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Abstract

Background: Rapid development and implementation of vaccines constituted a crucial step in containing the COVID-19
pandemic. A comprehensive understanding of physiological responses to these vaccines isimportant to build trust in medicine.

Objective:  This study aims to investigate temporal dynamics before and after COVID-19 vaccination in 4 physiological
parameters as well as the duration of menstrual cycle phases.

Methods: Inaprospectivetrial, 17,825 adultsin the Netherlands wore a medical device on their wrist for up to 9 months. The
device recorded their physiological signals and synchronized with a complementary smartphone app. By means of multilevel
quadratic regression, we examined changes in wearable-recorded breathing rate, wrist skin temperature, heart rate, heart rate
variability, and objectively assessed the duration of menstrual cycle phases in menstruating participants to assess the effects of
COVID-19 vaccination.

Results: The recorded physiological signals demonstrated short-term increases in breathing rate and heart rate after COVID-19
vaccination followed by aprompt rebound to baseline levelslikely reflecting biological mechanisms accompanying the immune
response to vaccination. No sex differences were evident in the measured physiological responses. In menstruating participants,
we found a 0.8% decrease in the duration of the menstrual phase following vaccination.

Conclusions: The observed short-term changes suggest that COV1D-19 vaccines are not associated with long-term biophysical
issues. Taken together, our work provides valuable insightsinto continuous fluctuations of physiological responsesto vaccination
and highlights the importance of digital solutionsin health care.
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Introduction

In December 2020, the first COV1D-19 vaccine worldwide was
made avail ableto the public under emergency use authorization
to contain the COVID-19 pandemic [1]. Subsequently, national
COVID-19 vaccination programs were rolled out across the
globe. COVID-19 vaccines were shown to significantly reduce
therisk of infection [2] aswell asreinfection [3]. Furthermore,
it was demonstrated that hospitalization due to COVID-19 was
less likely in vaccinated individuals, as was a severe disease
course with progression to mechanical ventilation or death [4].

Similar to routine vaccines, mild side effects have been reported
for COVID-19 vaccines. These side effects most commonly
include fever, headache, fatigue, and pain at the injection site
[5]. More severe but rare side effects include anaphylaxis [6]
and thromboembolic events [7]. A prospective observational
study in the United Kingdom examined self-reported systemic
(eg, headache and fever) and local (eg, pain and redness at the
injection site) side effects. It found that side effects in the
community were less prevalent than what was expected from
phase 3 clinical trials [2]. They were also more prevalent in
females than males, in younger individuals compared to older
individuals, and in individual s with a higher BMI compared to
those with alower BMI.

Additionally, side effects in the study by Menni et a [2] were
more common in individuals who had had a previous
SARS-CoV-2 infection compared to their infection-free peers.
The authors proposed that the higher reactogenicity in previously
infected individuals may be linked to higher immunogenicity
leading to higher antibody titers as previously observed [8].
Postvaccination physical symptoms arise as manifestations of
inflammatory events mimicking the response to a natural
infection [9]. Such inflammatory events are important for the
development of protection against the vaccine-targeted disease.

Whether triggered by a vaccine or the disease itsalf,
inflammatory immune responses are often detectable viachanges
in physiological signals (eg, high fever). Risch et a [10]
documented an increase in heart rate, breathing rate, and wrist
skin temperature as well as a decrease in heart rate variability
during a SARS-CoV-2 infection. Their findings underscore a
broader shift toward personalized medicine, with recent
systematic reviews demonstrating how monitoring physiological
signalscan serve asanimportant tool in digital health care[11].
In particular, modern wearabl e technol ogy offers an opportunity
to collect real-time physiological data remotely, reliably and
continuously in order to inform medical decisions. Recently,
physiological signalshave been suggested asaproxy for vaccine
reactogenicity [12]. In response to COVID-19 vaccination, a
short-term increasein heart rate has consistently been measured
by means of wearable technology [12-15]. Several confounding
factors have been identified including age, vaccine type, and
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prior SARS-CoV-2 infection [12]. Furthermore, differences
between femal e and male physiological reaction to vaccination
have been reported [12], highlighting the importance of
considering sex as a biological variable in vaccine-induced
immune response.

Further supporting sex-based analyses, physiological signals
are strongly impacted by hormones and the menstrual cycle
[16-18]. For example, shifts in wrist-skin temperature, heart
rate, and breathing rate have been demonstrated and tracked by
wearable devices across the menstrual cycle[16]. Accordingly,
sex differences in the physiological response to vaccines are
important to take into account. Previously, female participants
were often underrepresented or entirely excluded in clinical
trials, leading to a lack of evidence regarding the response to
specific drugs and treatmentsin femal e patients[19]. However,
different immune responses to non—-COV I D-19 vaccines have
been observed between female and male participantsincluding
higher antibody responses and more reported adverse eventsin
female participants[20]. Therefore, itiscrucia to stratify reports
on vaccine biology by sex [21].

Furthermore, anecdotal reports of COVID-19 vaccine effects
on the menstrual cycle have led to discussionsin the mediaand
caused concerns among the general public [22,23]. Thus far,
only small, short-term decreases have been observed in
self-reported menstrual cycle duration following vaccination
[24,25]. Moreover, among 39,129 respondents to a web-based
survey, increased bleeding after vaccination was reported by
42% of people with regular menstrual cycles [26]. However,
such changesin menstrual bleeding intensity do not necessarily
indicate changes in fertility following vaccination [27].
Similarly, contrary toinitia public concern, COVID-19 mRNA
vaccination led to increasesin sperm concentration and motility
as well as semen volume [28]. In contrast, a SARS-CoV-2
infection in male participants may be associated with a
short-term decline in fertility [27], thereby suggesting
vaccinations may have a potential protective factor for male
fertility.

In this study, we sought to quantify the physiological immune
response to COVID-19 vaccination by looking for sex-based
differences in wearable-measured physiological parameters.
We investigated temporal dynamics of 4 physiologica
parameters. breathing rate, wrist skin temperature, heart rate,
and heart rate variability before and after COVID-19
vaccination. Further focusing on sex-specific changes, we
objectively assessed the duration of different phases of the
menstrual cycle before and after vaccination. Sinceinformation
about potential vaccine-induced changes to specific menstrual
cycle phases is lacking and discrepancies in these biologically
distinct periods may affect the interpretation of vaccination
effects, thisis an important knowledge gap to fill.

JMed Internet Res 2024 | vol. 26 | €51120 | p. 2
(page number not for citation purposes)


http://dx.doi.org/10.2196/51120
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH

Methods

Study Design

In a prospective trial, the COVID-19 Remote Early Detection
(COVID-RED) trid [29], we investigated the use of a
wrist-worn device for remote early detection of SARS-CoV-2
infections. Thetrial hasbeen registered at the Netherlands Trial
Register (see[29] for detailsand the study protocol). Thestudy’s
main objectives aimed to detect infection-based deviations in
the measured physiological parameters from their baseline in
both male and femae participants, the current anaysis
congtitutes an exploratory objective of the main COVID-RED
clinical trial.

Over the course of the COVID-RED tria (from February to
November 2021), 17,825 participants from the Netherlands
wore the CE-certified and Food and Drug
Administration—cleared Ava Fertility Tracker (Ava AG) for up
to 9 months. Originally built to detect a woman's fertile days
in real time, the wearable bracelet tracks biophysical changes
in heart rate, breathing rate, skin temperature, and heart rate
variability with 3 types of sensors: a photoplethysmograph, an
accelerometer and a temperature sensor. In this study, sensor
data were recorded every 10 seconds during the user’'s sleep
and synchronized with acomplementary smartphone app (“Ava
COVID-RED”) upon waking. The COVID-RED study
procedure has been previously published [29]. Briefly, in
addition to wearing the Avabracel et nightly, participants entered
information about their daily health status and behavior
including experience of any symptoms and vaccinationsin the
Ava COVID-RED app. Furthermore, they filled out biweekly
surveys alowing us to collect information on health care use,
COVID-19 tedting, behavioral changes, and COVID-19
vaccination. Finally, they collected a capillary blood sample
upon enrolment and every 3 monthsthroughout thetria alowing
for alaboratory confirmation of a SARS-CoV-2 infection. Based
on these data, we examined the trajectory of physiological
parametersin a subset of participants who reported at |east one
COVID-19 vaccination event across the two sources (ie, Ava
COVID-RED app and the biweekly survey).

Statistical Analysis

Only participants with successful synchronizations of bracelet
datawith the Ava COVID-RED app on 15 of 20 days before as
well as after their first COVID-19 vaccination were included
inthe current analyses. All participantswho reported more than
one vaccination event within this period (ie, 20 days before and
20 days after the first COVID-19 vaccination) were excluded
to facilitate analysis of specific effects associated with the first
dose of the COVID-19 vaccine.

https://www.jmir.org/2024/1/€51120
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Part 1. Physiological Signals Around Vaccination

With atotal of 2189 participants from 19 to 80 years old (mean
50.32, SD 13.17 years, 1613 female; see Table 1), regression
models were constructed to examine the dynamics of 4
physiological parametersaround vaccination (ie, breathing rate
in breaths per minute, skin temperaturein degree Celsius, heart
rate in beats per minute, and heart rate variability). Heart rate
variability was quantified as the ratio of heart rate oscillations
with low frequency (0.04-0.15 Hz) to those with high frequency
(0.15-0.4 Hz), as described by Risch et a [10]. For each of the
4 parameters, 4 models were built and compared with regard to

their Akaike Information Criterion, conditiona R?, and
root-mean-sguare error with daily parameter measurements as
the outcome variable. The four models included: (1) only a
random intercept; (2) sex, menstruation status, age, BMI, type
of vaccine (ie, Pfizer-BioNTech [BNT162], Moderna
[MRNA-1273], AstraZeneca [AZD1222], and Janssen
[Ad26.COV2.S]), existence of laboratory-confirmed
SARS-CoV-2infection prior to vaccination, and sleep duration
asfixed factors and number of days from vaccination asafixed
quadratic term; (3) random intercept in addition to the fixed
factors from model 2; and (4) interaction of the quadratic term
with sex, existence of SARS-CoV-2 infection prior to
vaccination, and sleep duration in addition to al terms from
model 3. We did not expect a linear change in physiological
parameters in response to vaccination; rather, we sought to
model a quadratic effect of vaccination-induced changes
reflected in a short-term alteration in biophysical parameters
before a return to prior basdline values. For this term, we
guantified the time from vaccination in number of days with O
reflecting the day of vaccination, negative valuesreflecting days
preceding vaccination and positive values reflecting days
following vaccination. This method adequately modelstheinitial
impact and subsequent adjustment postvaccination, better
reflecting the complex temporal dynamics than linear models.
In line with standard approaches to time-varying effect sizes
[30], it reflectsthe differential impact of COVID-19 vaccination
on biophysical parameters before their return to baseline. The
quadratic multilevel model provides a nuanced analysis of
physiological responses over time, justifying its selection over
simpler approaches for our longitudinal data. For models 2-4,
we categorized female participant’s menstruation status into 3
categories. not menstruating (including both pregnant and
postmenopausal participants),  perimenopausal, and
menstruating. Interaction terms were included in model 4 to
capture potential differencesin factors previously identified as
potentially influencing COV1D-19 vaccine reactogenicity [12].
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Table 1. Demographic characteristics stratified by vaccine type.
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Characteristics All COVID-19 vac- Pfizer-BioNTech Moderna (mRNA- AstraZeneca Janssen
cines (BNT162) 1273) (AZD1222) (Ad26.COV2.9)
Femade Mae Female Mae Femade Male Female Male Femade Male
(n=1613) (n=576) (n=1142) (n=389) (n=221) (n=78) (n=153) (n=62) (n=28) (n=16)
Age (years), mean (SD) 49.32 52.71 48.6 5253 (14.5) 4434 4527 5961 6132 495 46.07
(12.8) (13.86) (12.85) (10.54) (9.84) (99.9 8.7) (10.28) (13.05)
BMI (kg/m?), mean (SD) 26.88 26.27 26.95 26.46(4.25) 2576 2585 27.75 2655 2637  24.93
(5.44) (4.17) (5.46) (4.45) (4.38) (6.32) (3.52) (4.91) (4.23)
Menstruation status, n
Not menstruating 223 N/A2 169 N/A 27 N/A 17 N/A 4 N/A
Pregnant 2 N/A 2 N/A 0 N/A 0 N/A 0 N/A
Premenopausal 642 N/A 480 N/A 119 N/A 17 N/A 11 N/A
Perimenopausal 168 N/A 122 N/A 28 N/A 6 N/A 2 N/A
Postmenopausal 577 N/A 368 N/A 47 N/A 113 N/A 11 N/A

3N/A: not applicable.

Part 2: Menstrual Cycle Duration Around Vaccination

To investigate the differences in menstrual cycle duration
following COVID-19 vaccination, phases of the menstrual cycle
were determined based on fluctuationsin physiological signals
and participant-reported menses by means of a proprietary
algorithm (Ava AG). Of note, the algorithm’s effectiveness is
not solely dependent on the precise reporting of the cycle’'s
onset but rather on its ability to learn by aggregating and
analyzing biophysical data points across women's repeated
menstrual cycles (as captured during the 9-month COVID-RED
study). Ava's fertility detection algorithm has been previously
validated in clinical trias, with its accuracy on par with
urine-based ovulation tests [16,31]. By means of this method,
the following phases were detected: menstrual phase (ie, 5 days
from thefirst day of menses), follicular phase (ie, from thefirst
day post menses through 6 days before ovulation), fertile
window (ie, 5 days before ovulation and the ovulation day),
early luteal phase (ie, from the first day after ovulation through
aweek after ovulation), and late luteal phase (ie, from the eighth
day after ovulation through the day before the onset of
subsequent menses). Asthese algorithms’ performance depends
on the reliability of the physiological data, we included only
those femal e participants with synchronized data for each day
of each menstrual cycleand morethan 1 availablecycle (n=179
from 19 to 55 years of age; mean age 41.31, SD 8 years). For
this analysis, a variable describing the duration of each cycle
phase in the current cycle was created to serve as the outcome
variable in regression models. As in part 1, for each of the 5
phases, we applied four models including: (1) only a random
intercept; (2) age, BMI, daily al cohol use, contraceptive method,
type of COVID-19 vaccine, existence of laboratory-confirmed
SARS-CoV-2 infection prior to vaccination and sleep duration
asfixed factors and number of days from vaccination asafixed
quadratic term; (3) random intercept in addition to the fixed
factors from model 2; and (4) interaction of the quadratic term
with existence of SARS-CoV-2 infection prior to vaccination
and sleep duration in addition to all terms from model 3. In
addition to information about COVID-19 vaccination and

https://www.jmir.org/2024/1/€51120

infection, only factors that have previously been shown to
significantly impact menstrual cycle duration were included
[32-34].

For all analyses, the reported P values were corrected by means
of thefalse discovery rate[35] to maintain afamily-wise a rate
of .05 across the performed statistical tests (ie, the number of
caculated P values in the 9 models examining the 4
physiological parameters and the 5 phases of the menstrual
cycle as the outcome).

Ethical Consider ations

The study was approved by the responsible ethics committee
Medisch Ethische Toetsingscommissie Utrecht
(SL/nb/21/500101), and electronic informed consent was
provided by each participant. Participants were informed that
their participation in the study is voluntary and that they could
withdraw from the study at any time. No compensation was
offered for participation. Participant data were pseudonymized
immediately after collection to ensure confidentiality and

privacy.

Results

Population characteristics

The 2189 included participants reported receiving 4 different
types of COVID-19 vaccines (Table 1). The majority
(1531/2189, 70%) received the vaccine from Pfizer-BioNTech
(BNT162), followed by 14% (299/2189) reporting vaccination
with Moderna (mRNA-1273), 10% (215/2189) AstraZeneca
(AZD1222), and 2% (44/2189) Janssen (Ad26.COV2.S).

Part 1. Physiological Signals Around Vaccination

The trajectory of the 4 physiological parameters across 2189
participants showed short-term changes in the first days after
vaccination and a rebound to baseline levels measured before
vaccination thereafter (Figure 1). Accuracy metrics of the 4
modelsfor each parameter are shown in Table S1in Multimedia
Appendix 1 and indicate the model sincluding fixed factors and
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a random intercept as most suitable (ie, model 3). The only
exception was observed for heart rate variability with the model
additionally including interactions between factors showing the
best accuracy (ie, model 4). From this point onward, we will
exclusively focus on the results obtained from the best fitting
model described above. The short-term increase in breathing
rate and heart rate wasreveal ed as statistically significant. This
increase was reflected by anegative effect of the quadratic term
depicting days since vaccination, indicating that breathing rate
and heart rateinitially rise but then decrease again astime moves
away from the vaccination event (Table 2). Nevertheless, the
interaction between sex and days since vaccination remained
nonsignificant (Table 2), suggesting no meaningful sex
differences in the physiological response to COVID-19
vaccination. Similarly, the nonsignificant interaction with sleep
duration (Table 2) indicates no impact of sleep duration on the
physiological response to vaccination. Finally, the qualitative
short-term decrease in heart rate variability following

Markovic et d

vaccination was not apparent in individuals who experienced a
SARS-CoV-2 infection prior to vaccination (interaction effect
in Table 2; Figure S1 in Multimedia Appendix 1).

Regardless of the vaccination event, female participants
demonstrated higher wrist skin temperature and heart rate as
well as a lower heart rate variability than male participants
(Table 2). Furthermore, older participants showed a lower
breathing rate as well as a higher heart rate variability as
reflected in significant effects of age (Table 2). Participants
with ahigher BMI exhibited higher breathing rate and heart rate
but lower skin temperature and heart rate variability (Table 2).
Perimenopausal and menstruating female participants had a
higher skin temperature, while menstruating femal e participants
aso had a higher breathing rate than nonmenstruating
participants (Table 2). Finally, longer sleep duration was
associated with lower breathing rate and heart rate as well as
higher skin temperature and heart rate variability (Table 2).
There were no significant effects of vaccine type (Table 2).

Figure 1. Trgjectory of physiological signals around COVID-19 vaccination. The values of each parameter (with standard deviation in gray) were
normalized according to each individual’s mean baseline measurement (ie, during days before vaccination) and averaged across female (n=1613) and

mal e participants separately (n=576).
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Table2. Resultsfrom multilevel quadratic regression modelsincluding physiological signals from 2189 participants (1613 femal es) around COVID-19

vaccination?.
Breathing rate Skin temperature (°C) Heart rate (beats/min) Heart rate variability
(breaths/min)
Intercept 13.41 (<.0001) 36.1 (<.0001) 43.8 (<.0001) 3(<.0001)
Main effects
Days from vaccination —0.04 (<.0001) —0.004 (.36) -0.03 (.04) -0.001 (1)
Vaccine type
AstraZeneca Reference Reference Reference Reference
Janssen 0.11(1) 0.12(.92) -0.49 (1) -0.11 (1)
Moderna 0.08 (1) 0.07 (.58) 0.54 (1) 0.07 (1)
Pfizer-BioNTech 0.39 (.19) 0.07 (.36) 043 (1) 0.04 (1)
Previous infection 0.56 (.73) -0.003 (1) 0.02 (1) 0.11 (1)
Sex 0.3(.19) 0.18 (<.0001) 3.1(<.0001) -0.72 (<.0001)
Age -0.02 (<.0001) -0.002 (.36) 0.03 (.11) 0.007 (.03)
BMI 0.08 (<.0001) -0.02 (<.0001) 0.32 (<.0001) —0.04 (<.0001)
Menstruation status
Not menstruating Reference Reference Reference Reference
Perimenopauisal 0.37 (.65) 0.12 (.02) 0.61 (1) 0.02 (1)
Menstruating 0.44 (.02) 0.16 (<.0001) 0.76 (1) -0.05 (1)
Sleep duration —0.06 (<.0001) 0.04 (<.0001) -0.46(<.0001) 0.01 (.004)
Interactions
SexxDays from vaccination N/AP N/A N/A 0.008 (.98)
PreviousinfectionxDaysfrom N/A N/A N/A —0.07 (<.0001)
vaccination
Sleep durationxDaysfromvac- N/A N/A N/A —0.004 (.87)
cination

8Unstandardized B coefficients are presented with P values in parentheses and significant effects italicized (P<.05). Sex was coded such that positive
coefficients represent greater valuesin females.

BNI/A: not applicable.

Part 2: Menstrual Cycle Duration Around Vaccination

Our analysis of menstrual cycle duration revealed a significant
positive effect of the quadratic term representing time since
vaccination on menstrual phase duration. Thisfinding suggests
a decrease in menstrual phase duration around the time of
vaccination. In contrast, we found a trend-level increase in
duration of follicular phase following vaccination (Table 3).
The mean within-participant difference between pre- and
postvaccine duration of the menstrual cycle revealed that this
change amounted to 0.8% for the menstrual phase and 1.4% for

https://www.jmir.org/2024/1/€51120
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the follicular phase (Figure 2). We found an overall decrease
intotal cycleduration of 0.26 daysfollowing vaccination (Table
S2 in Multimedia Appendix 1). Accuracy metrics of the 4
models for each cycle phase are shown in Table S3 in
Multimedia Appendix 1 and indicate the modelsincluding fixed
factors and arandom intercept as most suitable (ie, model 3).

Regardless of the vaccination event, older females experienced
a shorter follicular phase (Table 3). Furthermore, alcohol use
was associated with a shorter fertile window (Table 3). There
were no significant effects of vaccine type, contraceptive
method, or BMI on menstrual cycle duration (Table 3).
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Table 3. Resultsfrom multilevel quadratic regression models including 642 cycles from 179 female participants who received a COVD-19 vaccine?,

Menstrual phase du-

Follicular phase dura-

Fertilewindow dura-  Early luteal phase Late luteal phase

ration tion tion duration duration

Intercept 4.81 (<.0001) 6.22 (.02) 5.89 (<.0001) 7.01 (<.0001) 4.04 (.002)
Main effects

Days from vaccination 0.007 (.0003) —0.04 (.06) 0.005 (1) 0.009 (.31) -0.008 (1)
Vaccine type

AstraZeneca Reference Reference Reference Reference Reference

Janssen 0.12 (1) 0.17 (1) -0.65 (1) 0.5 (1) -1.24 (1)

Moderna 0.22 (1) 0.69 (1) -041(1) 0.13 (1) -0.67 (1)

Pfizer-BioNTech 0.21 (1) 0.25 (1) -0.22(1) 0.25 (1) -0.75 (1)
Previous infection 04(1) 3.16 (1) -0.19(1) -0.04 (1) 1.01(2)
Age 0.003 (1) -0.1(.02) 0.01(.8) -0.002 (1) 0.02 (1)
BMI -0.006 (1) 0.11(.38) -0.009 (1) -0.003 (1) 0.02 (1)
Contraceptive method

None Reference Reference Reference Reference Reference

Hormonal 0.41 (1) 0.07 (1) 0.16 (1) -0.13(1) -0.63 (1)

Intrauterine device 0.13(2) -0.36 (1) -0.26 (1) -0.05 (1) -0.23(1)

Other 0.02 (1) 0.81 (1) 0.05 (1) -0.1(1) -0.13(1)
Alcohol use

None Reference Reference Reference Reference Reference

1-2 drinks -0.002 (1) 0.005 (1) -0.05 (<.0001) 0.002 (1) -0.04 (.38)

3-4 drinks -0.008 (1) -0.02 (1) -0.07 (.02) 0.02 (1) -0.1(.1)

5+ drinks -0.001 (1) 0.08 (1) 0.01 (1) -0.07 (.31) -0.05 (1)
Sleep duration -0.003 (1) 0.006 (1) -0.004 (1) 0.004 (1) -0.005 (1)

3Unstandardized P coefficients are presented with P values in parentheses and significant effectsitalicized (P<.05).

Figure 2. Mean duration of each cycle phase in days before and after vaccination across 179 female participants with 2 to 8 cycles per subject (mean
number of cyclesincluded in analysis 3.59, SD 1.36). The error bars depict the standard deviation.
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Discussion

Principal Findings

This study examined the effects of COVID-19 vaccination on
several physiological signals measured continuously for up to
9 months in 2189 adult participants. We found short-term
increasesin breathing rate and heart rate following vaccination,
which did not differ between the sexes. Furthermore, we
observed a 0.8% decrease in menstrual phase duration after
vaccination as compared to before. Taken together, our findings
indicate that COVID-19 vaccines may cause physiological
reactions in line with other routine vaccines [36,37] that
typicaly last only afew days.

Comparison With Prior Work

The observed short-term physiological response parallels the
duration of self-reported side effects from COVID-19
vaccination in the community [2] aswell as previous reports of
physiological response to COVID-19 vaccination [12-14].
During the immune reaction to any vaccination, inflammatory
responses may be propagated to the central nervous system
causing systemic side effects such as fever and headache [9].
The activated neurona circuits then activate autonomic
responses like periphera vasoconstriction [9]. Such modulations
may cause the observed physiological aterations following
vaccination in our study. For example, periphera
vasoconstriction is associated with increases in heart rate [38],
which isin turn positively associated with breathing rate [39],
supporting our findings.

Additionally, decreased heart rate variability during
inflammatory response to natural infection [40] aswell as after
influenza vaccination [41] has been observed in
electrocardiographic measurements. Such observations are not
surprising, given that heart rate variability reflects vagal and
thereby autonomic nervous system activity [42]. Although, on
average, we observed decreases in heart rate variability in the
first days after vaccination, these changes did not reach
statistical significance. This observation is in line with a
previous study on wearable-measured physiological signals
during the course of SARS-CoV-2 infection, which reported
less pronounced changes in heart rate variability as compared
to heart rate and breathing rate [10]. Similarly, while skin
temperature did increasein response to vaccination, thisincrease
was not significant in our study. Thisfinding is consistent with
the report by Gepner et a [13], showing a relative change of
below 1% for skin temperature and above 5% for heart and
respiratory rate following COV1D-19 vaccination.

We observed no differences between the sexes in the
physiological response to vaccination. For the Pfizer-BioNTech
and Modernavaccines, sightly lower (2.3%-2.7%) efficacy has
been reported in female participants compared to male
participants[43,44]. In contrast, the efficacy of non—-COVID-19
routine vaccines in the older participants is greater in female
participants than in male participants [45], suggesting an
important relation with age [21]. Genetics constitute an
additional factor for consideration, as highlighted by twin studies
that show a heritability of 36% to 90% for immune response to
vaccines [46]. Importantly, a larger increase in breathing rate
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has recently been measured in femal e parti ci pants as compared
to male participants after COVID-19 vaccination [12]. Although
our findings appear to suggest a larger initia physiological
response to vaccination in female participantsfor breathing rate,
heart rate, and skin temperature (Figure 1), this difference is
small and did not reach statistical significance. As the lack of
statistical significance does not necessarily imply a lack of
clinical significance [47], we recommend that future studies
specifically examine the clinical relevance of sex differences
in the context of vaccine reactogenicity. Interactions among
genetic factors, age, and sex hormones render the biological
mechanisms behind sex differences complex, potentially
masking the sex effectsin our sample. Nonetheless, such effects
are important to consider and report in studies to ensure that
the needs of male and femal e subgroups have been adequately
addressed.

In addition to sex differences, the COVID-RED dataset allowed
us to examine changes in duration of different menstrual cycle
phasesfollowing vaccination. We found that thefollicular phase
dlightly increased in duration, while the menstrual phase was
shorter after vaccination. Such dynamics could obscure
vaccination effects on the overall duration of the menstrual
cycle. Prior work found that the menstrual cycle was less than
1 day longer immediately after as compared to before
vaccination [24]. The overall decrease in menstrua cycle
duration in our study contradicts this previous finding. The
discrepancy may be due to methodological differences, as
Edelman et al [24] examined self-reported durations, while we
additionally relied on objective fluctuations in physiological
signals to determine cycle phases using machine learning.
Degspite this difference, both investigations showed a small
change of lessthan 1 day in menstrual cycle duration following
vaccination. Similarly, irregularitiesin the menstrual cycle have
been reported after non—COV ID-19 vaccinesincluding missed,
late, and early menstrual bleeding [48,49]. These findings hint
at largeinterindividual differences among menstruating women
in response to vaccination, which are also reflected in the wide
variance observed in the duration of specific menstrual cycle
phases depicted in Figure 2. The mechanisms behind such
observations may belinked to alterationsin mast cell activation,
whichisimplicated in both inflammatory processes[50] aswell
asthe initiation of menstruation [51]. Further factors known to
influence these interactions aso likely contribute to
interindividual variability and inconsistency between findings.
For instance, age at onset of menarche and adiposity have been
shown to affect the relationship between inflammatory
biomarkers and ovarian function [52,53]. Taken together, we
cannot exclude the possibility that vaccination may cause small
temporal shiftsof thefertile window in some female participants
with consequencesfor their chancesto conceive. Finally, asour
study design did not allow for an investigation of long-term
effects of COVID-19 vaccination on menstrual cycle duration,
we cannot draw any conclusions about the long-term regul arity
of menstrual cycles postvaccination. It is, however, important
to note that previous research has reported links between
menstrual cycle irregularities and increased risk of
cardiovascular disease [54] as well as diabetes [55]. This
underscores the necessity for future research to examine
vaccine-induced changesin menstrual cycle characteristics over
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longer periods of time in order to understand their potential
clinical implications.

Across analyses, the 4 examined types of COVID-19 vaccines
did not differ with regard to the observed physiological
responses. The COVID-19 vaccines by Pfizer-BioNTech and
Moderna use the mRNA isolated from the SARS-CoV-2 spike
protein to induce synthesis of this protein in host cells upon
injection and initiate an immuneresponse[56]. The AstraZeneca
vaccine uses amodified chimpanzee DNA adenovirusthat does
not cause an immune response to the virus but only to the
SARS-CoV-2 spike protein produced in host cells after injection
[5,57]. Finally, the vaccine developed by Janssen uses an
inactivated adenovirus vector that codes for the viral spike
protein [57] and thus induces a similar host response as the
AstraZeneca vaccine. Regardless of their type, all COVID-19
vaccines ultimately activate the same immune pathwaysin the
host and were similarly reflected in physiological responses
measured in this study.

Limitations

Several limitations areimportant to acknowledgein the context
of thisstudy. First, the self-reported nature of the data collected
through the Ava COVID-RED app and the biweekly surveys
may introduce subjective bias into our findings as they rely on
participants' recall. To mitigate this potentia risk, we
strategically designed the AvaCOVID-RED app to ask for daily
input of self-reported data. Additionally, participantscould only
edit their responsesfor up to aweek. Furthermore, we collected
information in a redundant manner through multiple sources
whenever possible. Therefore, we believethat the key measures
of our study (ie, information about menstrual cycle start and
COVID-19 vaccination) arereliable. Further, we recognize that
there may be additional factors arising from pandemic-induced
changes in lifestyle and particularly stress levels that could
affect physiological signals. However, the observed effects are
specific to the immediate postvaccination period and rely on
relative changesin physiological signalsfrom eachindividual’s
baseline (measured during the pandemic), while the trgjectory
of physiological signalsremains consistent with baselinelevels
prior to vaccination. Therefore, we argue that these contextual
factors as well as potential acute stress or anxiety anticipating
vaccination are unlikely to confound our findings significantly.
Moreover, while we acknowledge variability in wearable device
accuracy [58,59], the large sample size and the temporal
specificity of the observed effects mitigate this concern. Finaly,
this study’s cohort was recruited exclusively from the
Netherlands, potentially limiting the generalizability of our
findingsto other countries and thus calling for replication across
diverse populations.

Markovic et d

This study examined the physiological responseto thefirst dose
of COVID-19 vaccine. Most participants received their first
dose during the last trimester of the trial, yielding only a small
sample with sufficient data to investigate the trajectory of
physiological signals after the second dose. We thus refrained
from conducting this additional analysisdueto lack of statistical
power and recommend that future studies investigate potential
impact of further doses as well as long-term effects thereof. It
is imperative that such studies continue to consider potential
sex-specific responses to vaccination, particularly concerning
menstrual cycle changes, and assess the clinical relevance of
the minor and transient physiological changes observed in our
study. Understanding these differences is vital for tailoring
public health policies and recommendations for vaccine
development to better serve all segments of the society. Finally,
the continuous, real-time data provided by wearable technol ogy
offer an unprecedented opportunity to advance such efforts,
facilitating a move toward more personalized health care.

Conclusions

This study constitutes the first comprehensive examination of
continuous measurements of multiple physiological signals as
well as objectively assessed menstrual cycle duration around a
vaccination event. We rely on data collected by a wearable
medical devicein alarge-scaleclinical tria including contextual
information such as the type of COVID-19 vaccine received to
ensure higher validity results and find short-term changes in
breathing rate and heart rate following vaccination. The prompt
rebound to basdline levels measured before vaccination suggests
that the COVID-19 vaccines are not associated with any
long-term effects on heart rate, breathing rate, and heart rate
variability or skin temperature. Similarly, our investigation of
changes in the menstrual cycle duration showed minimal
deviationsfollowing vaccination for several phases of the cycle.
Based on these observations, we recommend that female
participants relying on the regularity of their menstrua cycle
both to prevent conception or conceive be particularly cautious
during their menstrual cyclesimmediately following vaccination.
Futureinvestigations should consider whether this phenomenon
extends to non-COVID-19 vaccines. We emphasize the
importance of ongoing monitoring and further research to
comprehensively assessthelong-term impacts of these vaccines
on physiological parameters and the menstrual cycle. Such
extended research is vital to address remaining uncertainties
and reinforce confidence in vaccine safety through robust,
longitudinal dataanalysis, leveraging the demonstrated potential
of wearable technology. Taken together, our work provides
valuable insights into continuous fluctuations of our body’s
responses to vaccination and may help refute misinformation
about vaccines contributing to fertility or biophysical issues.
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