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Study Objectives: Women experience insomnia more frequently than men. Menstrual cycle changes in reproductive hormones and circadian
rhythms may contribute to sleep disruptions. Our aim, therefore, was to clarify the interaction between menstrual and circadian processes as it
affects sleep.

Design: Participants entered the laboratory during the mid-follicular (MF) and mid-luteal (ML) phases of their menstrual cycle for an ultra-rapid
sleep-wake cycle (URSW) procedure, consisting of 36 cycles of 60-min wake episodes alternating with 60-min nap opportunities. This procedure
concluded with an ad libitum nap episode.

Setting: Time-isolation suite.

Participants: Eight unmedicated, physically and mentally healthy females with regular ovulatory menstrual cycles.

Interventions: N/A

Measurements: Polysomnographic sleep from nocturnal sleep episodes and 60-min naps; subjective alertness; core body temperature (CBT);
salivary melatonin; urinary estradiol; and urinary progesterone.

Results: Increased CBT values at night and decreased CBT amplitude were observed during ML compared to MF. Circadian phase of CBT and
the circadian melatonin profile were unaffected by menstrual phase. All analyzed sleep parameters showed a circadian variation throughout the
URSW procedure, with no menstrual phase differences observed for most, including slow wave sleep (SWS). The circadian variation of REM sleep
duration, however, was sensitive to menstrual phase, with reduced REM sleep during ML at circadian phase 0° and 30°.

Conclusions: Moderate but significant changes in REM sleep across the menstrual and circadian cycles were observed. These results support an

interaction between circadian and menstrual processes in the regulation of REM sleep.
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SLEEP COMPLAINTS ARE PREVALENT IN WOMEN,
WHO, DESPITE FINDINGS OF UNAFFECTED POLYSOM-
NOGRAPHIC (PSG) SLEEP MACROSTRUCTURE,' ARE
1.5-2 times as likely to report insomnia symptoms as men.> The
variation of reproductive hormones across the menstrual cycle,
including progesterone, which is low throughout the follicular
phase (FP) and rises during the luteal phase (LP), can affect
sleep.® Overall, previous studies documenting nocturnal PSG
sleep indicate sleep onset latency (SOL), sleep efficiency (SE),
and slow wave sleep (SWS) are stable across the menstrual
cycle, whereas decreases in REM sleep are observed during
LP compared to FP.> Nevertheless, PSG findings are not un-
equivocal, and inconsistencies persist regarding the variation of
SWS*¢ and REM sleep across the menstrual cycle.?

Changes in reproductive hormones are also thought to affect
the expression of circadian rhythms, though findings are equiv-
ocal.’ During LP, high progesterone levels are associated with
significant alterations in core body temperature (CBT) rhythms,
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including increased daily values of 0.3°-0.4°C, blunted noctur-
nal decline, and reduced circadian amplitude.'*!* Inconsistencies
appear when considering the timing of the temperature rhythm
across the menstrual cycle, as studies have reported phase de-
lays™'? or unchanged phase*'*!" during LP compared to FP. As
for melatonin, a pineal hormone whose high nocturnal secretion
pattern makes it a reliable circadian marker, it remains unclear
whether its rhythm is affected by menstrual phase. There are
prior reports of decreases,' increases,'* phase-delays,'? or no
change's in melatonin secretion during LP compared to FP. Fi-
nally, though limited in number, studies investigating the circa-
dian variation of cortisol across the menstrual cycle have been
similarly inconsistent, with rhythms either phase-advanced,
phase-delayed, or decreased in amplitude during LP.'¢

Modifications in circadian rhythms across the menstrual
cycle are pertinent since sleep is regulated by a complex inter-
action between circadian and homeostatic processes.!” Experi-
ments manipulating the timing of the sleep-wake cycle (e.g., by
forced desynchrony or ultra-rapid sleep-wake cycle [URSW]
procedures'™!”) have illustrated the circadian variation of sleep
propensity and architecture, and how these are related to CBT
and melatonin rhythms. Specifically, increased sleep and REM
sleep propensity as well as decreased SOL and REM sleep on-
set latency (ROL) are observed near the CBT nadir when en-
dogenous melatonin levels are high.'”"

In the present study, we utilized the URSW at the mid-folli-
cular (MF) and mid-luteal (ML) phases of the menstrual cycle
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URSW procedure

laboratory day

relative clock time

- Sleep/Nap episode (< 0.03 lux)

D Wake episode in constant conditions (< 10 lux)

Figure 1—lllustration of the laboratory experimental protocol. Participants
entered the laboratory on 2 occasions for a duration of 5 days: i.e. during
the MF (scheduled on days 5-9 after menses onset) and the ML (scheduled
on days 19-23 after menses onset) phases of their menstrual cycle. Each
visit was scheduled on a separate menstrual cycle to allow recuperation,
and the phase at first visit was balanced such that 4 participants had
their initial visit at MF and 4 at ML. After entering the lab in the evening
of Day 1 for a period of acclimatization (light levels: 150 lux), participants
were put to bed for an 8-h nocturnal sleep episode (light levels: < 0.03
lux) scheduled at their habitual time. Upon awakening, participants began
the 72-h URSW procedure which consisted of 36 cycles of 60-min wake
episodes in constant conditions (small isocaloric snacks at each wake
episode; light levels: < 10 lux) alternating with 60-min nap episodes (light
levels: < 0.03 lux), all in semi-recumbent posture. This was concluded
with an ad libitum nap episode (light levels: < 0.03 lux). The protocol for a
participant with a habitual sleep time from 00:00 to 8:00 is illustrated.

to quantify the circadian variation of sleep propensity and orga-
nization in healthy women. This design allowed us to observe
nocturnal sleep at different menstrual phases, to study variation
in circadian rhythms of CBT and melatonin across the menstrual
cycle under highly controlled conditions, and to document how
the circadian variation of sleep is modified by different phases
of the menstrual cycle. This investigation will therefore explore
the interaction between circadian and menstrual processes as
it affects sleep and alertness in healthy women. As such, this
line of investigation has the potential to shed light on factors
contributing to the increased susceptibility for sleep disruptions
and reports of poor sleep in women.?

METHODS

Participants

Eight physically and mentally healthy women (mean age +
SD: 26 + 2.67; mean height + SD: 164.14 = 1.19 cm; mean
weight = SD: 59.6 + 3.5 kg) with regular menstrual cycles (26-
32 + 3 days) were studied. Participants confirmed ovulation via
plasma progesterone test on day 21 of the menstrual cycle pre-
ceding experimental procedures. All were nulliparous, not cur-
rently breast feeding, and free of hormonal contraceptives and
gynecological pathology. Exclusion criteria included shift work
or transmeridian travel within the past 3 months. All were drug
free and good sleepers with no evidence of psychopathology or
premenstrual dysphoric disorder.

Prior to entry, participants maintained a regular schedule of
8 h sleep/darkness per day for > 3 weeks, confirmed by sleep-
wake log, calls to the laboratory at wake/bed-times, and wrist-
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worn actigraphy (Actiwatch, Mini-Mitter, Bend, OR, USA) the
week preceding admission. The Douglas Mental Health Uni-
versity Institute Research Ethics Board approved all procedures
and all participants provided informed consent.

Design

Participants entered the laboratory for 5 days during the
MF (days 5-9 after menses) and ML (days 19-23 after menses)
phases of their menstrual cycle. Each visit was scheduled on a
separate menstrual cycle to allow recuperation, and the phase at
first visit was balanced such that 4 participants had their initial
visit at MF. Procedures during both visits were identical.

Each visit lasted 5 days in time isolation and began with an
8-h sleep episode based on the habitual sleep times of the pre-
ceding 3-week schedule (mean = SD; bedtime: 00:03 + 00:39;
wake time: 08:03 £ 00:39). This schedule was comparable be-
tween visits. Upon awakening, participants began the URSW,
consisting of 60-min wake episodes alternating with 60-min
nap opportunities, for a total 36 wakes and naps spanning 3
circadian cycles (Figure 1). When not completing experimental
procedures (e.g., psychometric testing, saliva and urine sam-
pling) during wake periods, participant activities included read-
ing, listening to music, watching movies and conversing with
technical staff. The 72-h procedure concluded with an ad libi-
tum nap episode. Constant conditions, including semi-recum-
bent posture, a time-cue free environment, iso-caloric snacks
(1x/wake), and dim lights during wake episodes (< 10 lux) were
maintained throughout the URSW. Naps occurred in darkness
(<0.03 Iux).

Measures and Data Processing

For all nocturnal sleep and naps, PSG recordings, including
central and occipital electroencephalogram, electrooculogram
and submental electromyogram (EMG), were made on a com-
puterized system (Harmonie, Stellate Systems, Montreal, QC,
Canada) at a sampling rate of 250 Hz, and high- and low-pass
filtered at 0.3 Hz and 35 Hz, respectively. Sleep was visually
scored in 30-sec epochs according to standard criteria.”® The
amount of each sleep stage was determined and expressed as
minutes and percent of the sleep period (SP; from sleep onset to
final awakening). Total sleep time (TST) was the sum of sleep
stages 1 to 4 plus REM sleep. SE was TST divided by the time
from lights-off to lights-on (for the 8-h nocturnal sleep episode)
or by 30 circadian degrees (for naps throughout the URSW),
multiplied by 100. SOL was the time from lights-off to the first
appearance of >2 epochs of stage 1 sleep, or the first appearance
of any deeper stage. NREM sleep was the sum of sleep stages 2
to 4. ROL was the time from sleep onset to the first appearance
of REM sleep. If a nap contained no incidence of REM sleep,
a value of 60 (i.e., the full duration of the nap period) was as-
signed for ROL. The organization of sleep across the nocturnal
SP was analyzed by dividing the SP into 3 segments of equal
duration. Periodic leg movements in sleep (PLM) and apnea/
hypopnea were ruled out during the first PSG recording. For
PLM, EMG:s of the left and right anterior tibialis were recorded.
Leg movements of 0.5-5.0 sec in duration occurring at intervals
of 4.0-90.0 sec and clustered in groups > 4 were considered
PLMs, in accordance with Coleman’s criteria.”! Respiratory
parameters were monitored with bucconasal thermistance and
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airflow pressure transducer. AASM recommended criteria®? for
defining apnea (> 90% reduction in airflow for > 10 sec) and
hypopnea (= 30% reduction in airflow for > 10 sec) were used,
and all participants had an apnea/hypopnea index below 5.

A post-sleep questionnaire administered after awakening
from the 8-h nocturnal sleep episode assessed subjective sleep
quality (SSQ; numeric rating from 0 to 6, with 0 being extreme-
ly bad and 6 being extremely good) for the preceding sleep epi-
sode. Subjective alertness following the full sleep episode was
assessed via numeric rating (from 1 to 9, with 1 being not at all
sleepy and 9 being definitely sleepy). A post-nap questionnaire
administered ~2 min after waking from each nap throughout the
URSW assessed SSQ for the preceding nap. Subjective alert-
ness (10-cm bipolar visual analog scale [VAS] with 0 cm being
extremely sleepy and 10 cm being extremely alert) was also
assessed at that time. A second subjective alertness assessment
was administered in the middle of all wake episodes (~30 min
after lights-on).

CBT was continuously monitored (4x/min) throughout the
URSW via a thermistor (Steri-Probe, Cincinnati Sub-Zero Prod-
ucts Inc., Cincinnati, OH, USA) inserted 10 cm into the rectum,
connected to an in-house data acquisition system. Data were in-
spected for probe malfunctions or “slips,” which were discarded.
To minimize confounding effects accompanying the transition
from nocturnal sleep to the start of the URSW, CBT data from
the first 8 h of the URSW were removed. After collapsing all
CBT data into 1-min bins, a dual-harmonic regression model*
without serial correlated noise was applied to individual CBT
curves for the last 64 h of the URSW. Circadian phase was de-
fined as time of fitted minimum of this model. Circadian ampli-
tude was defined as the mean-to-trough difference of the first
harmonic of the regression.?* The fitted CBT minimum obtained
during the first day of the URSW was assigned circadian phase
0° and used to assign a circadian phase from 0° to 359.9° for all
outcome parameters throughout the URSW (see below).

Saliva samples were collected twice during each wake epi-
sode (~5 and ~55 min after lights-on), and assayed in duplicate
for their content in melatonin using direct saliva melatonin ra-
dioimmunoassay '*I-labelled tracer (Participants 01-04: Stock-
grand Ltd, Guilford, Surrey, UK, coefficient of variation: 8.5%,
lower limit of detection: 2 ng/mL; Participants 05-08: Buhlman,
Alpco Diagnostics, Windham, NH, USA, mean intra- and in-
terassay coefficients of variation: 7.9% and 9.8%, respectively,
lower limit of detection: 2 ng/mL). Sample concentrations below
the lower limit of detection were assigned a value of zero. This
was observed in (mean + SEM) 19.04% + 6.15% of the samples
for MF and 26.01% + 7.23% of the samples for ML, which was
not significantly different between menstrual phases (t, = —1.05,
P =0.33). Melatonin profile included dim light melatonin onset
(DLMOn), dim light melatonin offset (DLMOff), midpoint of se-
cretion (time-point between DLMOn and DLMOfY), duration of
secretion (time from DLMOn to DLMO(ff), amplitude, and time
of fitted maximum (i.e., circadian phase). DLMOn and DLMOff
were defined as the times of upward and downward crossing of
the 24-h average, respectively.”” Amplitude and fitted maximum
were determined with the first harmonic of a 3-harmonic regres-
sion model to individual melatonin curves.*

To document ovulation, in-lab morning urine samples were
assayed for estradiol and progesterone concentration. Assays
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were performed on the Beckman Coulter DxI 800 system, us-
ing Beckman reagents for chemiluminescence immunoassays
(Beckman Coulter Inc, Brea, CA, USA; estradiol coefficient of
variation: 10.7%; progesterone coefficient of variation: 6.8%).

Statistical Analyses

Normality of data was verified with the Shapiro-Wilk test,
with obtained values of P > 0.05 indicating a normal distribu-
tion. Normality testing for data undergoing ANOVA analyses
was conducted on the residuals of the raw data.”” Paired-sam-
ples #-tests were used to analyze amplitude and phase of CBT,
DLMOn, DLMOff, duration, midpoint, amplitude, and phase
of salivary melatonin, and ovarian hormone concentrations be-
tween MF and ML. To further account for the order of visits
and first night effects, a one-way repeated measures ANCOVA
with “menstrual phase at first visit” as a covariate was used to
analyze nocturnal sleep measures at MF and ML. Sleep across
the nocturnal SP was analyzed with a 2-way repeated measures
ANOVA (factors: menstrual phase x third-of-night).

To explore the circadian variation of sleep throughout the
URSW, each 30-sec scored sleep epoch was assigned a circa-
dian phase between 0° to 359.9°, relative to the CBT minimum
at 0°. Data were then folded every 24 h and binned into 30° cir-
cadian bins (blocks of 2 h) yielding a 12-point curve spanning
the 24-h day. In that manner, data obtained during similar 30°
circadian phases throughout the 3 days of the URSW were com-
bined. SOL and ROL were allocated based on circadian phase
at lights out for each nap episode. Subjective alertness (post-
nap and mid-wake assessments), CBT (throughout wakes and
naps spanning the URSW), and salivary melatonin data were
analyzed in a manner similar to PSG sleep results. Analyses
utilized 2-way repeated-measures ANOVAs (factors: menstrual
phase x circadian phase). Subsequent simple main effects tests
and/or Tukey HSD post hoc comparisons were used when ap-
propriate. Before the start of experimental procedures, we hy-
pothesized a specific and directional change (i.e. a reduction) in
nocturnal REM sleep during ML. This a priori prediction later
formed the basis of a series of 4 Tukey HSD pairwise compari-
sons applied to the URSW REM sleep data (see Results). All
data are expressed as mean = SEM.

RESULTS

Ovarian Hormones

In all participants, urinary estradiol and progesterone in-
creased from MF to ML. Mean (+ SEM) MF and ML estra-
diol were 596.3 + 131.0 pmol/L and 1112.5 + 293.7 pmol/L,
respectively (t, =-2.15, P=0.07). Mean (+ SEM) progesterone
increased significantly (t, = —4.13, P = 0.004) at ML (37.51 +
8.3 nmol/L) compared to MF (14.1 + 3.8 nmol/L).

Nocturnal PSG Sleep

Nocturnal sleep recordings for 2 participants at ML were lost
due to technical difficulties. To maintain a within-subject de-
sign, analyses focused on a total of 12 recordings, reflecting
both menstrual phases in 6 participants.

Table 1 contains a summary of PSG measures obtained dur-
ing nocturnal 8-h sleep episodes at MF and ML. No significant
menstrual phase differences were observed for TST, SE, ROL,
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Table 1—Polysomnographic sleep measures at the MF and ML phases of the menstrual cycle

Sleep stages during nocturnal MF ML P- Sleep stages averaged MF ML P-

sleep episodes (n=6) (n=6) value across all naps (n=8) (n=8) value
TST (min) 4376+8.3 423+6.5 0.40 TST (min) 29.7+13 292+13 0.50
SE (%) 930+ 12 895+16 0.11 SE (%) 49.7 +2.1 489+23 0.65
SOL (min)? 72+19 16.0+27 0.02 SOL (min) 286+15 288+16 0.84
ROL (min) 872+169 998+19.1 0.7 ROL (min)? 431+14 500+15 0.05
Stage 1 (%) 28+0.6 28+04 0.99 Stage 1 (%) 83117 82+14 0.92
Stage 1 (min) 12227 1.9+1.6 0.87 Stage 1 (min) 25104 2102 0.14
Stage 2 (%) 614+36 63926 0.19 Stage 2 (%) 511143 529+45 0.40
Stage 2 (min) 269.4+£183 269.8+105 0.91 Stage 2 (min) 18.3+1.3 195+14 0.18
SWS (%) 106 £2.6 106+1.2 0.91 SWS (%) 7.7+15 71+12 0.36
SWS (min) 454+105 4475+56 0.82 SWS (min) 34+07 3106 0.27
NREM (%) 71917 744+16 0.08 NREM (%) 588+44 60.0+4.4 0.53
NREM (min) 3148+88 3146+6.8 0.96 NREM (min) 21.7+12 225+14 0.23
REM (%)? 252+20 227+19 0.04 REM (%) 1.6+09 103+14 0.24
REM (min) 1106 £9.9 96.2+8.5 0.12 REM (min) 54+04 45+05 0.08
WASO (%) 36116 5517 0.39 WASO (%) 234 +4.1 238+3.9 0.76
WASO (min) 1731738 26.2+8.3 0.39 WASO (min) 14.1+28 142+28 0.83
MT (%) 12+03 1.3+0.2 0.44 MT (%) 0.3+0.1 03+0.1 0.71
MT (min) 56+12 6.0+1.1 0.38 MT (min) 0.16 £ 0.0 0.16 £0.0 0.83
MT + WASO (%) 48+16 6.8+15 0.32 MT + WASO (%) 23.6+4.1 240+3.9 0.75
MT + WASO (min) 29+77 322174 0.32 MT + WASO (min) 14.3+23 144+23 0.93
# REM episodes 417103 45+0.2 0.49
mean REM efficiency (%) 933+22 97.1+0.8 0.37
mean REM length (min) 265+13 213115 007
last REM episode: # fragments 2005 13+£0.2 0.40
last REM episode: efficiency (%) 94.3 £4.0 974+1.9 0.42
last REM episode: length (min) 278+3.0 17.8+£22 0.07

MF, mid-follicular; ML, mid-luteal; TST, total sleep time; SE, sleep efficiency; SOL, sleep onset latency; ROL, REM sleep onset latency; SWS, slow wave

sleep; WASO, wake after sleep onset; MT, movement time; All values are mean + SEM; P-values in left panel provided for one-way repeated measures

ANCOVA (with menstrual phase at first visit as covariate); P-values in right panel provided for 2-tailed paired-samples t-tests; @indicates significant menstrual

phase difference (P < 0.05)

stage 1 sleep, stage 2 sleep, SWS (stage 3+4), NREM sleep,
wake after sleep onset (WASO), or movement time (MT). SOL
significantly increased at ML compared to MF (F,, = 13.95,
P =0.02). During ML compared to MF, REM sleep % signifi-
cantly decreased (/' , = 8.06, P = 0.04).

The variation of WASO SWS, and REM sleep throughout the
nocturnal SP was also analyzed by expressing each in minutes and
percent per third of the SP at MF and ML. A significant main ef-
fect of time was observed for SWS (min: F, ,=12.71,P=0.002;
%: F, ,=12.41,P=0.002; Figure 2 middle panel) and REM sleep
(min: F, | =44.18, P <0.0001; %: F, | =44.77, P <0.0001; Fig-
ure 2, lower panel), with typical decreases and increases observed,
respectively, across the SP. A significant main effect of menstrual
phase was observed for REM sleep % (F, ; = 8.23, P = 0.035),
with an apparent decrease observed during the second third of the
SP in ML compared to MF (Figure 2, lower panel).

Subjective Sleep Quality and Alertness Following the Nocturnal
Sleep Episode

SSQ reflecting the 8-h nocturnal sleep episode was de-
creased (t, = 2.27, P = 0.057) in ML (mean = SEM: 2.6 & 0.3)
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compared to MF (mean + SEM: 3.7 + 0.4). Subjective alertness
upon awakening from the nocturnal sleep episode was signifi-
cantly decreased during ML compared to MF (MF: 2.9 + 0.6,
ML: 5.1 +0.5;t,=-3.0, P=0.02).

PSG Sleep Throughout the URSW

Figure 3 illustrates the variation of PSG sleep measures
throughout the URSW at both menstrual phases. Two-way re-
peated measures ANOVA revealed a significant main effect of
circadian phase for TST, SE, SOL, ROL (Figure 3, left panels),
and minutes of stage 2, SWS, NREM, and REM sleep (Figure
3, right panels; for all: |, ..>8.00, P < 0.0001). Sleep propen-
sity, as indicated by the SOL minimum, reached a maximum at
the end of the projected habitual nocturnal sleep episode. The
peaks of SWS and REM sleep, which were narrower than the
peak of stage 2 sleep, were observed at the start and end of the
projected nocturnal sleep period, respectively. No menstrual
phase differences were observed for TST (£, ,=0.73, P=0.42),

SE (F,,=0.40, P=0.55), SOL (F, =0.02, P 0.89), stage 2
sleep (F =3.51, P=10.10), SWS (F =1.53, P=10.26), and
NREM sleep (F,,=101,P=0.35). Menstrual phase differenc-
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Figure 2—Variation of wake after sleep onset (WASO), slow wave sleep
(SWS), and REM sleep across thirds of the nocturnal sleep period (SP;
from sleep onset to final awakening) in the MF and ML phases of the
menstrual cycle. Amounts per third were expressed as % of the full SP.
A significant main effect of time within the SP was observed for SWS %
and REM sleep % (P < 0.01), and a significant main effect of menstrual
phase was observed for REM sleep % (P = 0.035), by 2-way ANOVA for
repeated measures. Values are mean £ SEM.

es for REM sleep (£, ,=3.01, P=0.12), and ROL (F , = 4.06,
P =0.08) did not reach statistical significance, either. However,
a series of Tukey pairwise comparisons on REM sleep data
spanning times throughout the habitual nocturnal sleep episode
(i.e., circadian phases from 300° to 60°), which were conducted
in order to test the validity of an a priori prediction of decreased
nocturnal REM sleep during ML, confirmed significantly de-
creased REM sleep at ML compared to MF at circadian phase
0° and 30° (P < 0.05). When sleep stages were averaged across
all naps, a menstrual phase difference in ROL (t, = —2.36,
P =0.05) was observed, with values increased during ML com-
pared to MF (Table 1).

Subjective Sleep Quality and Alertness Throughout the URSW
Two-way repeated measures ANOVA applied to SSQ of
naps revealed a significant circadian variation (£, ,, = 18.89,
P < 0.0001), with a pattern similar to the variation of SE
throughout the URSW. Menstrual phase had no effect on SSQ
(F,,=0.99, P = 0.35). Subjective alertness as assessed by the
VAS ceither at the start or middle of wake episodes showed a
significant circadian rhythm (start: F,, = 19.43, P < 0.0001;

11,77
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middle: F, ,,=7.96, P <0.0001; Figure 4, left panels), with no
menstrual phase differences (start: = 0.14, P=0.28; middle:

F,,=0.11,P=0.75).

CBT and Salivary Melatonin Throughout the URSW

CBT amplitude was significantly reduced at ML compared
to MF (Table 2; t, = 3.61, P=0.01). A significant negative cor-
relation was found between urinary progesterone concentra-
tion and CBT amplitude (r = —0.51, P = 0.04). Time of fitted
minimum of CBT was unchanged between menstrual phases
(Table 2; t, = 0.93, P = 0.40). A significant main effect of men-
strual phase was observed for CBT, indicating elevated over-
all CBT values throughout ML compared to MF (£, = 7.70,
P = 0.03; Figure 4, lower right panel). A significant menstrual
phase x circadian phase interaction was also observed for CBT
throughout the URSW, with significantly elevated values dur-
ing ML versus MF occurring between circadian phase 300° to
60° (F, ,, = 1.88, P=0.05; Figure 4, lower right panel).

Two-way repeated measures ANOVA revealed a circadian
variation of salivary melatonin with a peak during the habitual
dark/sleep period at MF and ML (Figure 4, upper right panel;
F, ,,=10.07, P < 0.0001), though no menstrual phase differ-
ence was observed (£, = 0.67, P=0.44). DLMOn (t, = —1.18,
P =0.28), DLMOST (t, = —0.12, P = 0.91), duration (t, = 0.51,
P = 0.62), midpoint of secretion (t, = —0.83, P = 0.43), AUC
(t, = 1.12, P = 0.30), and circadian amplitude (t, = —1.36,
P = 0.22) and phase (t, = —1.06, P = 0.32) were comparable
between MF and ML (Table 2).

DISCUSSION

We investigated how the menstrual cycle influences ovarian
hormones, nocturnal sleep, and the circadian variation of CBT,
melatonin and sleep in healthy women.

Increased estradiol and progesterone during ML compared
to MF confirmed ovulation in all participants. Reinforcing
others,'"!* we observed these ovarian hormone changes to be
coincident with significantly altered CBT rhythms during ML,
including reduced nocturnal decline and decreased circadian am-
plitude, which was correlated with increased progesterone con-
centration. Circadian phase of CBT, however, was unchanged
between menstrual phases in agreement with those who utilized
constant conditions to minimize masking effects.'>"* Likewise,
we found all aspects of the circadian salivary melatonin profile
to be unaffected by menstrual phase. Most studies examining
melatonin at different menstrual phases® did not use constant
conditions to control for masking effects, and were inconsistent.
Using a modified constant routine, Wright and Badia® found
no difference in salivary melatonin across the menstrual cycle,
whereas Shibui and colleagues, utilizing an URSW similar to
ours found a decreased AUC for plasma melatonin during LP,
though DLMOn, DLMOfT, phase, and duration were similar.'

We observed moderate but significant menstrual cycle
changes in nocturnal sleep. Confirming others, we observed de-
creased REM sleep during ML compared to MF.*?® Our finding
of lengthened SOL during ML contradicts prior reports,*>72
but is consistent with the expected relationship between in-
creased CBT and reduced sleep propensity reported across the
circadian cycle.!” Our results support the conclusion that sleep
homeostasis is unaffected by menstrual phase.’ This was illus-
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Figure 3—Variation of polysomnographic sleep measures across the circadian cycle at the MF and ML phases of the menstrual cycle obtained throughout
the URSW procedure. TST: total sleep time; SE: sleep efficiency; SOL: sleep onset latency; ROL: rapid eye movement sleep onset latency; SWS: slow wave
sleep. Two-way ANOVA for repeated measures revealed a significant main effect of circadian phase for all reported sleep parameters (P < 0.0001). *indicates
significant menstrual phase differences (P < 0.05) in REM sleep occurring at circadian phase 0° and 30° during ML compared to MF, by Tukey pairwise
comparisons. Each 30-sec scored sleep epoch was assigned a circadian phase between 0° to 359.9°, relative to the CBT minimum at 0°. Data were then
folded every 24 h, and binned into 30° circadian bins (blocks of 2 h) yielding a 12-point curve spanning the 24-h day. In that manner, data obtained during
similar 30° circadian phases throughout the three days of the URSW were combined. SOL and ROL were allocated based on circadian phase at lights out
for each nap episode. Data are plotted at the middle of each bin, such that 0° reflects data in the 345° to 15° bin, 30° reflects data from 15° to 45° bin, etc.
Data are repeated over 2 consecutive days for illustration purposes. Black bars represent time of projected habitual nocturnal sleep episode (mean + S.D.
circadian phase at bedtime and wake time are 305.9 £ 0.7 and 65.9 £ 0.7 circadian degrees, respectively). All values are mean + SEM.
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trated by the similarity in total nocturnal SWS and the time
course of SWS across the SP at both menstrual phases. A
contrast was also noted between TST and SOL, with the
finding of increased nocturnal SOL during ML compared
to MF indicating weakened sleep initiation mechanisms
but maintained sleep quality at different menstrual phases.
Like others,” our participants reported decreased noctur-
nal subjective sleep quality during the luteal phase. This
apparent discrepancy between objective PSG-based es-
timates and subjective questionnaire-based estimates of
sleep quality across the menstrual cycle has also been ob-
served by others.*

Our findings of a circadian variation for TST, SE, SOL,
ROL, stage 2, SWS, NREM, and REM sleep are consis-
tent with others.'”!” Interestingly, the circadian variation of
SWS peaked early in the night whereas that of REM sleep
occurred at the end of the night.

We found menstrual-related changes in REM sleep,
which decreased during ML compared to MF. Though
the study by Shibui and colleagues did not report the full

Table 2—Circadian profile of CBT and salivary melatonin at the MF and ML
phases of the menstrual cycle

CBT amplitude (°C)?
CBT fitted minimum (clock time)

DLMOn (clock time)
DLMOff (clock time)
Melatonin duration of secretion (hours) 09:57 + 00:46 09:26 + 00:27 0.62
Melatonin midpoint (clock time)
Melatonin AUC (24-h)

Melatonin amplitude (pg/mL)
Melatonin fitted maximum (clock time) 03:14 £ 00:59 04:16 + 00:45 0.32

CBT, core body temperature; DLMOn, dim light melatonin onset; DLMOff, dim
light melatonin offset; AUC, area under the curve; All values are mean + SEM;
P-values provided for 2-tailed paired-samples t-tests; cindicates significant
menstrual phase difference by paired-samples t-test (P < 0.05)

MF ML P-
(n=8) (n=8)  value
0.31+£0.03 023%0.03 0.01

04:34 £00:25 04:20 +00:22 0.40

22:13+£00:32 22:49+00:24 0.28
08:10 £00:25 08:16 +00:31 0.91

03:11 £00:18 03:32£00:25 0.43
228.97 £30.00 164.11 £42.00 0.30
634127 775151 022

PSG sleep profile, and only described the variation of
sleep propensity across menstrual and circadian phases,
they reported that within the 09:00-16:30 (daytime) time range,
the number of naps containing SWS was increased during LP
compared to FP."* We observed SWS throughout the URSW to
be unaffected by menstrual phase. Though similar, our experi-
mental design differed in that our participants had an 8-h noc-
turnal sleep opportunity, whereas their participants were sleep
deprived for 24 h preceding the start of the URSW. This situ-
ation could have increased the homeostatic pressure for SWS
and may have thus confounded the expression of REM sleep
in their study. Moreover, by scheduling 60-min naps, as op-
posed to the 10-min naps used by Shibui et al., we increased the
opportunity for observing REM sleep. Increased homeostatic
sleep drive, combined with short nap opportunities could thus
have resulted in a displacement of REM sleep expression in fa-
vor of SWS in the Shibui et al. study. A full description of REM
sleep characteristics across the circadian cycle was not reported
in their study, however.

When assessed either immediately after awakening from
naps or at the middle of wake episodes, we observed a signifi-
cant circadian variation of subjective alertness, with no men-
strual cycle effects. This is inconsistent with the findings of
Shibui and colleagues,'® who reported increased LP sleepiness
during the daytime (09:00-16:30), though here too, the effects
of the 24-h sleep deprivation could have affected vigilance lev-
els during wake periods in their study. Interestingly, our par-
ticipants did demonstrate significantly increased subjective
feelings of sleepiness during ML compared to MF when as-
sessed after awakening from the nocturnal sleep episode, which
may suggest a menstrual cycle modulation of sleep inertia in
the morning after the completion of a full sleep episode.

Circadian rhythms of melatonin secretion, body temperature
and sleep propensity are related, as prior research has linked
increases in circulating melatonin, increased distal heat loss,
decreased CBT and reduced sleep latencies.’' Sleep is usually
initiated on the declining limb of the CBT curve, and the CBT
nadir is associated with peak sleep propensity.'” Conversely,
times of high CBT are associated with increased SOL, as well

SLEEP, Vol. 33, No. 5, 2010

as decreased TST, SE, and REM sleep.!” Results obtained in our
nocturnal comparisons between MF and ML revealed similar
associations between sleep and CBT.

Circadian rhythms of CBT are generated by the suprachias-
matic nucleus (SCN) via a projection to the dorsal subparaven-
tricular zone and then the medial preoptic region? and preoptic
anterior hypothalamus (POAH), which is involved in thermo-
regulation.”® In ovulatory menstrual cycles, there is a modu-
lation of the endogenous CBT cycle illustrated by elevated
nocturnal minima, blunted circadian amplitude and increased
mesor of ~0.3°C during LP as shown by Cagnacci et al.'? and
our present data. This is likely due to progesterone, which is
thermogenic and acts by altering the firing rate of thermosensi-
tive neurons in the POAH.* Cagnacci and colleagues suggested
that altered CBT across the menstrual cycle results from a resis-
tance to the hypothermic effects of melatonin during LP. This
was illustrated by administering exogenous melatonin during
daytime hours, which elicited a CBT decline during FP but was
ineffective during LP."? Recording throughout 24 h, the authors
also documented a blunted nocturnal CBT decline despite nor-
mal melatonin levels,'? a finding consistent with our results.

The POAH, as an integrator between melatonin, body tem-
perature, and sleep, contains melatonin receptors, as well as
warm- and cold-sensitive neurons that are more or less active
during sleep, respectively.** A study demonstrated that cutane-
ous warming of the peripheral skin in humans promotes sleep,
possibly via indirect stimulation of warm-sensitive neurons.*
More recently, the same authors reported that in elderly insom-
niacs, manipulations that cooled CBT and warmed proximal
skin resulted in a 28% decrease in SOL, when compared to the
opposite combination.*® These observations are consistent with
our current results, demonstrating that reduced CBT is associ-
ated with a rapid SOL. Therefore, a more detailed investigation
of thermoregulatory changes across the menstrual cycle would
be interesting to pursue, especially considering the role of CBT,
distal- and proximal skin temperature changes in sleep regula-
tion. The sleep-temperature coupling occurring at the POAH

Circadian and Menstrual Variation of Sleep—Shechter et al
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Figure 4—Circadian variation of subjective alertness, salivary melatonin, and core body temperature (CBT) at the MF and ML phases of the menstrual cycle
obtained throughout the URSW. Two-way ANOVA for repeated measures revealed a significant main effect of circadian phase for measures of subjective
alertness, melatonin, and CBT (P < 0.001), and a significant menstrual x circadian phase interaction for CBT only (P = 0.05). *indicates significant simple
main effects tests reflecting menstrual phase differences (P < 0.05). CBT was continuously recorded throughout the URSW. Salivary melatonin samples were
obtained twice during each wake episode. Subjective alertness (10-cm VAS; 0: extremely sleepy, 10: extremely alert) was assessed ~2 min and ~30 min
after waking from each nap episode (upper and lower left panels, respectively). Data were first assigned a circadian degree (0° to 359.9°), then averaged
into 30° bins, and finally folded every 24 h to combine data occurring at similar circadian phase throughout the 72-h URSW. Data are plotted at the middle of
each bin, such that 0° reflects data in the 345° to 15° bin, 30° reflects data from 15° to 45° bin, etc. Data are repeated over 2 consecutive days for illustration
purposes. Black bars represent time of projected habitual nocturnal sleep episode (mean + S.D. circadian phase at bedtime and wake time are 305.9 £ 0.7
and 65.9 £ 0.7 circadian degrees, respectively). All values are mean + SEM.

may explain the susceptibility of REM sleep propensity to men- temperature manipulations in the aforementioned study*® did
strual cycle modulation. The circadian variation of REM sleep ~ not result in CBT changes, whereas the effects of CBT on sleep
is well established, with a peak occurring shortly after the CBT  parameters were of primary interest in our study. Interestingly,
nadir.'” REM sleep can also affect temperature regulation, as a ~ when the circadian variation of sleep was studied in a group
result of suppressed POAH neuronal thermosensitivity during of narcoleptics using a 90-min URSW (30-min sleep/60-min
this sleep stage.’” A finding that is particularly important for ~ wake for 72 h), REM sleep was observed to occur at all times
individuals experiencing disturbed sleep and/or altered REM  of day, unlike the pattern in healthy controls, where it was lim-
sleep was that REM sleep % can be increased by distal skin ited to early morning hours.** An effect of REM sleep on body
warming in young and elderly healthy individuals, whereas it ~ temperature is also supported by evidence from rats undergoing
can be reduced by the same manipulation in elderly insomni- REM sleep deprivation*' and the effects of tricyclic antidepres-
acs® and narcoleptic patients.* However, the interpretation of  sants, which are known to reduce REM sleep and disrupt body
our data in light of these prior findings is difficult since skin  temperature.*

SLEEP, Vol. 33, No. 5, 2010 654 Circadian and Menstrual Variation of Sleep—Shechter et al



A direct action of progesterone and/or its neuroactive me-
tabolites (which are agonistic modulators of central nervous
system GABA -receptors) on the sleep system should not be
disregarded. In agreement with our findings, exogenous proges-
terone reduced REM sleep in rats,” and human male subjects
showed either a trend or a significant REM reduction (with no
SWS changes) after administration of progesterone* or a pro-
gesterone-receptor agonist,* respectively.

The results presented here, together with the localization of
estrogen and progesterone receptors at the SCN,* and the report
of a reproductive cycle effect on oscillation patterns of PER2 in
the limbic forebrain in rats,”” suggests an interaction between
the circadian system and the menstrual cycle. Our findings in
particular, based on a carefully controlled URSW procedure,
illustrate the relationship between the menstrual cycle and as-
sociated sex steroid hormones, circadian CBT and REM sleep,
and provide a better understanding of the physiological chang-
es associated with the menstrual and circadian cycles and how
they affect sleep in women. In summary, healthy women during
the ML phase compared to the MF phase experience increased
progesterone, elevated nocturnal CBT, reduced circadian am-
plitude of CBT, and reduced REM sleep throughout the circa-
dian cycle, without altered sleep homeostasis as determined by
SWS. This line of research may be helpful in the development
of new therapeutic options for sleep complaints in the female
population.
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