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An affordable, user-friendly fertility-monitoring tool remains an unmet need. We examine in this 
study the correlation between pulse rate (PR) and the menstrual phases using wrist-worn PR sensors. 
91 healthy, non-pregnant women, between 22–42 years old, were recruited for a prospective-
observational clinical trial. Participants measured PR during sleep using wrist-worn bracelets with 
photoplethysmographic sensors. Ovulation day was estimated with “Clearblue Digital-Ovulation-urine 
test”. Potential behavioral and nutritional confounders were collected daily. 274 ovulatory cycles 
were recorded from 91 eligible women, with a mean cycle length of 27.3 days (±2.7). We observed a 
significant increase in PR during the fertile window compared to the menstrual phase (2.1 beat-per-
minute, p < 0.01). Moreover, PR during the mid-luteal phase was also significantly elevated compared 
to the fertile window (1.8 beat-per-minute, p < 0.01), and the menstrual phase (3.8 beat-per-minute, 
p < 0.01). PR increase in the ovulatory and mid-luteal phase was robust to adjustment for the collected 
confounders. There is a significant increase of the fertile-window PR (collected during sleep) compared 
to the menstrual phase. The aforementioned association was robust to the inter- and intra-person 
variability of menstrual-cycle length, behavioral, and nutritional profiles. Hence, PR monitoring using 
wearable sensors could be used as one parameter within a multi-parameter fertility awareness-based 
method.

Despite years of progress in fertility research, a user-friendly, non-invasive, and affordable method to estimate the 
female fertile window remains elusive. While calendar based methods offer an appealing solution their accuracy 
is questionable1. In addition, the considerable inter- and intra-person cycle variability limits their utility for a 
large fraction of the population2, especially given the frequent occurrence of anovulatory cycles (12–37%)3, 4. 
Therefore, methods that rely on physiological parameters reflecting the fertile window represent a more consist-
ent predictor.

It is well-known that levels of estrogen and progesterone change with the different phases of the menstrual 
cycle3. In addition, both hormones are known to affect the cardiovascular system through various mechanisms. 
Furthermore, these effects are mirrored on the heart rate throughout the different menstrual phases5. Moran et al.5  
demonstrated that pulse rate significantly increases during the fertile window compared to the menstrual 
phase (fertility was established by directly measuring reproductive hormones using first morning urine). The 
authors of the study acknowledged the difficulty associated with the study protocol given the need for partici-
pants to be present in the clinic daily. Photoplethysmography (PPG) technology is a noninvasive, affordable, and 
user-friendly method to measure pulse rate. In addition, wearable PPG technology has been established to be an 
accurate estimation of PR in healthy individuals during rest and sleep6. In contrast to clinical settings, wearable 
sensors allow for the continuous monitoring of physiological parameters under representative normal living con-
ditions, including sleep.
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Sleep is considered a more favorable condition to measure the influence of sex hormones on cardiac activ-
ity, as it minimizes the influence of external conditions that can affect the heart rate6–8. Only a few studies have 
investigated the effect of menstrual cycle phase on PR during sleep; they all reported an increase during the luteal 
phase9–11.

Earlier studies that took place during daytime demonstrated the association of PR and the different phases of 
the menstrual cycle. One study reported an increase in PR at ovulation12, and several found an increase during the 
luteal phase13–15. Other studies did not find a significant difference in daytime resting PR between different phases 
of the menstrual cycle during the day16–22. The aforementioned studies used a heterogeneous set of methodolo-
gies, and measured PR during the day, hence the measurements were probably susceptible to various confound-
ers, which could explain the discrepancy observed.

None of the earlier studies concerning the menstrual cycle phase and pulse/heart rate utilized wearable sen-
sors technology, and the measurements were all conducted in clinics, which does not reflect the normal condi-
tions for the majority of individuals interested in fertility monitoring. The aim of this study is to investigate the 
pattern of PR throughout the menstrual cycle when measured at home during sleep using wearable PPG sensors. 
We also aim to assess whether the changes in pulse rate throughout the menstrual cycle correlate with the fertile 
window. Given the aforementioned effects of the different reproductive hormones on the cardiovascular system, 
pulse rate could potentially be used as a predictor of reproductive hormone levels throughout the menstrual cycle, 
and assist in identifying the fertile window.

Results
The study population. A total of 91 participants conformed to the study inclusion criteria (see methods). 
The participants were on average 33.2 years old (±4.7), with an average height of 168.3 centimeters (±6.1), and 
an average weight of 61.4 kilograms (±9.3), resulting in a mean body-mass index of 21.6 kilogram/meter2 (±2.8).

Of the 91 participants, 58 wore device 1 and logged 224 cycles, 26 wore device 2 and recorded 132 cycles, while 
7 women wore device 3 and recorded 23 cycles, for a total of 379 recorded cycles. Overall, 105 cycles (27%) were 
excluded, 99 (26%) due to unconfirmed ovulation using the urine fertility test, and 6 (2%) others due to partici-
pant mal-adherence to the study protocol. The average number of recorded nights per cycle was 22.3 days, with 
the mean ovulatory cycle length being 27.3 days (±2.7). The average number of cycles recorded per subject was 
3.3 (±1.5). Despite the participants reporting regular cycle length at recruitment (24–35 days), 56 (15%) of the 
cycles collected during the study were below or above that range.

Pulse rate correlation with the different phases of the menstrual cycle. We found a significant 
increase in the median pulse rate during the fertile window (OV-5 to OV) compared to the menstrual phase (esti-
mated change 2.1 beat-per-minute (BPM), standard error (SE) 0.2, p < 0.01) (Table 1, Fig. 1). Furthermore, the 
median pulse rate during the mid-luteal phase (OV + 3 to OV + 9) was also significantly higher than during the 
fertile window (1.8 BPM, SE 0.1, p < 0.01), and the menstrual phase (3.8 BPM, SE 0.2, p < 0.01).

We then analyzed irregular cycles (56 cycles) separately to assess whether the same associations could be 
observed. Indeed, we observed the same significant increase of PR between the fertile window and the menstrual 
phase, however the magnitude of the increase was marginally smaller (1.8 BPM, SE 0.35, p < 0.01). The increase 
of PR between the mid-luteal phase and the menstrual phase was also minimally reduced (3.2 BPM, SE 0.35, 
p < 0.01).

The correlations between pulse rate and the menstrual phases were robust to adjustment for the effect of 
confounders in a multivariable model (Table 1). The multivariable model also showed that the baseline pulse rate 
within participant had a standard deviation (SD) of 6.9 BPM, and within cycle the SD was 1.6 BPM. In addition, 
the definition of the mid-luteal phase (varying start OV + 2–7 and varying end OV + 9–11) did not qualitatively 
change the correlation (data not shown).

Effect of confounders on pulse rate. We observed in the univariable models that the consumption 
of alcohol, large meals, or intense exercise (> = 60 minutes) within the 4 hours preceding sleep significantly 
increased median pulse rate during the night (Table 1). In contrast, having a shower before sleeping, drinking 
more than 200 mg of caffeine, and exercise of less than 60 minutes within 4 hours before sleep did not have a sig-
nificant effect on the median pulse rate (Table 1). The correlations (or the lack thereof) between the confounders 
and pulse rate were not dependent on the menstrual phase when an interaction term between the respective 
confounder and the cycle phase was included in the model (each in a separate model, data not shown). Finally, 
weight and BMI were associated with an increase in the median resting pulse rate measured through the night, 
while height was not (Table 1).

Discussion
We demonstrated in this study that the median pulse rate measured through wrist worn wearable sensors strongly 
correlates with the different phases of the menstrual cycle. More specifically, PR during the fertile window was 
significantly increased compared with the menstrual phase, with this increase carrying through the luteal phase 
to reach a PR peak during the mid-luteal phase. Our study also demonstrates the robustness of PR correlation 
with the menstrual phase given a broad spectrum of menstrual cycle duration, under a range of different daily 
activities such as the consumption of coffee, alcohol, and large meals before sleep as well as other activities such 
as sports, showers, and intercourse or on the background of different BMIs.

Our results are consistent with previously reported patterns of resting pulse rate measured through the men-
strual cycle in clinically controlled environment5. This suggests that wearable PPG sensors could be a reliable 
convenient method to assess the current phase of the menstrual cycle through PR measurement. The mechanisms 
by which heart rate is increased in the different phases is thoroughly discussed by Moran et al.5. Novel in our 
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study is the demonstration that the association between the elevated pulse rate of the ovulatory phase compared 
to menstrual phase is observable even in irregular cycle lengths. Individuals with highly variable cycle length 
represent one of the populations that could benefit most from our proposed method given that a calendar based 
method would be ineffective in their case, and urine based testing would require a much longer phase of daily 
urine testing. The magnitude of the association was different between individuals with regular and irregular cycle 
length. However, this difference could be attributable to the smaller number of irregular cycles at hand (56 cycles).

Given our findings, pulse rate is a strong candidate for inclusion in modern multi-parameter fertility aware-
ness based methods (FABM). To date, cyclic changes in cervical mucus and basal body temperature have been the 
two most commonly used physiological parameters to estimate the timing of the fertile window23, 24. However the 
basal body temperature method is a poor predictor of ovulation and requires strict measurement protocols25. The 
self-detection of peak mucus day, defined as clear, slippery and lubricative mucus, is a better predictor of ovula-
tion and is reported to fall within the fertile window in 72% of the cycles in which ovulation was predicted with 
LH-urine tests26. However its utility is highly dependent on the subjective interpretation of the user and requires 
both experience and a certain level of comfort with the procedure27. A combination of these natural fertility 
markers and the calendar method, optionally together with the use of electronic and chemical fertility devices, 
are becoming more popular as FABMs to achieve or avoid pregnancy28, 29. The main advantage of modern FABMs 
is the lack of medical side effects compared to hormonal contraception and a higher accuracy compared to single 
indicator methods. The use of wearables might help to overcome disadvantages of present FABMs such as incon-
venient time-consuming measurements, limited robustness because of isolated, eventually non-representative, 
data points, difficulties with the interpretation of findings etc. For example, the bracelets used in the present study 
allow convenient measurements of every pulse in t a night (24 000 beats, for 8 hours of sleep, and an average PR 
of 50 BPM). When used correctly, today’s FABMs, combined with electronic and chemical fertility devices, have 
similar unintended pregnancy rates compared with conventional methods (e.g. condoms)23, 29–31. Future studies 
will have to show whether FABMs completely relying on wearable sensor measurements could allow further 
convenience with comparable efficacy.

As with all observational studies there are limitations to ours. A fraction of the cycles was excluded due to the 
lack of peak fertility as determined by the home administered urine test. Yet the rate we observed was within the 
expected range4. Even though the LH-urine tests are considered a reliable predictor of ovulation32, Behre et al.33  
showed that only in 76.2% of the cycles urine based test showed that ovulation occurred on the second day 
of peak fertility. In addition, one cannot exclude administration and equipment malfunctions. More accurate 
determinants of the ovulation day (e.g. using ultrasound, lab measured reproduction hormones from the serum, 
saliva, or urine) would probably result in a more accurate estimate of the magnitude of the association. The study 
population was largely of Caucasian ethnicity with normal BMIs. Further studies with more physiologically and 

Covariate

Univariable model, 
estimated change 
in BPM (SE)

Multivariable 
model#, estimated 
change in BPM (SE)

Menstrual phase

  Menstruation Reference Reference

 Ovulatory phase 2.09 (0.2)*** 2.19 (0.20)***

 Mid-luteal phase 3.81 (0.19)*** 4.05 (0.20)***

Alcohol§

 No alcohol Reference Reference

 1–4 units 1.56 (0.12)*** 2.11 (0.21)***

 5 or more units 5.90 (0.31)*** 8.27 (0.53)***

 Large meal§ (binary) 1.56 (0.18)*** 0.71 (0.28)*

Exercise§

 No exercise Reference Reference

 <60 minutes −0.21 (0.16) 0.05 (0.24)

  > = 60 minutes 0.48 (0.21)* 0.48 (0.30)

Body mass index (KG/
M2) 0.70 (0.24)** 0.65 (0.24)**

Weight (KG)a 0.16 (0.08)* —

Sex§ (binary) 0.10 (0.21) —

Shower§,▫ (binary) 0.30 (0.22) —

Age (year) −0.09 (0.17) —

Height (centimeter) −0.12 (0.13) —

Coffee 0.36 (0.20) —

Table 1. Uni- and multi-variable mixed effects model of pulse rate and the various physiological phases and 
the potential confounders (showing estimated change in PR per covariate). #Covariates not-included in the 
multivariable model are shown with a “—” in the table. §Within a four-hour period before sleep. ▫Data available 
for participants with device 2 and 3 only. aGiven the collinearity between weight and body mass index, only 
body mass index was included in the multivariable model. *, **, *** refer to a p-value < 0.05, 0.01, 0.001, 
respectively.
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ethnically diverse population are required to assert the generalizability of the findings. In this study, three differ-
ent wearable sensor bracelets were deployed, yet no difference was observed in the associations given the different 
sensors in either the univariable or the multivariable analysis.

In conclusion, we observe a significant increase in median pulse rate during the fertile window (OV − 5 to 
OV) compared to the menstrual phase, with the median pulse rate sustaining this increase to reach a maximum 
during the mid-luteal phase. The associations were present in cycles with varying lengths, and under a broad 
range of daily activities and nutrition profiles. These findings indicate that pulse rate (measured during sleep) is 
a promising parameter for FABMs. And PR monitoring using wearable PPG sensors could be used as a conven-
iently measured parameter within a modern multi-parameter fertility awareness-based method.

Material and Methods
Participants. Volunteers were recruited via the Department of Reproductive Endocrinology, University 
Hospital Zurich, but were not in treatment. The inclusion criteria were an age between 18–42 and a self-reported 
regular cycle in the six months preceding the study. In addition, none of the subjects used any kind of reproduc-
tive hormone therapy three months before and during the study period. Study participants were screened prior 
to the study to exclude endocrine pathologies. This consisted of the patient’s history, a general and a gynecolog-
ical exam including a transvaginal ultrasound. Moreover, thyroid stimulating hormone, prolactin, estradiol and 
follicle stimulating hormone levels were evaluated in the early follicular phase (cycle days 2–5). Women with 
health conditions or women taking medication or other substances that may affect the menstrual cycle, or the 
physiological parameters investigated were excluded from the study. Other exclusion criteria were frequent travel 
between different time zones and sleep disorders. Premature withdrawal criteria were: pregnancy, health issues, 
non-compliance with the study protocol, and a participant’s choice to withdraw.

Study design. The data was collected from two clinical trials, both of which were a single-center prospective 
observational trial conducted at the Department of Reproductive Endocrinology, University Hospital Zurich. 
All participants provided signed informed consent, and the study was approved by the Ethical Commission of 
the Canton of Zurich (approval number: KEK-ZH-Nr. 2015-0018). The study has been conducted according to 

Figure 1. Violin plot of the pulse rate in the different phases of the menstrual cycle.
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the relevant rules and regulation. The total study period of the first clinical trial was 1 year and each subject was 
intended to participate for 6 months. The duration of the second clinical trial is 18 months.

Study protocol. Each of the subjects wore one of 3 CE-certified wearable devices at night during sleep under 
normal living conditions. All devices contain a PPG sensor to record pulse rate. The bracelet was placed on the 
dorsal surface of the wrist. Moreover, the participants were required to wear the bracelet on the same arm during 
the study period, however, the choice of arm was free.

A self-administered home-urinary test (Clearblue Digital Ovulation Test) was used to estimate the 
ovulation day. Said test has been demonstrated to be a good estimator of ovulation33, 34. The test detects 
estrone-3-glucuronide and luteinizing hormone (LH) concentrations in the first morning urine. The instructions 
provided in the package insert were used to determine when the participant was to start with the tests during 
the pre-ovulatory period. When the test detects a significant rise in estrogen levels above the individual baseline 
levels, it shows a blinking smiley, indicating ‘high fertility’ days. Once LH exceeds a certain threshold level, a con-
stant smiley, indicating ‘peak fertility’ days is displayed for 48 hours. The estimated day of ovulation was then con-
sidered as the first day of ‘peak fertility’ plus 1 day. Instructions for use of the device were provided to participants 
in detail by a study nurse, and all subjects were asked to use the test according to the package insert instructions, 
with one exception. That is taking the first morning urine.

Participants were asked to complete a daily electronic survey throughout the study period. The questionnaire 
included questions regarding the menstrual phase, onset and duration of menses, day of a positive LH-test, sleep-
ing habits, sleep quality, mood, stressful private and/or professional events, alcohol (1 unit of alcohol = 10 g pure 
alcohol: 4 centiliter schnapps, 1 deciliter wine/champagne; 2 deciliters long drink; 2.5 deciliter beer), caffeine 
consumption, heavy meals (>600 kilocalorie), and work outs and their intensity. The collected survey covariates 
are known to affect heart rate and hence were collected to correct for their potential confounding roles35–37.

Data collection and processing. Photoplethysmography (PPG) technology was used to measure pulse 
rate. Three wrist worn bracelets were used, the first and second devices (Ava bracelet, Ava AG, Switzerland; and 
PulseOn bracelet) contains a 2-wavelength optical PPG sensor. The third device (Basis Peak, BASIS Science Inc) 
contains a 1-wavelength optical PPG sensor. All devices were demonstrated to have good correlation with heart 
rate collected using hospital grade electrocardiogram38, 39.

Collected pulse rate data from the individual devices were filtered with a 5 minutes median filter. The first 
4 hours of sleep and the last 30 minutes were removed from the recordings of every night to allow for PR to stabi-
lize (as the second and third bracelets used did not provide sleep classification hence we could not filter the data 
based on the sleeping phase). Pulse rate per night was computed as the median of the remaining data.

The relevant phases of the menstrual cycle were defined for analysis into 3 phases: the menstrual phase (days 
1 to 5), the fertile window (OV − 5 to OV) and the mid-luteal phase (OV + 3 to OV + 9). As a sensitivity analysis, 
we assessed whether different definitions of the mid-luteal phase have an impact on the association. The alterna-
tive definitions were varying the beginning of the mid luteal phase between varying OV + 2–7, and varying the 
end between OV + 9–11.

Statistical analysis. The results were calculated using R (with the following packages40–44) and Matlab 
(Mathworks, Inc.), and they are presented as mean (±SD) for the descriptive statistics, and for the modeled 
estimates as estimate (standard error (SE)). Only complete cases were included in the analysis and statistical 
significance was set at a P-value < 0.05. Given the known intra- and inter-personal variance of the pulse rate 
we opted for a linear mixed effects model, and a random intercept per subject, and per cycle per subject. Such 
a model allows for the baseline pulse rate to change per person, and within the person said baseline pulse rate 
could change per cycle45. Pulse rate was the outcome variable, and the menstrual phases as well as other potential 
confounders were the explanatory variables. The confounders were assessed independently in univariable models, 
and when the P-value was <0.1 they were included in the final multivariable model.

References
 1. Moglia, M. L., Nguyen, H. V., Chyjek, K., Chen, K. T. & Castaño, P. M. Evaluation of Smartphone Menstrual Cycle Tracking 

Applications Using an Adapted APPLICATIONS Scoring System. Obstet. Gynecol. 127, 1153–60, doi:10.1097/
AOG.0000000000001444 (2016).

 2. Wilcox, A. J., Dunson, D. & Baird, D. D. The timing of the ‘fertile window’ in the menstrual cycle: day specific estimates from a 
prospective study. BMJ 321, 1259–62, doi:10.1136/bmj.321.7271.1259 (2000).

 3. Pauerstein, C. J. et al. Temporal relationships of estrogen, progesterone, and luteinizing hormone levels to ovulation in women and 
infrahuman primates. Am. J. Obstet. Gynecol. 130, 876–886, doi:10.1016/0002-9378(78)90264-8 (1978).

 4. Prior, J. C. et al. Ovulation Prevalence in Women with Spontaneous Normal-Length Menstrual Cycles – A Population-Based Cohort 
from HUNT3, Norway. PLoS One 10, e0134473, doi:10.1371/journal.pone.0134473 (2015).

 5. Moran, V. H., Leathard, H. L. & Coley, J. Cardiovascular functioning during the menstrual cycle. Clin. Physiol. 20, 496–504, 
doi:10.1046/j.1365-2281.2000.00285.x (2000).

 6. Schafer, A. & Vagedes, J. How accurate is pulse rate variability as an estimate of heart rate variability? A review on studies comparing 
photoplethysmographic technology with an electrocardiogram. Int. J. Cardiol. 166, 15–29, doi:10.1016/j.ijcard.2012.03.119 (2013).

 7. Brandenberger, G., Buchheit, M., Ehrhart, J., Simon, C. & Piquard, F. Is slow wave sleep an appropriate recording condition for heart 
rate variability analysis? Auton. Neurosci. 121, 81–86, doi:10.1016/j.autneu.2005.06.002 (2005).

 8. Kuo, T. B. J. et al. Cardiac neural regulation oscillates with the estrous cycle in freely moving female rats: The role of endogenous 
estrogens. Endocrinology 151, 2613–2621, doi:10.1210/en.2009-1410 (2010).

 9. Baker, F. C., Colrain, I. M. & Trinder, J. Reduced parasympathetic activity during sleep in the symptomatic phase of severe 
premenstrual syndrome. J. Psychosom. Res. 65, 13–22, doi:10.1016/j.jpsychores.2008.04.008 (2008).

 10. De Zambotti, M., Nicholas, C. L., Colrain, I. M., Trinder, J. A. & Baker, F. C. Autonomic regulation across phases of the menstrual 
cycle and sleep stages in women with premenstrual syndrome and healthy controls. Psychoneuroendocrinology 38, 2618–2627, 
doi:10.1016/j.psyneuen.2013.06.005 (2013).

http://dx.doi.org/10.1097/AOG.0000000000001444
http://dx.doi.org/10.1097/AOG.0000000000001444
http://dx.doi.org/10.1136/bmj.321.7271.1259
http://dx.doi.org/10.1016/0002-9378(78)90264-8
http://dx.doi.org/10.1371/journal.pone.0134473
http://dx.doi.org/10.1046/j.1365-2281.2000.00285.x
http://dx.doi.org/10.1016/j.ijcard.2012.03.119
http://dx.doi.org/10.1016/j.autneu.2005.06.002
http://dx.doi.org/10.1210/en.2009-1410
http://dx.doi.org/10.1016/j.jpsychores.2008.04.008
http://dx.doi.org/10.1016/j.psyneuen.2013.06.005


www.nature.com/scientificreports/

6Scientific RepoRts | 7: 1294  | DOI:10.1038/s41598-017-01433-9

 11. Hessemer, V. & Brück, K. Influence of menstrual cycle on shivering, skin blood flow, and sweating responses measured at night. J. 
Appl. Physiol. 59, 1902–1910 (1985).

 12. Leicht, A. S., Hirning, D. A. & Allen, G. D. Heart rate variability and endogenous sex hormones during the menstrual cycle in young 
women. Exp. Physiol. 88, 441–446, doi:10.1113/eph8802535 (2003).

 13. Little, C, B. & Zahn, T. Changes in mood and autonomic functioning during the menstrual cycle. (1974).
 14. Usha Rani, Y. S., Manjunath, P. & Desai, R. D. Comparative Study of Cardiac Autonomic Functions in Different Phases of Menstrual 

Cycle in Healthy Young Women Aged 18–22 Years by determining Heart Rate Variability. J. Physiol. Pharmacol. Adv 3, 1 (2013).
 15. Tenan, M. S., Brothers, R. M., Tweedell, A. J., Hackney, A. C. & Griffin, L. Changes in resting heart rate variability across the 

menstrual cycle. Psychophysiology 51, 996–1004, doi:10.1111/psyp.2014.51.issue-10 (2014).
 16. Stachenfeld, N. S., Silva, C., Keefe, D. L., Kokoszka, C. A. & Nadel, E. R. Effects of oral contraceptives on body fluid regulation. J. 

Appl. Physiol. 87, 1016–1025 (1999).
 17. Sato, N., Miyake, S., Akatsu, J. & Kumashiro, M. Power Spectral Analysis of Heart Rate Variability in Healthy Young Women During 

the Normal Menstrual Cycle. Psychosom. Med. 57, 331–335, doi:10.1097/00006842-199507000-00004 (1995).
 18. Yildirir, A., Kabakci, G., Akgul, E., Tokgozoglu, L. & Oto, A. Effects of menstrual cycle on cardiac autonomic innervation as assessed 

by heart rate variability. Ann. Noninvasive Electrocardiol. 7, 60–63, doi:10.1111/anec.2001.7.issue-1 (2002).
 19. Matsumoto, T., Ushiroyama, T., Kimura, T., Hayashi, T. & Moritani, T. Altered autonomic nervous system activity as a potential 

etiological factor of premenstrual syndrome and premenstrual dysphoric disorder. Biopsychosoc. Med. 1, 24, doi:10.1186/1751-0759-
1-24 (2007).

 20. Hirata, K. et al. Effects of human menstrual cycle on thermoregulatory vasodilation during exercise. Eur. J. Appl. Physiol. Occup. 
Physiol. 54, 559–565, doi:10.1007/BF00943341 (1986).

 21. Stachenfeld, N. S., Silva, C. & Keefe, D. L. Estrogen modifies the temperature effects of progesterone. J. Appl. Physiol. 88, 1643–1649 
(2000).

 22. Brodin, T., Bergh, T., Berglund, L., Hadziosmanovic, N. & Holte, J. Menstrual cycle length is an age-independent marker of female 
fertility: results from 6271 treatment cycles of in vitro fertilization. Fertil. Steril. 90, 1656–1661, doi:10.1016/j.fertnstert.2007.09.036 
(2008).

 23. Fehring, R. J. New low- and high-tech calendar methods of family planning. J. Midwifery Women’s Heal. 50, 31–38, doi:10.1016/j.
jmwh.2004.07.001 (2005).

 24. Wilcox, A. J., Weinberg, C. R. & Baird, D. D. Timing of Sexual Intercourse in Relation to Ovulation. Obstet. Gynecol. Surv. 51, 
357–358, doi:10.1097/00006254-199606000-00016 (1995).

 25. Barron, M. L. & Fehring, R. J. Basal body temperature assessment: is it useful to couples seeking pregnancy? MCN. Am. J. Matern. 
Child Nurs. 30, 290–296–298, doi:10.1097/00005721-200509000-00004 (2005).

 26. Colombo, B., Mion, A., Passarin, K. & Scarpa, B. Cervical mucus symptom and daily fecundability: first results from a new database. 
Stat. Methods Med. Res. 15, 161–180, doi:10.1191/0962280206sm437oa (2006).

 27. Fehring, R. J. Accuracy of the peak day of cervical mucus as a biological marker of fertility. Contraception 66, 231–235, doi:10.1016/
S0010-7824(02)00355-4 (2002).

 28. Fehring, R. J., Schneider, M., Raviele, K., Rodriguez, D. & Pruszynski, J. Randomized comparison of two Internet-supported fertility-
awareness-based methods of family planning. Contraception 88, 24–30, doi:10.1016/j.contraception.2012.10.010 (2013).

 29. Fehring, R. J., Schneider, M., Raviele, K. & Barron, M. L. Efficacy of cervical mucus observations plus electronic hormonal fertility 
monitoring as a method of natural family planning. JOGNN - J. Obstet. Gynecol. Neonatal Nurs. 36, 152–160, 
doi:10.1111/j.1552-6909.2007.000129.x (2007).

 30. Pallone, S. R. & Bergus, G. R. Fertility awareness-based methods: another option for family planning. J. Am. Board Fam. Med. 22, 
147–157, doi:10.3122/jabfm.2009.02.080038 (2009).

 31. Brezina, P. R., Haberl, E. & Wallach, E. At home testing: optimizing management for the infertility physician. Fertil. Steril. 95, 
1867–78, doi:10.1016/j.fertnstert.2011.01.001 (2011).

 32. Guida, M. et al. Efficacy of methods for determining ovulation in a natural family planning program. Fertil. Steril. 72, 900–4, 
doi:10.1016/S0015-0282(99)00365-9 (1999).

 33. Behre, H. M. et al. Prediction of ovulation by urinary hormone measurements with the home use ClearPlan Fertility Monitor: 
comparison with transvaginal ultrasound scans and serum hormone measurements. Hum. Reprod. 15, 2478–2482, doi:10.1093/
humrep/15.12.2478 (2000).

 34. Guida, M. et al. Efficacy of methods for determining ovulation in a natural family planning program. Fertil. Steril. 72, 900–904, 
doi:10.1016/S0015-0282(99)00365-9 (1999).

 35. Pesta, D. H., Angadi, S. S., Burtscher, M. & Roberts, C. K. The effects of caffeine, nicotine, ethanol, and tetrahydrocannabinol on 
exercise performance. Nutr. Metab. (Lond). 10, 71, doi:10.1186/1743-7075-10-71 (2013).

 36. Kräuchi, K., Cajochen, C., Werth, E. & Wirz-Justice, A. Alteration of internal circadian phase relationships after morning versus 
evening carbohydrate-rich meals in humans. J. Biol. Rhythms 17, 364–376, doi:10.1177/074873040201700409 (2002).

 37. Hynynen, E., Vesterinen, V., Rusko, H. & Nummela, A. Effects of moderate and heavy endurance exercise on nocturnal HRV. Int. J. 
Sports Med. 31, 428–432, doi:10.1055/s-0030-1249625 (2010).

 38. Parak, J. et al. Evaluation of the beat-to-beat detection accuracy of PulseOn wearable optical heart rate monitor. In 2015 37th Annual 
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC) 8099–8102, doi:10.1109/
EMBC.2015.7320273 (IEEE, 2015).

 39. Jo, E., Lewis, K., Directo, D., Kim, M. J. & Dolezal, B. A. Validation of Biofeedback Wearables for Photoplethysmographic Heart Rate 
Tracking. J. Sports Sci. Med. 15, 540–547 (2016).

 40. Wickham, H. ggplot2: Elegant Graphics for Data Analysis. (Springer-Verlag New York, 2009).
 41. Arnold, J. B. ggthemes: Extra Themes, Scales and Geoms for ‘ggplot2’ (2016).
 42. Ooms, J. The jsonlite Package: A Practical and Consistent Mapping Between JSON Data and R Objects. arXiv:1403.2805 [stat.CO] 

(2014).
 43. Wickham, H. Tidyr: Easily Tidy Data with ‘spread()’ and ‘gather()’ Functions, R package version 0.6.1, website: CRAN.R-project.

org/package=tidyr (2016).
 44. Wickham, H. Reshaping Data with the {reshape} Package. J. Stat. Softw. 21, 1–20, doi:10.18637/jss.v021.i12 (2007).
 45. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw. 67, 1–48, doi:10.18637/

jss.v067.i01 (2015).

Acknowledgements
The authors express their gratitude to all the volunteers who participated in the study. We thank Lindsay Meisel 
for her support editing the manuscript. This study was funded by the Swiss Commission for Technology and 
Innovation (CTI) and Ava AG.

http://dx.doi.org/10.1113/eph8802535
http://dx.doi.org/10.1111/psyp.2014.51.issue-10
http://dx.doi.org/10.1097/00006842-199507000-00004
http://dx.doi.org/10.1111/anec.2001.7.issue-1
http://dx.doi.org/10.1186/1751-0759-1-24
http://dx.doi.org/10.1186/1751-0759-1-24
http://dx.doi.org/10.1007/BF00943341
http://dx.doi.org/10.1016/j.fertnstert.2007.09.036
http://dx.doi.org/10.1016/j.jmwh.2004.07.001
http://dx.doi.org/10.1016/j.jmwh.2004.07.001
http://dx.doi.org/10.1097/00006254-199606000-00016
http://dx.doi.org/10.1097/00005721-200509000-00004
http://dx.doi.org/10.1191/0962280206sm437oa
http://dx.doi.org/10.1016/S0010-7824(02)00355-4
http://dx.doi.org/10.1016/S0010-7824(02)00355-4
http://dx.doi.org/10.1016/j.contraception.2012.10.010
http://dx.doi.org/10.1111/j.1552-6909.2007.000129.x
http://dx.doi.org/10.3122/jabfm.2009.02.080038
http://dx.doi.org/10.1016/j.fertnstert.2011.01.001
http://dx.doi.org/10.1016/S0015-0282(99)00365-9
http://dx.doi.org/10.1093/humrep/15.12.2478
http://dx.doi.org/10.1093/humrep/15.12.2478
http://dx.doi.org/10.1016/S0015-0282(99)00365-9
http://dx.doi.org/10.1186/1743-7075-10-71
http://dx.doi.org/10.1177/074873040201700409
http://dx.doi.org/10.1055/s-0030-1249625
http://dx.doi.org/10.1109/EMBC.2015.7320273
http://dx.doi.org/10.1109/EMBC.2015.7320273
http://dx.doi.org/10.18637/jss.v021.i12
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v067.i01


www.nature.com/scientificreports/

7Scientific RepoRts | 7: 1294  | DOI:10.1038/s41598-017-01433-9

Author Contributions
B.L. and F.K. recruited participants and designed the study. L.F. and M.S. were responsible for data analysis and 
interpretation. V.D.C. and M.S. drafted the manuscript. All the authors critically reviewed the manuscript and 
approved of its content.

Additional Information
Competing Interests: V.D.C., L.F. and F.K. are employees of AVA AG. B.L. is part of the advisory board of Ava 
AG.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Pulse Rate Measurement During Sleep Using Wearable Sensors, and its Correlation with the Menstrual Cycle Phases, A Prospect ...
	Results
	The study population. 
	Pulse rate correlation with the different phases of the menstrual cycle. 
	Effect of confounders on pulse rate. 

	Discussion
	Material and Methods
	Participants. 
	Study design. 
	Study protocol. 
	Data collection and processing. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Violin plot of the pulse rate in the different phases of the menstrual cycle.
	Table 1 Uni- and multi-variable mixed effects model of pulse rate and the various physiological phases and the potential confounders (showing estimated change in PR per covariate).




