their MF phase (mean age +
SD, 25.8 + 3.5y) and 15 healthy men (23.4 + 3.7 y) who participated in one of
three studies [two published (13, 15)] carried out between 2004 and 2011 at
the Douglas Mental Health University Institute were included in the present
study (see SI Appendix, Table S1 for demographic details). Each subject
provided informed consent before participation. Each study had similar
screening procedures, inclusion/exclusion criteria, prestudy sleep-wake
schedule requirements, and baseline in-patient study conditions, as pre-
viously reported (13-15, 37). None of our female participants were on con-
traceptives when we first contacted them during our recruitment
procedures (see further details in S/ Appendix, Methods). Data from eight
women (subjects no. 1-8; S/ Appendix, Tables S1 and S2) were also collected
in their ML phase (13). All participants gave their informed consent. For
additional details, see S/ Appendix, Methods.

Study Design. All studies had a similar protocol including at least one 8-h
nocturnal baseline sleep period followed by a 72-h USW procedure (S/ Ap-
pendix, Fig. S1 and Table S2), and is detailed in S/ Appendix, Methods. The
USW procedure consisted of 60-min wake episodes in dim light (<10 Ix) al-
ternating with 60-min nap opportunities in total darkness for a total of 36
wake and nap periods spanning 3 d in controlled conditions. All experi-
mental procedures were approved by the Douglas Mental Health University
Institute Research Ethics Board and are within the ethical standards of the
Declaration of Helsinki.
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Measures and Data Processing. CBT was automatically monitored (four times
per min) using a disposable rectal thermistor (Steri-Probe; Cincinnati Sub-Zero
Products) inserted 10 cm into the rectum. To minimize the masking effect of
the 8-h nocturnal sleep episode, the first 8 h of CBT recording during the USW
procedure was excluded from analysis.

Saliva samples were collected once (5 min before lights out for 1 woman
and 10 men) or twice (5 min after lights on and 5 min before lights out for 10
women and 6 men) during each wake episode and assayed for their content
of melatonin using a direct saliva RIA '?I-labeled tracer. See details in S/
Appendix, Methods.

Sleep was recorded by PSG across all nocturnal baseline sleep periods and
nap episodes throughout the USW procedure. PSG recordings included a central
and occipital electroencephalogram, an electrooculogram, and a submental
electromyogram. For consistency across participants, all PSG data were visually
scored according to the Rechtschaffen and Kales criteria (39) using 30-s epochs.

Subjective alertness was assessed in the middle of all wake episodes via a
10-cm bipolar visual analog scale, with 0 cm being extremely sleepy and 10 cm
being extremely alert.

Data and Statistical Analysis. CBT data were averaged into 1-min bins, and a
dual-harmonic regression model (courtesy of C. A. Czeisler, Brigham and
Women's Hospital, Boston) without serial correlated noise was applied to
individual CBT curves to assess the individual circadian parameters (detailed
in SI Appendix, Methods).

To explore the sex differences in baseline nocturnal sleep, data from the
sleep period immediately preceding the USW procedure were used for
all subjects.

To evaluate the diurnal variation of sleep and alertness during the USW
procedure, data were aligned by the time since lights on. This set of analyses
demonstrates the temporal relationship between sleep-wake propensity and
the habitual nocturnal sleep period. To clarify the circadian component of
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this variation, another set of analyses was done with data now aligned by
the time of CBT minimum. This latter set of analyses addresses sex differ-
ences in the circadian variation of sleep and waking.

After alignment, data were averaged into 2-h bins for each participant and
then across participants of each group. A nonlinear mixed-effect model was
applied to 2-h-binned (i.e., 30°-binned) data using the nimixed SAS pro-
cedure (SAS Institute) to compare circadian parameters between sexes. See
SI Appendix, Methods for details. We repeated the between-sex analyses
based on data collected in eight women during the ML phase of their
menstrual cycle.

Materials and Data Availability. Participants in this study have not agreed that
their data be placed in a publicly accessible database. Thus, for ethical reasons,
the authors cannot provide public access to these data. Nevertheless, materials,
data, and associated protocols will be made available for investigation of
scientific integrity if necessary. For these purposes, investigators should contact
the principal investigator directly and a process involving the institutional re-
view board of the Douglas Institute will be initiated. Readers are free to contact
the principal investigator if they wish to initiate discussions regarding research
collaborations to build on these published data.
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