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Summary
To investigate the influence of menstrual cycle phase and the presence of severe premenstrual
symptoms on cardiac autonomic control during sleep, we performed heart rate variability (HRV)
analysis during stable non-rapid eye movement (NREM) and REM sleep in 12 women with severe
premenstrual syndrome and 14 controls in the mid-follicular, mid-luteal, and late-luteal phases of
the menstrual cycle. Heart rate was higher, along with lower high frequency (HF) power,
reflecting reduced vagal activity, and a higher ratio of low frequency (LF) to high frequency
power, reflecting a shift to sympathetic dominance, in REM sleep compared with NREM sleep in
both groups of women. Both groups of women had higher heart rate during NREM and REM
sleep in the luteal phase recordings compared with the mid-follicular phase. HF power in REM
sleep was lowest in the mid-luteal phase, when progesterone was highest, in both groups of
women. The mid-luteal phase reduction in HF power was also evident in NREM sleep in control
women but not in women with PMS, suggesting some impact of premenstrual syndrome on
autonomic responses to the hormone environment of the mid-luteal phase. In addition, mid-luteal
phase progesterone levels correlated with HF power and LF/HF ratio in control women in NREM
sleep and with the LF/HF ratio during REM sleep in both groups of women. Our findings suggest
the involvement of female reproductive steroids in cardiac autonomic control during sleep in
women with and without premenstrual syndrome.
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1. Introduction
The menstrual cycle is characterized by fluctuations in several hormones, most notably the
gonadal steroids, estrogen and progesterone. When menses occurs, the levels of
progesterone and estradiol are low. Thereafter, through coordination by gonadotropin-
releasing hormone and the gonadotropins released from the anterior pituitary, estradiol
levels gradually rise during the follicular phase, peaking before ovulation. After ovulation,
in the luteal phase, progesterone and estradiol are secreted by the corpus luteum, reaching
peak levels about seven days after ovulation, after which levels start to decline if fertilization
and implantation do not occur (Guyton and Hall, 2006). In addition to their critical roles in
reproductive function, reproductive hormones also influence other systems including the
autonomic nervous system (Gibson, 1981; Charkoudian, 2001). Experimental studies in
animals have shown that estrogens act centrally to modulate the autonomic nervous system,
increasing vagal and decreasing sympathetic activity (Saleh and Connell, 2007), thus
providing a cardiovascular protective function. Progesterone, on the other hand, appears to
have an opposing effect, elevating central noradrenaline release (Genazzani et al., 2000).
Given these effects, changes in progesterone and estradiol across the menstrual cycle may be
associated with changes in autonomic nervous system function.

Spectral analysis of heart rate variability (HRV) provides a sensitive non-invasive measure
of cardiac autonomic regulation via the parasympathetic (vagal) and sympathetic nervous
systems. Beat-to-beat variability in the heart’s rhythm is predominantly caused by
modulation of the intrinsic cardiac pacemakers by the autonomic nervous system (Task
Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996). High frequency (HF) power reflects vagal activity and low
frequency (LF) power is thought to measure a combination of vagal and sympathetic
nervous system activity (Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, 1996). As such, the LF component is
less easily interpretable, although the LF/HF ratio is accepted as an indicator of
sympathovagal balance (Trinder, 2007).

Several studies have investigated HRV in the frequency domain during short periods of
supine rest in awake women at different phases of the normal menstrual cycle. Most studies
have found either decreased HF power, reflecting decreased vagal activity, and/or an
increased LF/HF ratio in the mid-luteal compared with the mid-follicular phase (Sato et al.,
1995; Guasti et al., 1999; Hirshoren et al., 2002; Yildirir et al., 2002; Princi et al., 2005).
One study found no menstrual phase related change in HRV components although estrogen
levels were positively correlated with HF and LF power during ovulation (Leicht et al.,
2003).

Recent studies have shown that the presence of severe premenstrual symptoms may impact
autonomic nervous system function and, in particular, measures of HRV. Premenstrual
syndrome (PMS) describes a range of emotional, behavioral, and physical symptoms that
occur during the luteal phase, particularly the premenstrual week, of the ovulatory menstrual
cycle and abate following menstruation (Freeman, 2003). Up to 18 % of women have severe
PMS that causes significant impairment in term of family/social relationships and quality of
life (Wittchen et al., 2002). Between 3-8 % of women qualify for a diagnosis of
premenstrual dysphoric disorder (PMDD), a severe form of PMS defined in the DSM-IV
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(Halbreich, 2003). For a diagnosis of PMDD, at least five of 11 symptoms must be
endorsed, of which one must be dysphoric-related. Symptoms need to be rated daily over at
least two months to confirm the diagnosis (American Psychiatric Association, 1994). Some
studies show higher heart rate, greater skin conductance, or greater norepinephrine levels
throughout the menstrual cycle (Palmero and Choliz, 1991; Asso and Magos, 1992; Girdler
et al., 1998) or just in the late-luteal phase in women with severe PMS (Woods et al., 1994)
and others show no differences in these measures compared to controls (Van den Akker and
Steptoe, 1987, 1989; Girdler et al., 1993). Studies of HRV in PMS have also produced
inconsistent results. One study of HRV during supine rest found that HF power was lower in
women with PMDD compared to controls in the asymptomatic follicular phase but not in the
symptomatic late-luteal phase, with no menstrual phase variation in HF power reported for
either group (Landen et al., 2004). In contrast, another study found that HF power during
supine rest was lower in the late-luteal phase than in the early follicular phase in women
with severe PMS (the severity was determined by the self-reported rate of increase in scores
on the Menstrual Distress Questionnaire (Moos, 1968) from the follicular to the late luteal
phase) but not in controls or in women with moderate symptoms of PMS (Matsumoto et al.,
2006). In a second study by that group (Matsumoto et al., 2007), women with PMDD had
reduced HF power in both the follicular and late-luteal phases of the menstrual cycle
compared to controls and women with PMS.

Sleep represents a condition relatively free of external disruptive events that can affect
measurement of HRV while awake (Brandenberger et al., 2005), allowing a more accurate
measure of basal autonomic activity (Orr et al., 2000). In support of sleep being a favorable
condition in which to measure HRV, a recent study in rats found that estrous-cycle variation
in HF power was best demonstrated during quiet non-rapid eye movement (NREM) sleep
(Kuo et al., 2010). However, cardiovascular activity is not uniform across all sleep stages.
NREM sleep is characterized by a lower heart rate and higher HF power compared to
presleep-wakefulness (Trinder et al., 2001). REM sleep is characterized by a higher heart
rate and lower HF power compared to NREM sleep, with values tending to be closer to
those recorded during presleep-wakefulness (Trinder et al., 2001). To our knowledge only
one study has investigated HRV specifically during sleep in women at two phases of the
menstrual cycle (mid-follicular and late-luteal) and in relation to the presence of
premenstrual symptoms. The study was conducted by our group and we found no significant
variation in any time or frequency domain variables recorded during sleep between the mid-
follicular and late-luteal phases of the menstrual cycle in controls (Baker et al., 2008).
However, women with severe PMS had lower HF power during sleep in the late-luteal phase
compared with their own follicular phase, suggesting an influence of PMS symptoms on
autonomic cardiac activity during sleep. This study did not include a mid-luteal phase
recording, when progesterone levels are highest and most likely to have an impact on
autonomic cardiac activity.

The aim of the current study was to investigate further the influence of menstrual cycle
phase, reproductive hormone levels, and the presence of premenstrual symptoms on HRV
assessed during sleep. We measured HRV during the mid-follicular, mid-luteal, and late-
luteal phases in groups of women with and without severe PMS. We hypothesized that both
groups of women would show reduced HF power in both NREM and REM sleep in the mid-
luteal phase compared with the follicular phase. The reduction in HF power is hypothesized
to persist from the mid-luteal to late-luteal phase in women with PMS, but not in controls.
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2. Methods
2.1. Subjects

Participants gave written informed consent for participation, and the study protocol was
conducted according to the Helsinki declarations and was approved by the Institutional
Review Boards of SRI International and Palo Alto Medical Foundation Research Institute.
Potential participants, aged 18 to 44 years, were recruited from the community. About 20%
of potential PMS participants were recruited from community outpatient clinics after referral
from their physician. Screening and assessment procedures are fully described in (Sassoon et
al., 2011). Sleep and hormone data collected in the follicular and late-luteal phases of the
menstrual cycle from a larger sample of women including the women presented here have
been published elsewhere (Baker et al., 2012). Data from a subset of women from this
sample who had follicular, mid-luteal, and late-luteal phase recordings are presented here.
Inclusion criteria for both groups were regular menstrual cycles lasting between 24 – 35
days with no more than 4-days reported variability between cycles, regular sleep-wake
schedules, no chronic illnesses, no regular medication over the previous three months
(including hormonal contraceptives). With the exception of the PMS group, no participants
met for a current Axis I psychopathology. All women in the PMS group met criteria for a
diagnosis of current “depressive disorder, not otherwise specified (PMDD, provisional)”.
Women suffering from sleep disorders (e.g. sleep disorder breathing, restless leg syndrome)
were excluded from the study.

2.2. Symptoms
Women completed the Penn Daily Symptom Rating Form (DSR), a validated diagnostic tool
for PMS (Freeman et al., 1996) over a 2-month period to track the severity of PMS
symptoms and to confirm or deny the presence of PMDD. The DSR lists 17 common PMS
symptoms including the 11 symptoms listed in the DSM-IV as criteria for a PMDD
diagnosis: depression; anxiety; mood swings; irritability; decreased interest; difficulty
concentrating; fatigue; food cravings; hypersomnia or insomnia; feeling overwhelmed; and
physical symptoms (American Psychiatric Association, 1994). Subjects rate each item on a
five-point scale (0 = none to 4 = extreme). To qualify for severe PMS, women need to score
80 or greater on the DSR in their late-luteal phase (total score for the 6 premenstrual days)
and show an increase of at least 50% from their follicular phase score (total score for cycle
days 5-10, where Day 1 is the first day of bleeding) for both screening months. To meet
DSM-IV criteria for PMDD, women have to rate at least five of the 11 PMDD symptoms as
severe (3 or 4) on at least two premenstrual days, with the same symptoms being rated as
absent or minimal (0 or 1) postmenstrually (Freeman et al., 2004). During both the screening
and recording phases, women used a commercially available self-testing kit that detects the
presence of luteinizing hormone (LH) in urine (One Step Ovulation Test, IND Diagnostic,
Inc, CA) to confirm ovulation and to allow accurate scheduling of luteal phase recordings.
Twelve women with severe PMS, confirmed with 2 months of prospective ratings on the
DSR (Age: 32.7 ± 5.8 y, Body mass index: 23.1 ± 4.4 Kg.m-2), seven of whom met criteria
for PMDD, were included in the final sample. 14 women with minimal symptoms (controls
Age: 31.3 ± 6.0 y, Body mass index: 22.6 ± 2.0 Kg.m-2) were included in the control group.
The two groups did not differ according to age (p = .463) or BMI (p = .662).

2.3. Study procedures
Following the screening period, participants had an adaptation/screening night with clinical
polysomnography (PSG) to confirm the absence of a clinically-significant sleep disorder.
They returned to the laboratory for recordings at three phases of the menstrual cycle: mid-
follicular phase (6 – 11 days after the onset of menses), mid-luteal phase (5 – 9 days after
the LH surge, on average 8 ± 2 days before menses onset), and late-luteal phase (10 – 14
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days after the LH surge, on average 3 ± 2 days before menses onset). Women entered the
study at different phases of the menstrual cycle and recordings were not necessarily
completed across one menstrual cycle (eight controls and five women with PMS had
recordings in the same cycle). Six women with PMS and four controls had their first
recording in the follicular phase. Four women with PMS and five controls had their first
recording in the mid-luteal phase. The remaining women had their first recording in the late-
luteal phase. On study days, the women were requested to refrain from drinking caffeinated
beverages after 1500h, not to drink any alcoholic beverages, and not to take naps. All
participants registered 0 on the breathalyzer and tested negative on a urine drug test at each
recording. On each recording night before bedtime, women rated their daily mood on a 100
mm visual analogue scale ranging from ‘worst mood’ to ‘best mood’. Participants slept in
sound-attenuated bedrooms, where ambient temperature was maintained between 20 – 22
°C. Lights-out and lights-on times were self-selected by participants.

2.4. Data acquisition and analysis
Electrocardiographic, electroencephalographic, electrooculographic, and electromyographic
recordings were made using E-series amplifiers and Profusion software (Compumedics,
Abbotsford, Victoria, Australia) linked to appropriate transducers. The ECG was recorded
through Meditrace Ag/AgCl spot electrodes placed on the subject’s lower left rib cage and
on the right clavicula notch. The ECG signal was digitized at a sampling rate of 512 Hz.
Electrodes for EEG recordings were placed at F3, F4, C3, C4, O1, and O2 according to the
international 10-20 system and cross-referenced to A1 or A2. EEG signals were digitized at
a sampling rate of 256 Hz, high-pass filtered at 0.3 Hz, and low-pass filtered at 30 Hz.
Thirty-second epochs were scored from C3-A2 or C4-A1 according to standard criteria
(Rechtschaffen and Kales, 1968) by two scorers. Interrater reliability of sleep scoring was
set at 0.90, and discrepancies were resolved by a third scorer. Total sleep time is the time
spent asleep minus in-bed wakefulness during the time in bed. Sleep efficiency was
calculated as a percentage of total sleep time during time in bed. Sleep-onset latency was
taken as the time from lights-out to the first epoch of any stage of sleep. The time between
sleep onset and the first epoch of rapid eye movement (REM) sleep was defined as REM
sleep-onset latency.

2.5. Hormone analysis
Blood samples collected from subjects on each visit were analyzed for progesterone and
estradiol using standard radioimmunoassay kits. Hormone levels were used to verify
menstrual cycle phase. The intraassay and interassay coefficients of variations were 4.0%
and 5.7%, respectively, for the progesterone assay, and 4.3% and 6.8%, respectively, for the
estradiol assay (Siemens Medical Solutions Diagnostics, Los Angeles, CA, USA). Blood
samples were not obtained from one woman with PMS in her follicular and late-luteal phase
recordings, due to her reluctance to have a blood draw. A blood sample was not obtained
from another woman with PMS in the late-luteal phase and from a control in the follicular
phase due to unavailability of a phlebotomist.

2.6. Heart rate variability analysis
The ECG across the first seven hours after lights-out was subjected to spectral analysis of
HRV according to the guidelines of the Task Force of the European Society of Cardiology
and the North American Society of Pacing and Electrophysiology (Task Force of the
European Society of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996). The analyses were conducted as previously described in detail
(Baker et al., 2008) using software developed at the University of Melbourne (Trinder et al.,
2001). During initial analyses of the ECG, R waves were detected using an automated
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algorithm, allowing inter-beat interval to be calculated by the program. The detection of R
waves was visually checked and edited where the automatic detection was incorrect.

As HRV resulting from sleep disturbance masks autonomic control effects, two-min periods
of stable artifact free sleep were selected for these analyses. Results are reported as the
averages for all 2-min bins selected in NREM sleep (Stage 2, 3 and 4) and in REM sleep,
separately. The inter-beat interval time series for each 2-minute data epoch selected for
analysis was first re-sampled at a frequency of 4 Hz. The time series was then de-trended
using a third order polynomial with a 20 second (81 point) window. The effect of this size
window was to filter out any DC component, but leave intact low frequency (LF) activity.
Power spectrum analysis was then applied to the time series. The program calculated the
power spectrum density estimate for frequency bins that were then combined to form
frequency bands 0.02 Hz wide. Thus, the total power spectrum ranged from 0 to 0.5 Hz in
0.02 Hz bands. The LF component was identified using the peak value in the frequency
bands from 0.03 to 0.15 Hz. The width of the LF component was defined by the first
frequency bands either side of the peak to fall to 50% of the peak value. The area between
and including these frequency bands was then integrated. The HF component was defined as
the peak value between 0.15 and 0.40 Hz. Power within the LF and HF bands was quantified
by the absolute integrated power in arbitrary units. The LF/HF ratio was then calculated.
Peak frequency of the high frequency band (HFpf), which is a measure of respiratory rate
(Trinder et al., 2001), was also calculated. Total and HF power values were transformed
with a natural log transform before statistical analysis.

2.7. Statistical Analysis
All results are reported as means (SD). Hormone levels, mood and polysomnographic
variables were analyzed with repeated-measures two-way ANOVAs at a 95% confidence
interval, with “menstrual phase (follicular, mid-luteal and late-luteal)” as the within factor
and “group” as the between factor. A two-way repeated-measures ANOVA was used to
analyze daily symptom ratings according to phase (follicular and late-luteal) and group.
HRV variables in the frequency domain were analyzed with repeated-measures three-way
ANOVAs with “menstrual phase (follicular, mid-luteal and late luteal)” and “sleep stage
(NREM or REM sleep)” as within factors and “group” as the between factor. Newman-
Keuls tests were conducted on significant interactions and where more than two levels were
involved to find the origin of significance. In addition, we examined correlations between
pre-sleep mood, plasma progesterone and estradiol concentrations and HRV variables in the
mid-luteal phase separately for PMS and control groups of women using Spearman
correlations.

3. Results
3.1. Premenstrual symptoms and mood

As expected, women with severe PMS had higher symptom scores on the DSR compared
with controls in the late-luteal phase (p < .001) and compared to their own follicular phase
(p < .001) (Table 1). Women with PMS also had higher DSR scores than controls in the
follicular phase (p < .001). Women with PMS had, on average, 4 out of 6 postmenstrual
days with absent or minimal symptoms as rated on the DSR. Women with PMS reported
worse mood ratings on visual analogue scales completed on the evenings of their mid- (p < .
05) and late-luteal (p < .001) phase recordings compared to controls and compared to their
own follicular phase (p < .05). Pre-sleep mood did not vary significantly over the menstrual
cycle in controls (Table 1).
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3.2. Reproductive steroid hormones
There were no group effects for progesterone or estradiol. As expected, progesterone levels
varied according to menstrual phase, being highest in the mid-luteal phase and lowest in the
follicular phase (phase main effect: p <.001). Estradiol levels did not significantly differ
between menstrual phases. There was no group by menstrual phase interaction for either
hormone.

3.3. Polysomnographic sleep variables
As shown in Table 1, there were few differences in sleep composition between groups or
between the three menstrual phases. Women with PMS had fewer awakenings than controls
regardless of menstrual phase (group main effect: p < .05). There were significant group (p
< .05), and group-phase (p < .01) interaction effects for %Stage 1 sleep. Post-hoc tests
revealed that controls had more %Stage 1 sleep in the follicular (p < .05) and mid-luteal
phases (p < .01) than women with PMS.

Significant menstrual phase main effects were seen for total sleep time, % REM sleep and %
slow wave sleep (SWS; Stages 3 and 4) (p < .05). Post hoc tests indicated less total sleep
time in the mid-luteal compared with the late-luteal phase (p < .01), less %REM sleep in the
mid-luteal phase compared to the late-luteal and follicular phases (p < .05), and reduced
%SWS in late luteal compared to the follicular and mid luteal phases (p < .05). There was no
significant group by menstrual phase interaction for any of these variables.

3.4. Heart rate and heart rate variability
Variables derived from spectral analysis of HRV are shown in Figure 1.

3.4.1. Heart Rate—There was a significant effect of sleep stage (F (1, 24) = 46.36, p < .
001) with a higher heart rate in REM sleep compared with NREM sleep. There was also a
significant effect of menstrual phase (F (2, 48) = 7.83, p < .01). Post hoc tests indicated that
heart rate was higher in the mid- (p < .001) and late-luteal (p < .05) phases than the follicular
phase. There was no overall effect of group and no significant interactions between factors
in the ANOVA model.

3.4.2. High Frequency Power (vagal tone)—There was no significant effect of group
for HF power. There was a significant effect of sleep stage (F (1, 24) = 41.12, p < .001) with
lower HF power in REM sleep than NREM sleep. There was also a significant effect of
menstrual phase (F (1, 24) = 4.26, p < .05) and significant sleep stage by menstrual phase (F
(2, 48) = 8.02, p < .001) and sleep stage by menstrual phase by group (F (2, 48) = 4.45, p < .
05) interaction effects. As shown in Figure 1, women with PMS had lower HF power during
REM sleep in the mid-luteal phase compared with the mid-follicular and late-luteal phases
(post-hoc tests, p < .001). There were no significant phase effects in the PMS group for
NREM sleep. Control women had reduced HF power in the mid-luteal phase compared with
the late-luteal phase in NREM sleep (post-hoc test, p < .05) and compared with the follicular
phase in REM sleep (post-hoc test, p < .01).

3.4.3. Low frequency power to high frequency power ratio (LF/HF,
sympathovagal balance)—There were no significant group or menstrual phase effects
for the ratio of LF/HF. However, the LF/HF ratio was higher during REM sleep than NREM
sleep (stage main effect: F (1, 24) = 44.95, p < .001). There were no interactions between
factors in the model.
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3.4.4. Total power—The total power did not display significant main effects of group,
sleep stage or menstrual phase. There was however a significant sleep stage by menstrual
phase (F (2, 48) = 4.76, p < .05) interaction. Post hoc tests indicated that total power was
lower during REM sleep in the mid-luteal phase compared with late-luteal phases (p < .05).

3.4.5. Peak frequency of the HF power (respiratory rate)—There were no effects of
group or sleep stage on HF peak frequency, but there was a significant menstrual phase
effect (F (2, 48) = 7.74, p < .01). Post hoc tests indicated higher values in the mid- and late-
luteal (p < .01) phases than in the follicular phase.

3.5. Relationship between mid-luteal phase steroid hormones and autonomic heart rate
variability measures

Spearman’s rank correlation coefficients are provided in Table 2. In the PMS group, plasma
progesterone levels correlated with the LF/HF ratio in REM sleep (r = .59, p < .05). In the
control group, progesterone correlated with the LF/HF ratio in NREM sleep (r = .93, p < .
001) and in REM sleep (r = .71, p < .01) and with HF power in NREM sleep (r = -.58, p < .
05). Estradiol was not significantly correlated with any variables apart from HF peak
frequency during REM sleep (r = -.70, p < .01) and NREM sleep (r = -.54, p < .05) in
control women. Presleep mood correlated with LF/HF ratio in REM sleep in PMS women (r
= -.62, p < .05) and with total power in NREM sleep in controls (r = .54, p < .05).

4. Discussion
In this study we have shown that measures derived from HRV analysis, analyzed during
stable arousal-free NREM and REM sleep, vary with menstrual cycle phase. Heart rate and
breathing frequency (assessed by the high frequency peak frequency) were higher in the
mid- and late-luteal phase compared with the follicular phase in groups of women with and
without PMS. High frequency power, a marker of vagal activity, was lowest in the mid-
luteal phase during REM sleep, in both groups of women. While a mid-luteal phase
reduction in HF power compared to the late-luteal phase was also evident in NREM sleep in
controls, it was absent in women with PMS, suggesting reduced impact of the mid-luteal
phase hormone environment on the parasympathetic nervous system in NREM sleep in
women with PMS. Overall, the presence of severe premenstrual symptoms had no
significant impact on HRV measures; there were no group differences in HRV indices in the
symptomatic late-luteal phase.

Our finding of reduced HF power in the mid-luteal phase in the controls is consistent with
previous studies that have used frequency domain analysis of HRV over 24 hours or short
periods of wakefulness in healthy women (Sato et al., 1995; Guasti et al., 1999; Yildirir et
al., 2002; Princi et al., 2005). It is unlikely that the decrease in HF power in the mid-luteal
phase is due to the small increase in breathing frequency that we found (as indicated by the
peak frequency of the HF band), which would have little effect on HF power (Brown et al.,
1993). In addition, breathing frequency did not differ between the mid- and late-luteal
phases whereas HF power was significantly reduced in the mid-luteal compared to late-
luteal phase. It is also unlikely that the decrease in HF power is related to changes in sleep
across the menstrual cycle. We found no change in wakefulness after sleep onset or in the
arousal index and only a small decrease in REM sleep in the mid-luteal phase, confirming
previous results that REM sleep is sensitive to the hormonal changes of the menstrual cycle
(reviewed in Baker and Driver, 2007; Shechter and Boivin, 2010). In addition, analysis of
heart rate variability was performed on two-minute epochs of undisturbed sleep, reducing
the impact of nocturnal arousals on HRV indices.
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Both groups showed the expected NREM-REM sleep difference in HRV indices, regardless
of menstrual cycle phase, with a higher HR, lower HF power, and higher LF/HF ratio in
REM sleep, as shown previously (Trinder et al., 2001). Despite REM sleep already being a
state of relatively low vagal activity, vagal activity was even further reduced in the mid-
luteal phase relative to other phases in both groups of women.

The changes in HF power associated with the menstrual cycle may be mediated directly by
the changes in the gonadal hormone environment. There are several lines of evidence
implicating estrogen as a modulator of vagal and sympathetic regulation of heart rate (Saleh
and Connell, 2007). Postmenopausal women taking estrogen replacement therapy have
higher HF power than postmenopausal women not taking estrogen (Liu et al., 2003). Also,
women have reduced HF power following oophorectomy that is restored to pre-surgical
values with estrogen therapy (Mercuro et al., 2000) and women undergoing acute estrogen
treatment for ovulation induction have increased HF power compared to before treatment
(Weissman et al., 2009). There is less evidence for the influence of progesterone on the
autonomic nervous system. Postmenopausal women on combined progestogen-estrogen
replacement therapy show reduced HF power, along with increased heart rate, reduced total
power, and increased urinary excretion of catecholamines compared to women not taking
hormone replacement, leading the authors to conclude that progesterone may increase
sympathetic activity (Christ et al., 2002). High levels of progesterone in the mid-luteal
phase, therefore, may oppose the positive effects of estradiol on the autonomic nervous
system.

Our finding of reduced HF power specifically in the mid-luteal phase, when progesterone
levels are highest and estradiol levels are not significantly different from the other phases,
supports the involvement of progesterone in modulating HF power. However, progesterone
was significantly correlated with HF power in the mid-luteal phase only in control women
during NREM sleep. Possibly, the decrease in HF power could be driven by changes in other
physiological variables such as body temperature, which is increased during sleep in the
mid-luteal phase compared to the follicular phase (Driver et al., 1996; Baker et al., 2002).
Interestingly, although we found no significant change in the LF/HF ratio across phases,
progesterone concentrations in the mid-luteal phase were positively correlated with the LF/
HF ratio in REM sleep in both groups of women and also in NREM sleep in controls:
women with higher levels of progesterone were likely to have higher sympathovagal
balance, i.e. relative sympathetic dominance. Thus, progesterone may not only influence
vagal activity but also cardiac sympathetic activity. Indeed, others have shown that muscle
sympathetic nerve activity, a direct measurement of sympathetic output, is increased in the
mid-luteal phase compared to the follicular phase at rest (Minson et al., 2000; Middlekauff
et al., 2012) as well as in response to orthostatic stress (Carter et al., 2009), in women
without PMS, although the involvement of particular reproductive hormones in mediating
this effect is currently unclear.

We found no group differences in HRV measures when women with PMS were most
symptomatic in the late-luteal phase, which contrasts with our previous study, in which we
found that HF power was decreased in the late-luteal phase compared with the mid-follicular
phase in women with severe PMS but not in controls (Baker et al., 2008). Methodology and
sample groups were similar between studies except that the first study did not include a mid-
luteal phase recording. Possibly, some women with severe PMS show a prolonged decrease
in HF power throughout the luteal phase including the late-luteal phase (Baker et al., 2008).
If this is the case, it would point towards there being subgroups of women with PMS who
have abnormalities in autonomic regulation in association with their symptoms. In support
of this possibility, three other studies that measured HRV during 24-hours (time-domain) or
short periods of supine rest (frequency-domain) have found effects of PMS or PMDD on
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HRV, although findings varied between studies and were not necessarily related to the
presence of symptoms. One study found that supine HF power was significantly lower in
women with PMDD compared with controls in the follicular phase but no group difference
in the symptomatic late-luteal phase and no differences in HRV between menstrual phases in
either group (Landen et al., 2004). Matsumoto and colleagues (2006) found that women with
more severe premenstrual distress had lower HF power in the late-luteal phase compared to
their follicular phase and controls. In a subsequent study, Matsumoto and colleagues (2007)
found that women with PMDD had lower HF power and total power compared to controls in
the follicular and late-luteal phases, whereas women with moderate PMS had lower total
power and HF power in the late-luteal phase compared with their follicular phase but no
difference compared to controls. No menstrual-phase difference was found in controls.

In the current study, the only group difference we found was specific to NREM sleep in the
mid-luteal phase before premenstrual symptoms reach their maximum severity. It is unclear
why HF power was not reduced during NREM sleep as it was during REM sleep in women
with PMS in the mid-luteal phase. There is evidence of disturbed circadian rhythms in
women with PMS or PMDD relative to controls, with decreased melatonin secretion and
possibly also phase-advanced rhythms (Shechter and Boivin, 2010). Given that vagal
activity is also under circadian regulation (Burgess et al., 1997), regulation of vagal activity
might differ in women with PMS such that it is only sensitive to the impact of reproductive
hormones in the early morning, when REM sleep predominates. Interestingly, presleep-
mood was negatively correlated with the LF/HF ratio, again only in REM sleep, in women
with PMS in the mid-luteal phase, indicating a relative sympathetic dominance in the
women with a poorer mood. Studies of larger groups of women with a range of severity of
premenstrual symptoms are needed to determine whether specific symptoms and/or severity
of symptoms are associated with altered autonomic function and whether the impact of PMS
is modulated by sleep-wake or circadian state. Also, to fully understand the contributions of
normal menstrual cycle variability as well as premenstrual syndrome-related effects on HRV
in women, future studies are needed to monitor changes in HRV at more frequent time
points across the menstrual cycle.

Our findings need to be considered within the context of the limitations of the study.
Recordings were made at only three discrete time points in the menstrual cycle and were not
necessarily made within the same menstrual cycle for each woman. A strength of our study
is that we measured frequency domain variables of HRV during undisturbed episodes of
NREM and REM sleep, during which time HRV measures are less likely to be influenced by
arousals or external events.

In conclusion, we have shown that the menstrual cycle impacts autonomic regulation during
sleep, causing a shift in heart rate and vagal activity in the mid-luteal phase when
progesterone levels are highest in women with and without severe premenstrual syndrome.
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Figure 1.
Means and standard errors for heart rate, high frequency (HF) power, and low-to-high
frequency ratio (LF/HF) across phases of the menstrual cycle in REM and NREM sleep in
12 women with PMS and 14 controls. HR was higher, HF power was lower, and LF/HF
ratio was higher in REM sleep than NREM sleep (stage effects, p < .001). HR was highest in
the mid-luteal phase (phase effect p < .001). Significant stage-phase-group interaction
effects for HF power are shown on the Figure.
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