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Background and Objective: The ovulatory menstrual cycle is characterized by hormonal fluctuations that influence physiological
systems and functioning. Multi-sensor wearable devices can be sensitive tools capturing cycle-related physiological features pertinent
to women’s health research. This study used the Oura ring to track changes in sleep and related physiological features, and also tracked
self-reported daily functioning and symptoms across the regular, healthy menstrual cycle.

Methods: Twenty-six healthy women (age, mean (SD): 24.4 (1.1 years)) with regular, ovulatory cycles (length, mean (SD):
28.57 (3.8 days)) were monitored across a complete menstrual cycle. Four menstrual cycle phases, reflecting different hormone
milieus, were selected for analysis: menses, ovulation, mid-luteal, and late-luteal. Objective measures of sleep, sleep distal skin
temperature, heart rate (HR) and vagal-mediated heart rate variability (HRV, rMSSD), derived from the Oura ring, and subjective
daily diary measures (eg sleep quality, readiness) were compared across phases.

Results: Wearable-based measures of sleep continuity and sleep stages did not vary across the menstrual cycle. Women
reported no menstrual cycle-related changes in perceived sleep quality or readiness and only marginally poorer mood in the
midluteal phase. However, they reported moderately more physical symptoms during menses (p < 0.001). Distal skin
temperature and HR, measured during sleep, showed a biphasic pattern across the menstrual cycle, with increased HR
(p < 0.03) and body temperature (p < 0.001) in the mid- and late-luteal phases relative to menses and ovulation.
Correspondingly, tMSSD HRV tended to be lower in the luteal phase. Further, distal skin temperature was lower during
ovulation relative to menses (p = 0.05).

Conclusion: The menstrual cycle was not accompanied by significant fluctuations in objective and perceived measures of sleep or
in mood, in healthy women with regular, ovulatory menstrual cycles. However, other physiological changes in skin temperature
and HR were evident and may be longitudinally tracked with the Oura ring in women over multiple cycles in a natural setting.
Keywords: sleep, wearables, menstrual cycle, ovulation, body temperature, women’s health

Plain Language Summary

This study aimed to use a wearable device (Oura ring), which has been previously tested against gold standard methods for
sleep study, to examine changes in sleep, nocturnal heart rate and skin temperature, across four phases of the ovulatory
menstrual cycle in 26 regularly menstruating, healthy women. We show that measures of sleep continuity and stages derived
from the Oura ring stay relatively stable across menstrual cycle phases in women, consistent with their self-reported sleep
assessments. On the other hand, distal skin temperature and heart rate, measured during sleep, increased in the luteal phase,
consistent with ovulatory cycles. Skin temperature also showed a decrease in the ovulatory phase, likely reflecting the
temperature-lowering effect of estrogen. Thus, wearable ring technology shows promise as a sensitive and informative tool
for longitudinally tracking physiological changes across the menstrual cycle in women.
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Introduction

A woman’s menstrual cycle is regulated by a complex interaction of reproductive hormones. Cycle-related hormonal
changes can affect sleep, mood, and daily functioning.'** In reproductive-aged women, estrogen and progesterone levels
fluctuate across a typical 28-day menstrual cycle, according to a predictable pattern.’ The first day of menstruation marks
the start of the follicular phase, in which levels of estrogen and progesterone are low.” During this phase, follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) levels start to increase, stimulating the development of several
ovarian follicles, which produce estrogen (mainly estradiol).* The increase in estrogen levels triggers a surge in LH,
which stimulates ovulation around 12—16 hours later (around day 14; ovulation),™° although this time period can be
longer for some women.”* Following ovulation, progesterone and estrogen levels are high (peaking 5-7 days after
ovulation; mid-luteal phase), as the corpus luteum develops. In absence of implantation, the corpus luteum degenerates,
and both progesterone and estrogen levels decline (late luteal phase) resulting in menstruation (the start of a new
menstrual cycle).*

Beyond their reproductive function, these cycle-related hormonal changes influence other physiological systems, such
as the autonomic nervous system, thermoregulation, and sleep. Resting HR increases and vagally-mediated heart rate
variability decreases during the luteal phase in association with the rise in progesterone, compared with the follicular
phase,” an effect that is also evident during sleep.'” Resting state (basal) core body temperature also fluctuates in
association with the hormone changes across the menstrual cycle, with a body temperature increase of about 0.4 °C in the
luteal phase when progesterone is high (reviewed in)''. On the other hand, estrogen exerts a temperature-lowering effect
such that a temperature drop around ovulation (coincident with the estrogen surge) may be detected. Increased body
temperature correlates with increases in resting HR during the luteal phase.'” Critically, estrogen and progesterone

1314 and have been shown to

receptors are present in central nervous system (CNS) areas involved in sleep regulation
affect sleep regulation.'” Sleep disturbances are commonly reported by women in the late luteal and/or early follicular
phase.'®!” However, when using more objective measures (eg, polysomnography [PSG]), this cycle-related variability in
sleep continuity has not been observed,'® at least in young, healthy reproductive-aged women without menstrual-related
complaints (see'® for a review).

When studying sleep in the context of the menstrual cycle, one of the main limitations of objective, in-lab studies is
the feasibility for frequent sampling. Consequently, most studies only compare the early or mid-follicular phase (low-
hormones) and the mid-luteal phase (high progesterone) of the cycle. Wearable sleep trackers offer an unprecedented
opportunity to collect continuous data across a woman’s menstrual cycle in a natural, at-home setting. They also have an
advantage over traditional research-grade actigraphy of including multiple sensors such as photoplethysmography (PPG),
from which HR and HRV can be derived, and temperature sensors, in addition to an accelerometer for measuring
activity.”” In fact, wearable devices have been recently used in research studies to monitor physiological changes, such as
in temperature, across menstrual cycles, or as a fertility tool (ie, enabling prediction of ovulation windows).>' >
Considering female participants are sometimes excluded from clinical studies due to cycle-related variability,>* wearable
technology could also be helpful to track and control for changes in physiological features across the menstrual cycle in
the context of health research. The purpose of the present study was to use a wearable device (Oura ring), which has been
previously tested against gold standard PSG,***?” to examine changes in sleep and related physiological features,
including nocturnal HR and temperature, across four different phases of the menstrual cycle in healthy reproductive-aged
women. Changes in self-reported measures of sleep quality and daily functioning are also considered.

Method

Participants

This study is part of an ongoing study investigating the impact of sex hormones on sleep-dependent memory in reproductive-
aged and late reproductive-aged women (RF1AGO061355; Baker/Mednick). Only women between 18 and 35 years old who
met the present study inclusion criteria (see Supplementary Table for details) constituted the final sample (N=26, see Table 1

for characteristics). The study complied with the ethical standards of the relevant national and institutional committees on
human experimentation and with the Helsinki Declaration of 1975, as revised in 2008, and was approved by the University of
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Table | Demographic Characteristics of the 26 Female Participants

Age (Years), M, SD 24.36 1.13
Race/Ethnicity, N, %
White 13 46.4
Asian 9 32.1
Black/African American | 3.6
Latino/Latina/Latinx | 3.6
More than one race 4 14.3
Menstrual cycle length (days), M, SD 28.57 38
Menstrual cycle phase when Oura ring tracking started, N, %
Menses 10 385
Ovulation 5 19.2
Midluteal 8 30.8
Late luteal 3 1.5
Oura daily total sleep time across cycle (hours), M, SD 7.04 1.25

California, Irvine, IRB committee (HS# 2018-4652). Participants were informed about the study and provided written
informed consent. All participants were compensated $200 for completing the study.

Participants were recruited in California via social media adverts (eg, using age-sex targeted Facebook ads). First, all
participants completed an online survey in which they were asked about demographic information, menstrual cycle
history, sleep routines, and general health status. Research staff then contacted potentially eligible participants by video
call to explain the study and complete the informed consent process. Sleep and health were further screened using an
online battery of questionnaires hosted on Qualtrics. To this aim, we used the Insomnia Severity Index (ISI)*® for
insomnia, the Berlin Questionnaire®® for sleep apnea, Generalized Anxiety Disorder 7-item (GAD-7)*° for anxiety, the
Beck Depression Inventory (BDI)*' for clinical depression, and the Premenstrual Symptoms Screening Tool (PSST)* for
premenstrual symptoms. Only subjects who meet the inclusion criteria (Supplementary Table) were selected for the

study. All participants had regular menstrual cycles (ie, menstrual cycle 22-35 days, menses <10 days) and were not
using hormonal contraceptives. None of the participants had sleep disorders (eg, Insomnia, Obstructive Sleep Apnea) or
any severe/chronic medical (eg, Diabetes, Hypertension), neurological (eg, Epilepsy, Traumatic Brain Injury) or
psychiatric conditions (eg, Major Depressive disorder, Generalized Anxiety Disorder), and none of them was using
medication known to affect sleep, the cardiovascular system, or brain function. Further, none of the women reported
severe premenstrual symptoms or menstrual pain.

Procedure and Measures

Data presented here were collected between August 2020 and May 2021. The study consisted of a baseline phase and an
experimental phase. The baseline phase lasted about a month, during which time participants completed a daily diary
about their sleep and daily symptoms and marked days of menses and ovulation. At the end of the baseline phase,
participants received the Oura ring and were instructed to wear it every day (24 hours) across the experimental phase.
The experimental phase consisted of tracking physiological activity (Oura ring) and completing daily diaries across
a complete menstrual cycle (eg, from the onset of menstruation of one cycle to the onset of menstruation of the next
cycle). Participants started the experimental phase at different times across the menstrual cycle (see Table 1). Across the
study, participants were encouraged to keep their regular sleep-wake routines.

Menstrual Cycle Tracking
Ovulation days were detected using a commercial urine test for luteinizing hormone (LH) (PREGMATE®, Ovulation
Midstream Test Predictor Kit; sensitivity level: 25 mlU/mL). Participants were instructed to use ovulation tests, starting 5
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days before the expected ovulation date and until 3 days after the first positive result. Results were visually checked by
lab staff to confirm the positive LH surge.

Physiological Assessment Using the Oura Ring

Nocturnal sleep, HR, HRV, and skin temperature (distal body temperature) were continuously tracked using the Oura ring
(Oura Health, Oulu, Finland). The Oura ring is a commercial water-resistant multi-sensor wearable that measures HR,
HRYV, body temperature, respiration, and movement, via infrared photoplethysmography (PPG), negative temperature
coefficient (NTC) thermistor, and a 3-D accelerometer, using proprietary algorithms. As reported by the manufacturer,
the Oura ring calculates HRV as the square root of the mean squared differences of successive NN intervals (rMSSD),
a known index of vagal activity,*? every 5 minutes throughout the night. The temperature sensor (NTC) is programmed to
register skin temperature readings from the finger every minute, 24 hours a day, while the ring is worn. All sensors are
located on the inside of the ring, being in contact with the finger. Oura team research showed that the Oura ring has
a robust accuracy, sensitivity, and specificity (ranging from 74% to 98%) for wake-sleep detection and sleep staging.?’
When tested against PSG in other research labs in healthy adolescents and young adults, the Oura ring showed good
agreement with PSG in the whole night estimation of Total Sleep Time (TST) and Wake After Sleep Onset (WASO),**¢
with values comparable to research grade actigraphy. In other work, nocturnal skin temperature provided by Oura
strongly correlated with oral temperature measured with a thermometer after wake-up.**

In this study, participants were provided with an Oura ring (firmware version 2.43.1) that fitted on the middle, ring, or
index finger of their non-dominant hand. We ensured that each participant wore a correct Oura size ring that fit
comfortably on her finger. Each participant was instructed via Zoom to create an anonymized Oura account linked to
their subject identification number and to download the Oura App — a mobile phone application used to connect the ring
to the participant’s phone via Bluetooth. Then, the participant gave consent to connect her Oura account to the Oura
Cloud service. Participants were asked to synchronize the ring with the phone every morning by opening the Oura App.
Data collected were accessible to the participant from the Oura App, and to lab staff through the Oura Cloud service.
Data were checked daily to ensure data quality and successful acquisition; lab staff sent reminders or further instructions
to the participant when needed. To ensure the ring battery level was optimal before bedtime, participants were asked to
charge the ring daily during dinner time, setting up a charging routine. Participants were asked to not perform any
firmware update or input any activity manually.

Self-Report Daily Measures

An online survey hosted on Qualtrics (Qualtrics International Inc.), a cloud-based software platform, was used to collect daily
morning (Sleep Quality) and evening (Mood, Readiness, Physical symptoms) measures. Participants were instructed to
complete the survey daily in the morning — just after waking up — and at night — right before going to sleep. The survey could
be completed using any electronic device (eg, phone, tablet). Daily reminders with the survey link embedded were send to the
participants by email. A description of the self-report daily measures is as follow: Sleep Quality — each morning, participants
were asked to rate the sleep quality of the prior night, ranging from 0 (extremely bad) to 7 (extremely good); Mood — each
evening, participants were asked to report how happy, worried/anxious, pleased, angry/hostile, frustrated, depressed/blue,
joyful, unhappy, enjoyment/fun, and overwhelmed they felt throughout the day using a 7-point scale (Not at all/ Very slightly/
Somewhat/Moderately/Much/Very much/Extremely). Positive feelings scored from 1 to 7, while negative feelings were
reversed scored. A total score was obtained by summing all items, with higher scores indicating a more positive mood;
Readiness — each evening, participants rated their daily overall alertness, mental stamina, physical endurance, physical
strength, thinking, overall coordination, mood stability, and interactions with others, using a 5-point Likert scale (0 - Poor/ 1 -
Fair/2 - Good/3 - Very good/4 - Excellent). An overall score was obtained by summing all items, with higher scores indicating
more readiness; Physical symptoms — each evening, participants were asked to rate the level which they experienced pain,
bloating, body ache, and tenderness during the day on a 5-point Likert scale (0 - Not at all/ 1 - A little/2 - A moderate amount/
3 - Alot/4 - A great deal). A total score was obtained by summing all items, with higher scores indicating greater presence of

physical symptoms during that day. Ratings were missing from one participant for these measures.

494 https: International Journal of Women’s Health 2022:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Alzueta et al

Data Management and Analysis

Menstrual Cycle Phases

After data were collected, windows were calculated for each participant retrospectively, based on the menstruation and ovulation
dates during the experimental phase, following the guidelines and method recently proposed by Schmalenberger et al.*> As
outlined in Figure 1, four windows of interest were selected: two windows during the participant’s follicular phase: coded as
Menses (4 days — starting at the onset of menses), and Ovulation (2 days — first day of a confirmed positive urine test plus the
following day); and two windows during the luteal phase: coded as Midluteal (4 days — starting 6 days after the confirmed
positive LH test) and Late luteal (4 days — starting four days before menstruation onset). Physiological, and self-report measures

were averaged for each menstrual cycle phase.

Sleep

First, lights-off (Oura “Bedtime start” — represents the time of bedtime onset) and lights-on (Oura “Bedtime end” — the
time of sleep termination) were calculated. Then, standard sleep metrics were computed for each night based on the 30-s
resolution data provided by the Oura ring:

e Total Sleep Time (TST, min) — total amount of sleep (REM + light + deep) registered during the time in bed (period
between light-off and lights-on) — was calculated as the sum of 30-seconds epochs classified as sleep x epoch length
(s)/60.

e Sleep Efficiency (SE, %) — percentage of total sleep time over time in bed — calculated as TST/time in bed.

e Sleep Onset Latency (SOL, min) — detected latency from lights-off to the beginning of the first five minutes of
persistent sleep — calculated as the sum of epochs classified as wake before the first epoch classified as sleep
x epoch length (s)/60.

o Wake After Sleep Onset (WASO, min) — period of wakefulness occurring after sleep onset — calculated as the sum of
epochs classified as wake after the first sleep epoch X epoch length (s)/60.

¢ Rapid-Eye-Movement (REM) Sleep (%) — percentage of REM sleep over total sleep time — calculated as (“REM”/
60)/TST*100.

e Deep Sleep (%) — percentage of deep sleep over total sleep time — calculated as (“deep”/60)/TST*100.

e Light Sleep (%) — percentage of light sleep over total sleep time — calculated as (“light”/60)/TST*100.

Sleep Cardiac Autonomic Function

HR and HRV rMSSD were collected by the Oura ring during the sleep time (binned in 5-minutes consecutive intervals
from the lights-off) and averaged to obtain mean HR (bpm) and HRV rMSSD (ms) for each night, independently from
sleep stage transitions.

Menses /~
K
Ovulation P
’
\

) C\\O/’

Midluteal o
-

Late luteal : . - = 28 Days

r< A
‘ Follicular phase \@' Luteal phase

Ouraring

Figure | Representation of a typical 28-day ovulatory menstrual cycle, where estradiol and progesterone levels change over time. The first day of bleeding is considered
Day |. The Oura ring tracked the complete menstrual cycle in participants. Four menstrual phases (Menses, Ovulation, Midluteal and Late luteal) were selected as temporal
windows of interest for analysis. Lines represent approximate hormone levels (hormone levels were not measured in the present study).
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Sleep Skin Temperature

Although the Oura ring collects distal body temperature for a 24-hour period, we only used temperature measures
sampled during sleep, as a more stable and reliable measure not affected by daily factors (eg, constant changes in the
environment). The Sleep Skin Temperature was calculated as an average of the absolute distal body temperature (a

measure directly provided by the Oura company) for a stable consolidated sleep period.

Statistical Analyses

Changes in objective physiological (Total Sleep Time, Sleep Efficiency, Sleep Onset Latency, Wake After Sleep Onset,
REM sleep, Deep sleep, Light sleep, Sleep Skin Temperature, Sleep HR and HRV rMSSD from Oura ring) and self-
reported data (Sleep Quality, Mood, Readiness, and Physical symptoms from daily diaries) across the four menstrual
cycle phases (Menses, Ovulation, Midluteal and Late luteal) were statistically tested using Hierarchical linear models,
accounting for between-woman random effects, using Stata (version SE 16.1 for Windows). Menses was the referent in
each case. Estimated regression coefficients standard errors, and 95% confidence intervals (CI) for each phase indicator
are provided in Table 2. For each model, additional post-hoc Wald tests were used to test for differences between
ovulation, mid-luteal and late-luteal phases.

Table 2 Results of Hierarchical Linear Regression Models Testing for Changes in
Perceived Physical Symptoms, and Oura-Ring Derived Measures of Sleep Distal
Temperature, Heart Rate (HR), and HRYV, in 26 Young Women Across Four Phases
of the Menstrual Cycle (Menses (Me), Ovulation (Ov), Midluteal (ML), and Late Luteal
(LL). Menses is the Constant Term and Participant is Included as Random Effect

Variable Coefficient SE 95% CI

Perceived physical symptoms

Ovulation =1.12* 0.26 [-1.65, —0.60]
Mid luteal —1.07* 0.26 [-1.60, —0.55]
Late luteal —0.68* 0.26 [-1.20, —0.16]

Distal skin temperature

Ovulation —0.093* 0.047 [-.187,0.001]
Mid luteal 0.198* 0.048 [0.103, 0.293]
Late luteal 0.242* 0.047 [0.148, 0.336]
Heart rate

Ovulation 0.711 0.69 [-.67, 2.09]
Mid luteal 2.38* 0.70 [0.98, 3.78]
Late luteal 2.49% 0.69 [1.11, 3.88]

rMSSD (vagal-related HRV)

Ovulation =3.17 2.76 [-8.66, 2.33]
Mid luteal —5.47 2.79 [-11.03, 0.097]
Late luteal -5.96 2.76 [-11.45, 0.47]

Note: *Significantly different from menses (see text for details).
Abbreviations: Cl, confidence interval; HRY, heart rate variability; rMSSD, square root of the mean squared
differences of successive NN intervals; SE, standard error.
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Results

Physiological Measures Tracked by the Oura Ring

Sleep

As shown in Figure 2, main sleep duration and quality features of Total Sleep Time (F (3, 74) = 0.92)), Sleep Onset
Latency ((F (3, 74) = 0.18)), and Wake After Sleep Onset ((F (3, 74) = 2.15) did not significantly differ between the cycle
phases. The overall model for Sleep Efficiency (F (3, 74) = 2.02, p=0.12) was also not significant. However, sleep
efficiency was marginally lower (t =—2.28, p = 0.026) in the midluteal phase compared with menses (coefficient = —1.96,
SE = 0.86, CI [-3.67, —0.246]). Sleep stages did not show any significant effect of menstrual cycle: REM Sleep (F (3, 74)
=1.97), Light Sleep (F (3, 74.0) = 0.46), Deep Sleep (F (3, 74) = 1.25).

Sleep HR and Vagal-Related HRV (rMSSD)

Nocturnal HR (F (3, 74) = 6.28, p<0.001) varied across the menstrual cycle (see Figure 3A and Table 2), showing an increase
during the midluteal (t = 3.38, p=0.001) and late luteal (t =3.59, p=0.001) phases compared to menses. Additional Wald tests
showed that HR during ovulation was also lower than midluteal (X* = 5.62, p=0.02) and late luteal (X*> = 6.59, p=0.01) phases,
but did not differ between mid- and late-luteal phases. The overall model for rIMSSD was not significant (F (3, 74) = 1.93,
p=0.13). In the model, rMSSD was lower (t =—2.16, p=0.034) and tended to be lower (t=—1.96, p=0.054) in the late luteal and
midluteal phases, respectively, compared with menses, although confidence intervals were wide (Table 2).

Sleep Distal Skin Temperature

Sleep Skin Temperature was modulated across the menstrual cycle (F (3, 74) = 22.68, p<0.001; Figure 3B; Table 2).
Specifically, temperature was higher in the midluteal (t = 4.14, p<0.001) and in the late luteal (t = 5.12, p<0.001) phases
compared to menses. Also, as shown in Figure 3B, temperature was lower during ovulation (t = —1.98, p= 0.05) than
during menses. Additional Wald tests showed that temperature during ovulation was also lower than midluteal (X* = 37.2,
p<0.001) and late luteal (X* = 50.4, p<0.001) phases, but did not differ between mid- and late-luteal phases.

Daily Self-Reported Measures

Most of the self-reported measures did not significantly change across the menstrual cycle — Sleep Quality (F (3, 74) = 1.03)
and Readiness (F (3, 70) = 0.47) did not vary. The overall model for Mood was not significant (F (3, 70) = 2.37, p = 0.08).
However, Mood tended to be poorer in the midluteal phase compared with menses (t =—1.90, p=0.061) and was poorer in the
midluteal phase compared with ovulation (Wald test, X* = 5.07, p = 0.02). Perceived Physical symptoms varied according to
menstrual cycle phase (F (3, 70) = 7.81, p<0.001), being higher during menses compared with ovulation (t =—4.26, p<0.001),
midluteal (t =—4.07, p<0.001), and late luteal (t = —2.62, p=0.01) phases (See Table 2 for details of statistical model).

Discussion

The purpose of the present study was to investigate changes in sleep and other physiological features across the natural
menstrual cycle in reproductive-aged women in their home environment. To this end, we used a wearable device (the
Oura ring), combined with self-reported daily measures of sleep, mood, and physical symptoms. There were no
significant changes in self-reported sleep quality or in Oura indices of sleep duration, quality, and sleep stages in
association with phases of the menstrual cycle (ie, menstruation, ovulation, mid- and late luteal), apart from a small
decline in sleep efficiency in the midluteal phase, in healthy reproductive-aged women without menstrual-related
complaints. These results concur with the majority of laboratory-based PSG studies in reproductive-aged women,
including the landmark study by Driver et al,'*'® which investigated possible PSG and sleep EEG variation across
multiple nights of the menstrual cycle. Using measures of core body temperature, urinary LH, and midluteal plasma
levels of progesterone and estrogen to confirm menstrual cycle phases, these investigators found no significant variation
across the menstrual cycle in TST, SE, SOL, WASO, or slow wave sleep (deep sleep). Similarly, perceived sleep quality
and mood did not change across the menstrual cycle.'® There was, however, a dramatic increase in spindle frequency

12,18

activity in the luteal phase, which has been replicated in other studies, and reflects increased sleep spindle density

and duration compared with the follicular phase.**® These measures are only evident with detailed EEG analysis and
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Figure 3 Heart rate (A) and distal skin temperature (B) measured with the Oura ring during sleep showing significant differences between four phases of the menstrual
cycle (Menses, Ovulation, Midluteal, and Late luteal) in healthy, reproductive-aged women (n = 26).
Notes: *p = 0.05; **p < 0.01.

are not measured with the Oura ring. Some PSG studies have also identified a small (~1%) reduction in REM sleep in the
luteal phase (reviewed in'® however, this effect is small and was not detected with the Oura ring in our study.

There is an emerging body of literature on the use of technology to investigate the menstrual cycle.**** Some studies
have used research-grade actigraphy, but to our knowledge, no studies published in peer-reviewed journals have used
a wearable sleep tracker, to study sleep across the menstrual cycle. Only one research work, presented as conference
proceedings, studied the relation between sleep and the menstrual cycle using a wrist-wearable device.*® Authors
analyzed 541 cycles from 181 women and reported no change in total sleep across the phases of the menstrual cycle.
However, contrary to our results, they found a significant decrease in deep sleep around menstruation. In an actigraphy
study of 19 reproductive age women (18—43 years), subjective and objective sleep measures were not associated with
estrogen or progesterone concentrations.** Only a positive association between SE and estrogen metabolites (E1G), and
a negative association between SE and progesterone metabolites (PdG) — yet both weak — were found. Another study™® of
163 late-reproductive-age women (~51 years) showed TST and SE as measured by actigraphy were significantly
decreased in the premenstrual week, when compared to the previous week. We found only a small decline in SE in
the midluteal phase, which may be magnified in midlife women. Indeed, we previously found that midlife women had
more awakenings and arousals as assessed with PSG during a night in the luteal phase compared with the follicular
phase.*® Differences in findings between studies could be attributed to differences in sample characteristics (eg age,
presence/absence of menstrual-related problems), how menstrual cycle phases are operationalized, and use of different
reference tests for ovulation in each study. A standard method to select the cycle phases is recommended when studying
the menstrual cycle; some efforts have been done so far in this regard (e.g.>”).

Considering the broader literature about changes in self-reported sleep across the menstrual cycle, several studies
have noted a poorer sleep quality around menstruation (reviewed in)'’. However, recent studies have highlighted the
importance of considering menstrual cycle characteristics and symptom presence/severity as well as between-individual
differences in patterns of sleep across the menstrual cycle. For example, Van Reen and Kiesner*” identified 3 patterns in
the sleep-menstrual cycle phase relationship: while some women showed no cyclical change in perceived sleep
difficulties, others showed an increase in sleep difficulties just before and during menstruation, and others showed a mid-
cycle increase in perceived sleep difficulties. Further, menstrual cycle-related symptoms significantly contributed to
difficulty sleeping.*” Sleep difficulties have also been reported to be more likely in women with irregular cycles,*® and in
women with moderate to severe premenstrual mood symptoms.®”*”** Overall, our findings indicate that, in the absence
of substantial cycle-related changes in mood, subjective sleep quality and objective sleep duration and quality, as
measured with the Oura ring, do not significantly vary between menstrual cycle phases in healthy, reproductive-aged
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women with regular cycles. Our results also show that self-reported physical symptoms, including pain, bloating, body
aches, and tenderness are significantly more present during the menstruation phase in healthy women, however, these
symptoms appeared not to affect sleep, likely because they were perceived in a moderate range. In contrast, the presence
of more severe menstrual pain is associated with poorer sleep quality’® and reduced daily quality of life.>!

In contrast to our finding of minimal changes in sleep, we found menstrual-cycle related variation in other
physiological measures derived from the Oura ring. Distal skin temperature and heart rate, measured during sleep,
were both increased, along with a trend for lower vagal-mediated HRV, in the luteal phase, which supports well-
established findings in the literature based on measurements with research-grade devices.'""'*3? The reverse bi-phasic
pattern between HR and HRV across the menstrual cycle seen in our data (ie, increased HR and trend for decreased
vagal-mediated HRV, in the luteal phases compared to menses) has also been captured by wrist-worn devices.?>>* Our
data, therefore, support the use of a wearable ring device to monitor ovulatory cycle-related physiological changes. Of
particular relevance to fertility tracking, we found that the Oura ring also captured a significant distal skin temperature
drop around ovulation. While less well studied than the luteal phase increase in body temperature, laboratory studies have
found a drop in core body temperature in association with high estrogen.’*> In a study in which the nocturnal wrist skin
temperature was examined with a wearable,?' the cycle-related biphasic pattern was captured in 82% of the cycles,
however, the temperature nadir associated with ovulation was not accurately detected (only 41% of cycles). Possibly,
finger skin temperature may be more sensitive to smaller temperature changes such as occurs around ovulation. Other
analyses of data from the Oura ring have also supported its potential use for fertility assessment: Using wavelet analyses,
investigators found a consistent pattern of daytime distal skin temperature and HRV ultradian rhythms (2—5 h) power that
anticipated the LH surge in all individuals (45 premenopausal and 10 perimenopausal women).*’

One of the strengths of the present at-home-based study is the ecological validity of the objective sleep and sleep-
related physiological measures made across a woman’s menstrual cycle. In contrast to in-lab PSG studies, in which
participants must sleep overnight in an unusual sleep environment while being wired to be monitored, the use of a multi-
sensory wearable allowed us to track objective sleep in a more natural and less invasive way. In-lab studies offer
a reliable, robust, and more complete source of information about the physiological micro- and macro-structure of sleep,
but wearables bring unprecedented advantages when studying sleep in the context of the menstrual cycle.**** While in-
lab visits need to be scheduled prospectively across the cycle, and frequency of sampling is limited due to logistical
constraints, in our study four customized windows for each participant could be retrospectively selected based on the
participant’s specific menstrual cycle phases, owing to the continuous measures provided by the Oura ring. In this way,
we also controlled the between-subject menstrual cycle variability (eg, different cycle length), an important factor that
limits some studies when matching physiological changes (eg, body temperature) to menstrual cycle-related hormone
changes.'? Lastly, anovulatory cycles happen about 28% of the time in women aged 20 to 24 years.”® By including in the
study only participants who got a positive (confirmed) urine test for LH, we assured all the cycles examined were
ovulatory.

The present study also has limitations. As previously shown, different factors may affect the accuracy of a multi-
sensor wearable device, including device position, demographic factors (eg, age), alcohol consumption, amount of sleep

disruption (for review, see’®>’

). Also, different levels of accuracy exist for different sleep outputs provided by these
devices (eg, greater accuracy for sleep vs wake assessment, lower accuracy in “deep sleep” estimation) since outputs are
derived from the various combinations of peripheral sensors, and challenges exist for the automatic determination of
bedtime and wake time intervals.”’” Thus, we cannot completely exclude the possibility that the Oura ring may exhibit
different levels of accuracy across different menstrual cycle phases and sleep outcomes, potentially masking true
menstrual-cycle effects on sleep. Additional work is needed to compare the accuracy of Oura ring with gold-standard
PSG measures in women at different menstrual cycle phases to address some of these questions. A further limitation of
our study was that blood hormonal levels were not collected, which would have been a more precise method to assign
menstrual cycle phases. This limitation also makes it impossible to establish specific relationships between sleep and
other physiological measures with hormonal levels across the cycle. One menstrual cycle per participant was used for the
present study; thus, possible intra-subject variability between menstrual cycles needs to be considered in future work.
Another limitation to consider is the relatively small sample size and homogeneity of the sample in terms of race and
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ethnicity, since most of our participants were white women. This is a frequent limitation in wearable devices research,
which tends to overrepresent white race because photoplethysmographic (PPG) light signaling is not as accurate in
people with darker skin tones.>® Sleep difficulties seem to be reported more frequently in racial/ethnic minorities,” but
possible differences in sleep and its physiological features across the menstrual cycle among race/ethnicity groups cannot
be established in the present study. Sleep difficulties have also been reported to be more common in women approaching
menopause.’”®' Future studies, in which wearable technology can play an important role, should investigate daily
objective sleep and related physiological and self-reported measures across the menstrual cycle in perimenopausal
women.

In conclusion, results from this study indicate that objective wearable-based measures of sleep continuity show
minimal variability across the natural, ovulatory menstrual cycle in reproductive-aged women. On the other hand, there
were phase-based shifts in nocturnal skin temperature and HR, including a drop in skin temperature around ovulation.
Thus, wearable technology seems to be a sensitive and informative tool for tracking physiological changes that reflect
ovulatory menstrual cycles. In comparison to in-lab, or self-report measures that are subject to biases, wearable
technology holds promise as an objective tool to continuously study sleep and other physiological measures across the
menstrual cycle in women in natural environments.
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