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Despite extensive technological advances in recent years,
objective and continuous assessment of physiologic mea-
sures after vaccination is rarely performed. We conducted
a prospective observational study to evaluate short-term
self-reported and physiologic reactions to the booster
BNT162b2 mRNA (Pfizer-BioNTech, https://www.pfizer.
com) vaccine dose. A total of 1,609 participants were
equipped with smartwatches and completed daily ques-
tionnaires through a dedicated mobile application. The ex-
tent of systemic reactions reported after the booster dose
was similar to that of the second dose and considerably
greater than that of the first dose. Analyses of objective
heart rate and heart rate variability measures recorded by
smartwatches further supported this finding. Subjective
and objective reactions after the booster dose were more
apparent in younger participants and in participants who
did not have underlying medical conditions. Our findings
further support the safety of the booster dose from subjec-
tive and objective perspectives and underscore the need
for integrating wearables in clinical trials.

he severe acute respiratory syndrome coronavirus

2 Delta variant (also termed variant B.1.617.2) was
discovered in October 2020 in India and was designat-
ed as a variant of concern by the World Health Orga-
nization in May 2021 (1-3). Since its discovery, it has
spread worldwide and has rapidly become the most
dominant variant in many countries (4-7). Although
the BNT162b2 COVID-19 vaccine (Pfizer-BioNTech,
https:/ /www.pfizer.com) is highly effective against
the Alpha variant (8), recent studies show that the
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effectiveness of the Pfizer-BioNTech vaccines is no-
tably lower against the Delta variant: 88% compared
with 93.7% against the Alpha variant (9-12). More-
over, recent evidence shows that fully vaccinated
persons infected with the virus can easily transmit
it because their peak viral burden is similar to that
observed for unvaccinated persons (7,10). In Israel,
the Delta variant has accelerated coronavirus disease
(COVID-19) infection and hospitalization; numbers
doubled every 10 days during July 1-August 9, 2021
(7,13), despite the high coverage of the BNT162b2
vaccine in Israel during this period, which was >75%
coverage with 2 Pfizer doses in the eligible popula-
tion (persons >12 years of age) (13).

The rapid increase in hospitalizations associated
with the Delta-driven COVID-19 resurgence and the
imminent risk for hospital overcrowding led the Is-
raeli government to initialize on July 30, 2021, an
unparalleled, proactive, national third (booster) vac-
cine shot campaign, offering the BNT162b2 mRNA
COVID-19 vaccine to persons >60 years of age. On
August 13, 2021, the booster campaign was expand-
ed to include persons >50 years of age and reached
63% third-dose coverage among the eligible popula-
tion within only 26 days (7,14-16). Two weeks later,
on August 29, 2021, the campaign was expanded to
include all persons >16 years of age, requiring only
that 5 months had passed since the receipt of the sec-
ond dose. This effort reached 40% third-dose cover-
age among the eligible population <50 years of age
within 16 days (13,17).

Limited information is available on the safety of a
BNT162b2 third dose (18,19). Such a booster vaccine
has yet to be authorized by the US Food and Drug
Administration (FDA) for the general population
(20). Although recent evidence shows that a third
BNT162b2 dose for immunocompromised persons
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has a favorable safety profile (19,21), the safety of a
third (booster) dose in the general population has not
yet been fully established.

Clinical trial guidelines for assessing the safety
of vaccines, including the FDA criteria (22), are pri-
marily based on subjective, self-reported question-
naires. Despite the extensive advances in recent
years, objective, continuous assessment of physio-
logic measures postvaccination is rarely performed.
Two recent pioneering studies demonstrated the use
of wearable devices to monitor short-term physi-
ologic changes after the first and second doses of
the BNT162b2 mRNA vaccine. The first study (23)
used a chest-patch sensor to monitor changes in 13
different cardiovascular and hemodynamic vitals in
a cohort of 160 persons up to 3 days postvaccina-
tion. The second study (24) used a consumer-grade
smartwatch to evaluate changes in heart rate vari-
ability (HRV), resting heart rate, and respiration rate
in a cohort of 19 persons. Both studies found major
changes in several physiologic measures in the first
days after vaccination.

We evaluated the short-term effects of a third
BNT162b2 mRNA COVID-19 vaccine dose on self-
reported and physiologic indicators on a relatively
large sample. Specifically, we tested 2,912 partici-
pants; of these persons, 1,609 participants received
>1 doses of the BNT162b2 vaccine after entering
the study. Participants were equipped with Garmin
(https:/ /www.garmin.com) Vivosmart 4 smart fit-
ness trackers and completed daily questionnaires
by using a dedicated mobile application for 37 days,
starting 7 days before vaccination. The mobile appli-
cation collected daily self-reported questionnaires
on local and systemic reactions, as well as various
well-being indicators. The smartwatch continuously
monitored several physiologic measures, including
heart rate, HRV, and blood oxygen saturation level
(SpO,). Our analysis of comprehensive data for each
participant examined the safety of a third (booster)
vaccine dose from a subjective perspective (self-re-
ported questionnaire) and an objective perspective
(smartwatch data).

Materials and Methods

Study Design and Participants

The 2,912 participants (>18 years of age) in our
study were recruited during November 1, 2020-
September 15, 2021. The 1,609 participants who re-
ported receipt of >1 of the 3 BNT162b2 mRNA CO-
VID-19 vaccine shots after joining the study served
as the base dataset for our analysis. All participants
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received the BNT162b2 mRNA vaccine. Specifical-
ly, of the 1,609 participants, during the study, 223
received their first dose, 351 their second dose, and
1,344 their third dose. Among these participants,
111 received both the second and third doses, 85
received both the first and third doses, and 80 re-
ceived all 3 doses.

We used a professional survey company to re-
cruit participants and ensure they followed through
with the study requirements. Participant recruit-
ment was performed by using advertisements on
social media and word-of-mouth. Each participant
provided informed consent by signing a form after
receiving a comprehensive explanation on the study.
Participants then completed a 1-time enrollment
questionnaire, were equipped with Garmin Vivo-
smart 4 smartwatches, and installed 2 applications
on their mobile phones: the PerMed application (25),
which collected daily self-reported questionnaires,
and an application that passively recorded the
smartwatch data. Participants were asked to wear
their smartwatches as much as possible. The survey
company ensured that participants’ questionnaires
were completed daily, that their smartwatches were
charged and properly worn, and that any technical
problems with the mobile applications or smart-
watch were resolved. Participants were monitored
through the mobile application and smartwatches
for 37 days, starting 7 days before vaccination.

We implemented several preventive measures to
minimize attrition and churn (attrition rate) of par-
ticipants and consequently improve the quality, con-
tinuity, and reliability of the collected data. First, each
day, if by 7:00 pm participants had not yet completed
the daily questionnaire, they received a reminder no-
tification through the PerMed application. During the
peak periods of COVID-19 vaccination in Israel, we
increased the frequency of the reminders and adjust-
ed their content. Second, we developed a dedicated
dashboard that enabled the survey company to iden-
tify participants who continually neglected to com-
plete the daily questionnaires or did not wear their
smartwatch for a long period of time; these partici-
pants were contacted by the survey company (either
by text messages or telephone calls) and were encour-
aged to better adhere to the study protocol. Third, to
strengthen participants’ engagement, a weekly per-
sonalized summary report was generated for each
participant and was available inside the PerMed
application. Similarly, we sent a monthly newsletter
that contained recent findings from the study and
useful tips regarding the smartwatch’s capabilities to
the participants.
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PerMed Mobile Application

Participants used the PerMed mobile application (25)
to fill out daily questionnaires. The questionnaire
enabled participants to report various well-being in-
dicators, including mood level (on a scale of 1 [aw-
ful] to 5 [excellent]), stress level (on a scale of 1 [very
low] to 5 [very high]), sport activity duration (in min-
utes), and sleep quality (on a scale of 1 [awful] to 5
[excellent]). The questionnaire also collected data on
clinical symptoms consistent with the local and sys-
temic reactions observed in the BNT162b2 mRNA
COVID-19 clinical trial (26), with an option to add oth-
er symptoms as free text (Appendix, https:/ /wwwnc.
cdc.gov/EID/article/28/7/21-2330-Appl.pdf).

Smartwatch

Participants were equipped with Garmin Vivosmart
4 smart fitness trackers. Among other features, the
smartwatch provides all-day heart rate and HRV and
overnight SpO, tracking capabilities (27).

The optical wrist heart rate monitor of the smart-
watch is designed to continuously monitor heart rate.
The frequency at which heart rate is measured varies
and might depend on the level of activity of the user:
when the user starts an activity, the optical heart rate
monitor’s measurement frequency increases.

Because HRV is not easily accessible through
Garmin’s application programming interface, we use
Garmin’s stress level instead, which is calculated on
the basis of HRV. Specifically, the device uses heart
rate data to determine the interval between each
heartbeat. The variable length of time between each
heartbeat is regulated by the body’s autonomic ner-
vous system. Less variability between beats correlates
with higher stress levels, whereas an increase in vari-
ability indicates less stress (28). A similar relationship
between HRV and stress was also seen by Kim et al.
(29) and Pereira et al. (30).

The pulse oximetry monitor of the smartwatch uses
a combination of red and infrared lights with sensors on
the back of the device to estimate the percentage of oxy-
genated blood (peripheral SpO,%). This monitor is acti-
vated each day at a fixed time for 4 hours (the default is
2:00-6:00 am). When we examined data collected in our
study, we identified a heart rate sample approximately
every 15 seconds, an HRV sample every 180 seconds,
and an SpO, sample every 60 seconds.

Although the Garmin smartwatch provides state-
of-the-art wrist monitoring, it is not a medical-grade
device. Some readings might be inaccurate under cer-
tain circumstances, depending on factors such as the
fit of the device and the type and intensity of the ac-
tivity undertaken by a participant (31-33).
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Statistical Analysis

We preprocessed questionnaire data by manually
categorizing any self-reported symptom entered as
free text. In addition, if participants completed the
questionnaire >1 time in 1 day, we used the last en-
try from that day for the analysis. We preprocessed
smartwatch data as follows. We computed the mean
value of each hour of data. We then performed lin-
ear interpolation to impute missing hourly means
and smoothed the data by calculating the 5-hour
moving average.

For each participant, we defined the 7-day period
before vaccination as the baseline period. We noted
any clinical symptoms from the last questionnaire
completed during the baseline period. Next, we cal-
culated the percentage of participants who reported
new systemic reactions in the 48 hours after vaccina-
tion. For each reaction, we used a 3 distribution to de-
termine a 90% CI. To determine the statistical signifi-
cance of differences between the first and third doses
and between the second and third doses as reflected
by the extent of reported reactions, we used a test for
comparing proportions of 2 partially overlapping
samples with unequal variance (34).

We also calculated the mean difference in well-
being indicators between the postvaccination and
baseline periods. Specifically, for each indicator, for
each of the 3 days postvaccination and for each par-
ticipant, we calculated the difference between that
indicator’s value and its corresponding value in the
baseline period. We then calculated the mean value
over all participants and the associated 90% CI.

To compare the changes in smartwatch physiolog-
ic indicators over the 7 days (168 hours) postvaccina-
tion with those of the baseline period, we performed
the following steps. First, for each participant and each
hour during the 7 days postvaccination, we calculated
the difference between that hour’s indicator value and
that of the corresponding hour in the baseline period
(keeping the same day of the week and same hour dur-
ing the day). Then, we aggregated each hour’s differ-
ences over all participants to calculate a mean differ-
ence and associated 90% CI, which is analogous to a
1-sided t-test a with significance level of 0.05. To deter-
mine the statistical significance of differences between
the first and third doses and between the second and
third doses as reflected by changes in smartwatch in-
dicators during the 48 hours postvaccination, we used
a test for comparing means of 2 partially overlapping
samples with unequal variance (35).

We repeated our analyses for the third dose
stratified by age groups (<50, 50-64, and >65 of age),
sex, and underlying medical condition (present
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versus not present) from a specified list (Table). To
determine the statistical significance of differences
between the groups in these analyses, we used a t-test
for comparing the means of 2 independent samples
with unequal variance.

Ethics Approval

Before participating in the study, all persons were
advised, both orally and in writing, as to the nature
of the study and provided written informed consent.
The study was approved by the Maccabi Health Ser-
vices Helsinki Institutional Review Board (protocol
no. 0122-20-MHS).

Results

Of the 1,609 participants who received >1 dose of the
BNT162b2 vaccine after joining the study, 854 (53.08 %)
were women and 755 (46.92%) men. Their ages were
18-88 years; median age was 52 years (Table). A total
of 1,258 (78.19%) participants had a body mass index
<30 kg/m? and 412 (25.61%) had >1 specific under-
lying medical condition (Table). The distributions of
age and sex and underlying medical conditions were
relatively invariable across the recipients of the first,
second, and third doses (Table).

Our examination of self-reported reactions
showed that the extent of systemic reactions report-
ed after the third vaccine dose was similar to those
reported after the second dose (p = 0.76) and con-
siderably greater than those observed after the first

dose (p<0.001) (Figure 1). Specifically, 60.4% (90% CI
57.9%-62.9%) of the participants did not report any
new symptoms after receiving the third dose com-
pared with 86.5% (90% CI 81.9%-91.0%) after the
first dose and 63.6% (90% CI 59.1%-67.8%) after the
second dose. Moreover, the most frequently reported
types of reactions (fatigue, headache, muscle pain,
fever, and chills) were similar after the second and
third doses. These reactions decreased in nearly all
participants within 3 days (Appendix Figure 8). These
trends are consistent with those reported for the first
and second dose BNT162b2 mRNA vaccine clinical
trial (26).

For the self-reported well-being indicators (Fig-
ure 2), we found that during the first 2 days after the
third vaccine dose, participants showed a major re-
duction in mood level (Figure 2, panel A), sport du-
ration (Figure 2, panel C), and sleep quality (Figure
2, panel D) and a large increase in stress level (Fig-
ure 2, panel B) compared with baseline levels. These
changes decreased on the third day postvaccination.
A similar trend was observed after the second vac-
cine dose, except for the reported stress level, which
remained below the baseline level during the second
and third days postvaccination.

We observed similar trends when analyzing ob-
jective and continuous physiologic measurements col-
lected by the smartwatch (Figure 3, https://wwwnc.
cdc.gov/EID/article/28/7/21-2330-F3.htm;  Appen-
dix Figure 1). Specifically, we identified a considerable

Table. Characteristics of participants in study of self-reported and physiologic reactions to third BNT162b2 mRNA coronavirus disease

(booster) vaccine dose*

Characteristic All participants, n = 1,609

First dose, n = 223

Second dose, n = 351 Third dose, n = 1,344

Sex
M 755 (46.92) 101 (45.29) 160 (45.58) 639 (47.54)
F 854 (53.08) 122 (54.71) 191 (54.42) 705 (52.46)
Age group, y
18-29 226 (14.23) 14 (6.28) 39 (11.11) 189 (14.06)
30-39 272 (16.90) 11 (4.93) 53 (15.10) 219 (16.29)
40-49 177 (11.00) 15 (6.73) 42 (11.97) 138 (10.27)
50-59 420 (26.10) 64 (28.70) 87 (24.79) 375 (27.90)
60-69 358 (22.25) 70 (31.39) 75 (21.37) 308 (22.92)
>70 153 (9.51) 49 (21.97) 55 (15.67) 8.56 (115)
Body mass index, kg/m?
<30.0 1,258 (78.19) 175 (78.48) 280 (79.77) 77.68 (1,044)
>30.0 330 (20.51) 41 (18.39) 60 (17.09) 288 (21.43)
Unspecified 21 (1.31) 7 (3.14) 11 (3.13) 12 (0.89)
Underlying medical condition
Hypertension 228 (14.17) 20.63 (46) 15.95 (56) 14.43 (194)
Diabetes 139 (8.64) 13.00 (29) 7.98 (28) 8.41 (113)
Heart disease 77 (4.79) 7.17 (16) 4.56 (16) 4.99 (67)
Chronic lung disease 81 (5.03) 4.93 (11) 3.70 (13) 5.21 (70)
Immune suppression 13 (0.81) 1.35(3) 0.85 (3) 0.89 (12)
Cancer 10 (0.62) 0.45 (1) 0.57 (2) 0.67 (9)
Renal failure 8 (0.50) 1.79 (4) 1.42 (5) 0.45 (6)
None of the above 1,180 (73.34) 64.57 (144) 72.08 (253) 73.21 (984)
Unspecified 17 (1.06) 1.35(3) 2.85 (10) 0.52 (7)

*Values are no. (%). BNT162b2 vaccine, Pfizer-BioNTech (https://www.pfizer.com).
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Figure 1. Reactions reported
by participants through a mobile
application for self-reported

and physiologic reactions to
BNT162b2 (Pfizer, https://www.
pfizer.com) mRNA coronavirus
disease vaccine doses. Error
bars indicate 90% Cls.
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increase in heart rate (Figure 3, panels A-C) and the
HRV-based stress indicators (Figure 3, panels D-F)
during the first 48 hours after administration of the
third dose. Measurements returned to baseline levels
within 72 hours. In contrast, our analysis of SpO, sug-
gests no apparent changes after vaccination compared
with baseline levels (Figure 3, panels G-I), a result that
is consistent with the results of Gepner et al. (23). The
trends observed for the objective heart rate and HRV
indicators were consistent with those of the subjective
indicators: similar changes after the second and third
doses (heart rate p = 0.86, HRV p = 0.54), and greater
changes after the third dose than the first dose (heart
rate p = 0.004, HRV p<0.001).

We also stratified our analyses of well-being and
smartwatch physiologic indicators after the third vac-
cination by age group, sex, and a previous underlying
medical condition (Figure 4; Appendix Figures 2-7).
For all stratifications, trends were similar to those ob-
served in the general population. We found consider-
able changes in the 2 days after vaccine administra-
tion that decreased almost entirely after 3 days. We
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also found that participants >65 years of age reported
fewer reactions (p<0.001) than did participants 50-65
years of age, who in turn reported even fewer reac-
tions (p = 0.007) than did participants <50 years of age
(Figure 4, panel A). In terms of the objective physio-
logic measures, participants >65 years of age showed
milder changes in HRV than did participants 50-65
years of age (p = 0.075) and milder changes in heart
rate (p = 0.02) than did participants <50 years of age
(Figure 4, panel B).

Male participants reported fewer reactions
(p<0.001) but did not show milder physiologic chang-
es (heart rate p = 0.37, HRV p = 0.59) than female par-
ticipants. Participants who had an underlying medi-
cal condition reported fewer reactions (p<0.001) and
showed milder physiologic changes (heart rate p
= 0.042, HRV p = 0.16), compared with participants
who did not have an underlying medical condition.
Of 9 participants who reported dyspnea, 4 (0.96% of
their age group) were <50 years of age, 4 (0.93 % of their
age group) were 50-64 years of age, and 1 (0.65% of
her age group) was >65 years of age. One participant

Figure 2. Changes in subjective
well-being indicators reported
by participants through a mobile
application for self-reported

and physiologic reactions to
BNT162b2 (Pfizer, https://www.
pfizer.com) mRNA coronavirus
disease vaccine doses. Mean
difference compared with
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level (A), stress level (B), sport
duration (C), and sleep quality
(D). Mood level, stress level, and
sleep quality were reported on a
1-5 Likert scale. Sport duration
was measured in minutes. Error
bars indicate 90% Cls. Horizontal
dashed lines indicate no change
compared with baseline levels.
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<50 years of age reported chest pain after vaccination.
None of these participants had an underlying medi-
cal condition. These reactions (i.e., dyspnea and chest
pain) disappeared 2-4 days after vaccination.

Discussion

Our key findings suggest that local and systemic reac-
tions reported after the third (booster) vaccine dose
administration are similar to those reported after the
second dose and considerably greater than those ob-
served after the first dose. Our analyses of self-report-
ed well-being indicators and objective smartwatch
physiologic indicators underscore these results. Fur-
thermore, within 3 days from vaccination with the
third dose, all measures returned to their baseline
levels in all participants. We identified differences in
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subpopulations on the basis of sex, age, and under-
lying medical conditions after administration of the
third vaccine dose. It has been suggested that reac-
tions caused by the COVID-19 vaccine are a byprod-
uct of a short burst of interferon type I generation
concomitant with induction of an effective immune
response (36). Interferon type I generation is substan-
tially stronger in women than in men and stronger
in younger and healthier persons than in older and
less healthy persons. We found that participants <65
years of age, female participants, and participants
without an underlying medical condition showed
greater reactions in self-reported local and systemic
reactions and well-being indicators, as well as in ob-
jective physiologic measurements recorded by the
smartwatch. Our results are also consistent with the

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 28, No. 7, July 2022



results of a previous study that found similar trends
after the first and second doses (37).

Clinical trials have not yet used the comprehen-
sive physiologic measures generated by wearable de-
vices, such as smartwatches. Currently, the FDA and
European Medicines Agency evaluate the safety of
and create guidelines for newly developed vaccines
primarily on the basis of subjective, self-reported
questionnaires (22,38). Much of the scientific literature
discusses these self-reported side effects of COVID-19
vaccines. However, integrating wearable devices into
clinical trials, alongside self-reported questionnaires,
can provide more precise and rich data regarding the
vaccines’ effects on physiologic measures.

Our study’s first limitation is that the 1,609 per-
sons who comprised the base dataset of our analyses
might not be representative of the vaccinated popu-
lation in Israel or globally. Nevertheless, the changes
observed in self-reported reactions and well-being
indicators, as well as objective physiologic indica-
tors recorded by the smartwatches, were statistically
significant and consistent with each other. Moreover,
the reaction types, frequency, and duration we ob-
served for the first and second doses were similar
to those observed in the BNT162b2 mRNA vaccine
clinical trials (26). In addition, a clear pattern of re-
turning to baseline levels was observed within 72
hours after vaccination in all examined measures.
Although the sample size was limited, trends were
consistent regardless of age group, sex, and underly-
ing medical conditions.

Second, we did not explicitly control for the ef-
fects of the observational trial setting (e.g., partici-
pating in a trial, wearing a smartwatch, potential
concerns regarding the vaccine). Any effects of the
observational trial setting should, in principle, have
similar effects on our analysis of each of the 3 vac-
cine doses. However, because we found no devia-
tions in most measurements from baseline levels in
the subset of participants who received their first
dose, we believe the changes observed after the sec-
ond and third doses arise from an actual reaction to
the vaccine.

Third, the smartwatches used to obtain physi-
ologic measurements are not medical-grade devices.
Nevertheless, recent studies show a considerably ac-
curate heart rate measurement in the previous ver-
sions of the smartwatch used in this study (31,32). In
the same context, for some measures, such as SpO,,
the timing of measurement might be different across
participants (e.g., if they changed their default set-
tings). In both instances, it is useful to emphasize that
our analyses focused on the change in measurements
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compared with their baseline values, rather than on
their absolute values.

Fourth, all participants in our study received the
BNT162b2 mRNA vaccine. Although our findings
might not be directly generalized to other types of
COVID-19 vaccines, we believe that applying our anal-
yses on other vaccines is likely to yield qualitatively
similar findings because of the similarities observed
between different COVID-19 vaccines (26,39,40).

It would be useful to evaluate the effect of previ-
ous COVID-19 infection episodes on the results we
obtained. However, although our data set contains
some information on COVID-19 infections of partici-
pants during the time they spent in the study, it lacks
information on infection episodes that occurred be-
fore they joined the study, making such analyses an
interesting topic for future research.

Our study strengthens the evidence regarding the
short-term safety of the booster BNT162b2 vaccine
in several ways. First, reports of local and systemic
reactions after the third dose were similar to those
observed after the second dose, which was shown in
clinical trials to be safe (26). Second, the considerable
changes observed for all indicators during the first 2
days after receiving the third vaccine, including self-
reported reactions and well-being indicators, as wells
as objective physiologic indicators collected by the
smartwatch, returned to their baseline levels. Third,
regardless of the observed differences between sub-
populations, our analyses indicated a clear pattern of
return to baseline levels in all considered subpopula-
tions. Fourth, we observed no change in SpO, com-
pared with baseline levels, indicating that major ad-
verse health consequences are less likely.

In conclusion, our study supports the short-term
safety of the third BNT162b2 mRNA COVID-19
(booster) vaccine dose and mitigates, in part, con-
cerns regarding its short-term effects. The medical
and scientific communities could greatly benefit
from the largely unbiased data generated by digital
health technologies, such as the wearable devices
that we analyzed in this study. Our findings could
also be of interest to public health officials and other
stakeholders because it is essential that objective
measures are given attention in the critical evalua-
tion of clinical trials.
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