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Abstract: There is significant variability in neutralizing antibody responses (which correlate with
immune protection) after COVID-19 vaccination, but only limited information is available about
predictors of these responses. We investigated whether device-generated summaries of physiological
metrics collected by a wearable device correlated with post-vaccination levels of antibodies to the
SARS-CoV-2 receptor-binding domain (RBD), the target of neutralizing antibodies generated by
existing COVID-19 vaccines. One thousand, one hundred and seventy-nine participants wore an
off-the-shelf wearable device (Oura Ring), reported dates of COVID-19 vaccinations, and completed
testing for antibodies to the SARS-CoV-2 RBD during the U.S. COVID-19 vaccination rollout. We
found that on the night immediately following the second mRNA injection (Moderna-NIAID and
Pfizer-BioNTech) increases in dermal temperature deviation and resting heart rate, and decreases
in heart rate variability (a measure of sympathetic nervous system activation) and deep sleep were
each statistically significantly correlated with greater RBD antibody responses. These associations
were stronger in models using metrics adjusted for the pre-vaccination baseline period. Greater
temperature deviation emerged as the strongest independent predictor of greater RBD antibody
responses in multivariable models. In contrast to data on certain other vaccines, we did not find clear
associations between increased sleep surrounding vaccination and antibody responses.

Keywords: COVID-19; antibody responses; mRNA vaccines; wearable devices; skin temperature;
heart rate; heart rate variability; sleep

1. Introduction

Vaccines for COVID-19 have been remarkably effective in preventing severe disease,
with reductions in the risk of severe disease in the 90% range [1,2]. Existing COVID-19
vaccines do not eliminate the risk of severe disease, however [3], and there is also concern
that protection may wane over time [4]. The level of protection against COVID-19 has
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been shown to be strongly correlated with the level of antibodies directed at the SARS-
CoV-2 viral spike protein—antibodies that are capable of viral neutralization [5]. The
emergence of SARS-CoV-2 variants that have reduced sensitivity to antibodies generated
by existing vaccines, such as the Omicron variant, have also increased the importance
of high levels of antibodies post-vaccination to achieve good disease protection [6]. This
raises two questions: (1) Are there modifiable factors that influence the level of antibodies
generated by vaccination? (2) Are there elements of the physiological response to COVID-19
vaccination that are associated with greater antibody responses?

Prior data suggest that sleep duration just before and after vaccination is associated
with the level of antibody responses to vaccination. For example, in an experimentally
induced sleep restriction model, less sleep in the nights prior to influenza vaccination
predicted lower responses to vaccination [7]. Similarly, relative to a control group that had
a normal night’s sleep, participants whose sleep was restricted the night after receiving
hepatitis A vaccination developed only half the antibody response [8]. In the case of
COVID-19 vaccination, this suggests that a longer sleep duration prior to and just after
vaccination might increase the likelihood of stronger antibody responses.

COVID-19 vaccinations result in physiological responses that are short in duration
but can be quite noticeable, including fever, chills, and fatigue [1,2]. These physiological
responses can differ considerably across individuals. The CDC website [9] on COVID-
19 vaccination states that these possible side effects “are normal signs that your body is
building protection”. This raises the question of whether greater physiological responses
following vaccination might indicate that greater immune responses are developing. Lim-
ited data, however, have been published addressing this issue. One report did not find a
correlation between vaccine side effects and neutralizing antibodies [10]. A second study
found that reporting clinically significant side effects after receiving the Moderna-NIAID
vaccine was associated with higher median IgG measurements [11].

We sought to shed light on these questions by analyzing data from the second Tem-
Predict study, which took place in the spring of 2021, just as COVID-19 vaccinations were
becoming widely available. In this study, we tested whether a wearable device (Oura Ring),
which collects data on dermal temperature, heart rate, heart rate variability, and various
sleep metrics (total sleep duration, deep sleep duration, and rapid eye movement (REM)
sleep duration) could be used to detect the early period of COVID-19 disease. Prior data
suggest that wearable devices can detect changes in physiology that follow mRNA vaccina-
tion against COVID-19 [12]. Most participants received a COVID-19 vaccine during the
study. To assess antibody responses, we measured antibodies to the SARS-CoV-2 receptor
binding domain (RBD) [13] at the end of the study period. Antibodies to the SARS-CoV-2
RBD correlate closely with viral neutralization, providing a simple serologic assay that
is related to the level of immune protection achieved by vaccination [14]. In the current
analysis, we used physiological measures collected by the Oura Ring around the time of
COVID-19 vaccination to assess possible predictors of antibody response as indexed by
antibodies to the SARS-CoV-2 RBD.

2. Materials and Methods

We initiated the second TemPredict study in December of 2020 to assess whether an
algorithm derived from physiological metrics collected by an off-the-shelf wearable device
(Oura Ring) could be used to detect COVID-19 infection in real-time. An additional aim of
this study was to assess whether data from this device could predict antibody response
quantified as antibodies to SARS-CoV-2 spike protein receptor binding domain (RBD),
which is the focus of the current report.

2.1. Study Participants

Recruitment. We recruited participants residing in the United States who already
possessed Oura Rings by sending them email invitations. These email invitations included a
link to an online consent survey. We also recruited participants who worked at participating
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sites (e.g., teachers, firefighters, and other first responders) by enlisting leadership at these
sites to assist in recruitment. We mailed these sites recruitment materials, including study
flyers and Oura Ring sizing kits, which contained plastic rings for prospective participants
to try on to determine their size. We provided Oura Rings to interested individuals at these
sites after they provided their size information to study coordinators.

Eligibility and Consent. Eligible participants were at least 18 years of age, possessed
a smartphone that could pair with their Oura Ring, resided in the United States, did not
previously have COVID-19 infection (verified through laboratory testing during enroll-
ment), and could communicate in English. For this analysis, of the 2055 participants who
completed the overall study, we first excluded participants who had a positive SARS-CoV-2
nucleocapsid antibody test at the end of the study, indicating COVID-19 infection during
the study period (n = 56). We then excluded participants who were not fully vaccinated at
least 7 nights prior to their final blood draw (1 = 715). We then excluded participants who
did not have at least 7 nights of physiological data within the timeframe used to develop
the pre-vaccination baseline period (night —14 to night —4 prior to first vaccination or who
lacked data for at least one night adjacent to vaccination; n = 105).

The University of California San Francisco (UCSF) Institutional Review Board (IRB,
IRB# 20-30408) and the U.S. Department of Defense (DOD) Human Research Protections
Office (HRPO, HRPO# E01877.1a) approved of all study activities, and all research was
performed in accordance with relevant guidelines and regulations. All participants pro-
vided electronic (written) informed consent, and this research was conducted according to
the principles expressed in the Declaration of Helsinki. Participants to whom we provided
Oura Rings kept the devices following their participation; we did not otherwise compensate
participants for participation.

2.2. Measures

Questionnaires: Beginning in December 2020, participants completed several online
surveys. They first completed a baseline survey that collected demographic and health
information. They also completed daily and monthly surveys on which they reported
COVID-19 symptoms, COVID-19 diagnosis, and COVID-19 exposures. Within these sur-
veys, participants also reported whether they had been vaccinated against COVID-19,
and if so, which vaccine they received (Pfizer-BioNTech, Moderna-NIAID, or Johnson &
Johnson-Janssen) as well as their injection dates. After participants reported on vaccine
type and dates of vaccine injections, their surveys were customized such that they were not
asked these questions in duplicate on future dates.

Antibody testing. We tested participants for antibodies to the SARS-CoV-2 nucleocapsid
protein (Test# 164068, LabCorp, Inc.) during enrollment (December 2020 through early
April 2021) and at the end of their participation (April and May 2021). The SARS-CoV-2
nucleocapsid antibody test becomes positive following COVID-19 infection, but vaccination
does not cause individuals to generate antibodies to this part of the virus. Participants
were required to have a negative nucleocapsid antibody test at enrollment as we excluded
participants with evidence of prior COVID-19 infection. At the end of the study period (late
April and May 2021), we also tested participants for antibodies to the SARS-CoV-2 RBD
with the LabCorp Semi-Quantitative Total Antibody, Spike assay (Test# 164090, LabCorp,
Inc.), which used the Roche Elecsys Anti-SARS-CoV-2 S assay performed on a COBAS e602
module [15]. The specificity and sensitivity (>14 days post-PCR diagnosis of COVID-19
infection) for the Elecsys Anti-SARS-CoV-2 S immunoassay is reported to be 99.95% (95%
CI: 99.87-99.99) and 97.92% (95% CI: 95.21-99.32), respectively [16]. The dynamic range
reported for this assay during the time when most of the study assays were performed
was from 0.4 IU/mL to 2500 IU/mL, with a clinical cut-off value for positive results of
0.8 U/mL. Prior to 3 May 2021, LabCorp reported results using an upper detection limit of
250 IU/mL, after which LabCorp changed assay procedures to quantitate antibody levels
up to 2500 IU/mL. Fifty-seven participants completed the RBD antibody test before 3 May
2021 and had a result of “>250 IU/mL".
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Wearable device data (device-generated metrics). Participants wore the Oura Ring (Gener-
ation 2), a commercially available wearable sensor device (Oura Health, Oulu, Finland),
on a finger of their choosing. The Oura Ring connects to the Oura App (available from
the Google Play Store and the Apple App Store) via Bluetooth. Users can wear the ring
continuously in both wet and dry environments.

The Oura Ring generates physiological metrics by aggregating data gathered from
on-device sensors. These high-resolution metrics are transformed into summary metrics
before transmission to a smartphone app. These device-generated metrics include nightly
summary variables of dermal temperature deviations, resting heart rate (HR), resting
heart rate variability (HRV), and respiratory rate (RR). The Oura Ring Gen?2 assesses HR,
HRYV, and RR from a photoplethysmogram (PPG) signal generated at 250 Hz. The Oura
ring calculates HR, HRV, and RR from inter-beat intervals (IBI), which the Oura Ring
only generates during periods of sleep. The Oura Ring calculates HRV in the form of the
root mean square of the successive differences (RMSSD). Tri-axial accelerometers estimate
activity metrics as metabolic equivalents (MET) reported at 10-60 Hz during both sleep and
wake periods, and sleep stages at 5 min resolution. The Oura Ring assesses temperature
by using a negative temperature coefficient (NTC) thermistor (resolution of 0.07 °C) on
the internal surface of the ring. The sensor registers dermal temperature readings from
the palm side of the finger base every 60 s. The temperature deviation metric is computed
as the difference between a user’s average overnight temperature and their longer-term
baseline, calculated using a rolling window roughly equal to the prior two months. The
Oura Ring also outputs sleep metrics that include minutes of light sleep (non-rapid-eye
movement [NREM] stages 1 and 2), deep sleep (NREM stages 3 and 4), rapid eye movement
(REM) sleep, and total sleep time. We examined these metrics (temperature deviation,
HR, HRV, RR, REM sleep duration, deep sleep duration, and total sleep duration) in the
present analyses.

Vaccination. Participants reported the dates on which they received injections of one
of the three vaccines available in the United States (Pfizer-BioNTech, Moderna-NIAID, or
Johnson & Johnson-Janssen) between December 2020 and May 2021.

2.3. Analytic Plan

Outcome. For correlation analyses, we treated values of “>2500 IU/mL” as 2500 IU/mL
(n = 474). We omitted participants who received a value of “>250 IU/mL;” n = 51) from
primary analyses. However, we reported analyses including these values as 250 in supple-
mentary results.

Predictors. We used device-generated values of each metric two nights before and
three nights after each injection (nights —2, —1, 0, 1, 2, where 0 represents the night of
the day when vaccination occurred). We established a pre-vaccination baseline period
for each participant from 14 nights to 4 nights prior to the first vaccine injection (night
—14 to night —4). We calculated values of each device-generated metric adjusting for this
pre-vaccination baseline period by converting each physiological metric to a z-score using
participants’ respective individual means and standard deviations from the pre-vaccination
baseline period (this transformation allows analysis of relative change, without the need
for individual device calibration). We examined device-generated metrics from all nights
surrounding each injection (-2, —1, 0, 1, 2) and device-generated metrics adjusted for
the pre-vaccination baseline period as predictors of RBD antibody responses. Notably, all
device-generated metrics reflect values solely from the prior night, except the temperature
deviation metric (computed as the difference between the prior night’s value as a deviation
from an average derived of the prior two months). The temperature deviation metric
adjusted for the pre-vaccination baseline period, therefore, reflects a difference in two
deviation metrics: the difference between a participant’s (1) deviation on a particular night
surrounding injection and (2) average deviation during the pre-vaccination baseline period.

If a participant was missing device-generated metrics from a particular night, we did
not include them in analyses for that night. We excluded participants who had a positive
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SARS-CoV-2 nucleocapsid antibody test at the end of the study, who did not receive their
second injection (Moderna-NIAID and Pfizer-BioNTech) at least 7 nights prior to their final
blood draw, who did not have at least 7 nights of physiological data within pre-vaccination
baseline period (night —14 to night —4), and who had a threshold value of “>250 IU/mL”
on the outcome.

Statistical analyses. We conducted analyses separately for each type of vaccine (John-
son & Johnson-Janssen, Moderna-NIAID, Pfizer-BioNTech). We also analyzed the data
from both mRNA vaccines combined (Moderna-NIAID and Pfizer-BioNTech). First, we
conducted Spearman rank-order correlations between RBD antibody responses and device-
generated metrics, before and after adjusting for the pre-vaccination baseline period. We
also examined correlations between metrics assessed during the pre-vaccination baseline
period and RBD antibody responses. We repeated these analyses retaining participants
(n = 51) with RBD values of “>250 IU/mL"” as “250 IU/mL” and include these results
in supplementary tables (Supplementary Materials Tables S1-53). We replicated these
analyses using Kendall rank-order correlation analyses (Kendall’s tau —b) [17] because this
approach directly accounts for tied ranks and manages Type I error rates better [18-20], and
include these results in supplementary tables (Supplementary Materials Tables 54-56). We
used these two approaches to evaluate whether these ordinal correlation analyses would
yield a similar pattern of results.

Second, we used the results of the bivariate correlational analyses to inform variable
selection for multivariate regression models that assessed which device-generated metrics
independently predicted RBD antibody responses. Based on results from the Spearman
correlations, we combined data from the mRNA vaccine recipients (Pfizer-BioNTech and
Moderna-NIAID) from night 0 after the second injection to predict RBD antibody responses
from device-generated metrics before and after adjusting for the pre-vaccination baseline
period. We included device-generated metrics that had associations in Spearman corre-
lation analyses (in the combined mRNA sample) before and/or after adjusting for the
pre-vaccination baseline period with the RBD antibody responses with p-values < 0.1. Due
to the proportion of observations with right-censored values of the outcome variable, we
adopted a semi-parametric approach using Cox regression models [21], using the RBD
antibody result as the dependent variable. Because these analyses used Cox regression
to assess differences in antibody levels (rather than time to event typically used in Cox
regression), we reported coefficients rather than hazard ratios usually reported with Cox
analyses. Coefficients offer insight into the direction and magnitude of associations between
the RBD antibody responses and device-generated metrics [22]. We found neither strong
nor linear effects of time on antibody titer during the study period. As a result, we did not
include temporal parameters in the Cox regression models.

3. Results

We enrolled 2392 participants in the second TemPredict study (Figure 1 and Table 1).
After excluding participants who did not receive their second injection (Moderna-NIAID
and Pfizer-BioNTech) at least 7 nights prior to their final blood draw, who did not have at
least 7 nights of physiological data within the pre-vaccination baseline period (night —14
to night —4), who had a value of “>250 IU/mL” on the RBD antibody assay, or who had
a positive value on their second nucleocapsid antibody test, there were 1179 participants
eligible for this analysis. Of these participants, 107 received Johnson & Johnson-Janssen
COVID-19 vaccine, 366 received the Moderna-NIAID vaccine, and 706 received the Pfizer-
BioNTech vaccine (Table 1). Of the 1179 participants included in this analysis, 474 had a
result of “>2500 IU/mL"” on the RBD antibody test, indicating substantial right censoring
(40.2%) of the data. Four participants in the analysis dataset had a left-censored RBD value
(“<0.4 IU/mL”). Participants in the analytic sample obtained the RBD test an average of
38 days (SD: 30 days) after the final vaccine injection. By vaccine types, the mean (SD) days
from final vaccination to RBD testing were: Moderna-NIAID 35 (24), Pfizer-BioNTech 40
(34), and Johnson & Johnson-Janssen 39 (14).
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Figure 1. Participant flow through the study.

Table 1. Participant characteristics.

Pfizer-BioNTech Moderna-NIAID Johnson & Overall
Johnson-Janssen

N 706 366 107 1179
Age (M, SD) 50.4 (11.4) 52.8 (12.0) 495 (9.9) 51.0 (11.5)
Biological sex (N, %)
Male 334 (47.3) 166 (45.4) 53 (49.5) 553 (46.9)
Female 371 (52.5) 200 (54.6) 54 (50.5) 625 (53.0)
Intersex 1(0.1) 0(0) 0(0) 1(0.1)
Race (N, %)
African 1(0.1) 1(0.3) 0 (0) 2(02)
African American 9 (1.3) 6 (1.6) 2(1.9) 17 (1.4)
Caribbean 1(0.1) 1(0.3) 0(0) 2(0.2)
Caucasian/White 603 (85.4) 325 (88.8) 95 (88.8) 1023 (86.8)
East Asian 37 (5.2) 9(2.5) 4(3.7) 50 (4.2)
Middle Eastern 5(0.7) 3(0.8) 1(0.9) 9 (0.8)
Native American/Native Alaskan 3(0.4) 0 (0) 0 (0) 3(0.3)
Native Hawaiian/Other Pacific Islander 0(0) 0 (0) 1(0.9) 1(0.1)
South AsianMore than one race 16 (2.3) 3(0.8) 1(0.9) 20 (1.7)
Prefer not to answer/Unknown 24 (3.4) 15 (4.1) 2(1.9) 41 (3.5)

7 (1.0) 3(0.8) 1(0.9) 11 (0.9)
Hispanic/Latinx (N, %)
Yes 30 (4.2) 17 (4.6) 7 (6.5) 54 (4.6)
No 671 (95.0) 347 (94.8) 100 (93.5) 1118 (94.8)
Don’t Know /Not Sure 4(0.6) 1(0.3) 0(0) 5(0.4)
Prefer not to answer 1(0.1) 1(0.3) 0 (0) 2(0.2)
Education (N, %)
Less than a high school diploma 0(0) 0(0) 0(0) 0(0)
High school diploma or GED 5(0.7) 3(0.8) 3(2.8) 11 (0.9)
Some college 40 (5.7) 27 (7.4) 10 (9.3) 77 (6.5)
Associate Degree (e.g., AA, AS) 27 (3.8) 13 (3.6) 6 (5.6) 46 (3.9)
Bachelor’s Degree (e.g., BA, BS) 270 (38.2) 131 (35.8) 40 (37.4) 441 (37.4)
Master’s Degree (e.g., MA, MS) 223 (31.6) 119 (32.5) 38 (35.5) 380 (32.2)
Advanced Degree (e.g., Ph.D., EAD, MD, JD) 141 (20.0) 73 (19.9) 10 (9.3) 224 (19.0)
RBD Value (N, %)
Value of 0 to 2499 TU/mL 458 (64.9) 89 (24.3) 107 (100.0) 654 (55.5)
Value of “>250 IU/mL” 33(4.7) 18 (4.9) 0(0) 51 (4.3)
Value of “>2500 IU/mL” 215 (30.5) 259 (70.8) 0(0) 474 (40.2)
RBD Value (Median, IQR)
Value of 0 to 2499 IU/mL 1613.0 [778.4, 2500.0] 2500.0 [2477.0,2500.0]  19.1[6.1,50.1] 1956.5 [753.3, 2500.0]

Primary analysis data *

Note: IQR = Interquartile Range. * Primary analysis data include values of “>2500 IU/mL" as 2500 IU/mL,
excluding values of “>250 IU/mL".
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3.1. Spearman Correlations

Changes in device-generated metrics during night 0 (the night immediately following
the second injection) tended to show a stronger pattern of associations with RBD antibody
responses than these metrics the night immediately following the first injection (Table 2 and
Figure 2). In some cases, these associations were also evident the following night (night 1)
after the second injection.

Table 2. Spearman rank-order correlations between RBD antibody responses and device-generated
metrics on nights before and after each vaccine injection.

Injection 1 Injection 1 Injection 2
Metric J&]J Moderna Pfizer Moderna Pfizer
rho p rho 4 rho p rho P tho P
Sleep Duration— —0.127 0.207  —0.031 0.571 0.018 0.649 0.069 0218  —0.023 0.564
REM Sleep 0.026 0799  —0.036 0.518 0.104 0.009 0.008 0.886 0.061 0.126
Deep Sleep —0.139 0.166 —0.024 0.657 0.010 0.808 0.070 0.214 0.049 0.219
-2 HRV (RMSSD) —0.119 0.236 0.013 0.812  —0.046 0.251 0.007 0.908 0.025 0.536
HR —0.038 0.706 0.033 0.547 0.138 0.000 0.031 0.583 0.063 0.117
RR 0.072 0.477 —0.048 0.381 —0.067 0.092 —0.130 0.020 —0.045 0.260
Temp Deviation —0.028 0.784  —0.012 0.830 0.052 0.193 0.043 0.439  —0.005 0.891
Sleep Duration 0.036 0.723 —0.022 0.683 —0.044 0.270 —0.059 0.289 —0.068 0.088
REM Sleep 0.018 0.856  —0.062 0.255 0.033 0403  —0.086 0.126 0.001 0.976
Deep Sleep 0.012 0.908  —0.048 0.375 0.047 0.236 0.005 0.933 0.048 0.235
-1 HRV (RMSSD) —0.081 0.421 0.049 0.366 0.001 0.974 0.028 0.614 0.044 0.275
HR 0.056 0.574 0.021 0.704 0.103 0.009 0.020 0.726 0.093 0.020
RR 0.122 0.223 —0.047 0.387 —0.094 0.018 —0.048 0.391 —0.079 0.048
Temp Deviation —0.047 0.640 —0.023 0.670 0.002 0.951 0.053 0342  —0.023 0.568
Sleep Duration 0.125 0.211 0.066 0.235  —0.080 0.044 —0.003 0.960  —0.033 0.408
REM Sleep 0.054 0.593 0.045 0413  —0.002 0.968 0.024 0.659 0.033 0.407
. . Deep Sleep —0.162 0.106 —0.010 0.860 0.005 0.899 —0.025 0.654 —0.058 0.148
ng};jl::ia;ﬁ'e to 0 HRV (RMSSD) 0047 0638 0011 0838 0006 0873 0056 0312 —0.092  0.022
HR 0.125 0.213 0.008 0.885 0.101 0.010 0.138 0.012 0.176 0.000
RR 0.123 0222 —0.053 0.340  —0.058 0.141  —0.021 0711 —0.004 0.925
Temp Deviation 0.155 0122 —0.009 0.870  —0.003 0.935 0.123 0.026 0.152 0.000
Sleep Duration —0.202 0.044 —0.053 0.334 —0.002 0.957 0.069 0.221 —0.009 0.823
REM Sleep —0.056 0.580 0.023 0.674 0.045 0.258 0.068 0.231 0.082 0.041
Deep Sleep —0.149 0.138  —0.006 0.912 0.042 0.290  —0.090 0.110 0.026 0.522
1 HRV (RMSSD) —0.073 0.471 0.003 0962  —0.012 0.765 0.011 0.842  —0.016 0.696
HR 0.049 0.631 0.002 0.968 0.087 0.028 0.053 0.352 0.116 0.004
RR 0.157 0.119 —0.030 0.585 —0.066 0.098 —0.007 0.899 0.049 0.229
Temp Deviation 0.093 0.356 0.055 0.316 —0.030 0.451 0.136 0.016 0.186 0.000
Sleep Duration 0.046 0.646  —0.019 0735  —0.016 0.684  —0.061 0282  —0.106 0.008
REM Sleep 0.019 0.853  —0.026 0.641 0.032 0425  —0.038 0497  —0.001 0.974
Deep Sleep 0.026 0.795 —0.039 0.478 —0.006 0.870 0.012 0.832 —0.013 0.739
2 HRV (RMSSD) —0.074 0.465 0.038 0.491 0.005 0.891 0.004 0.942 —0.041 0.312
HR 0.108 0.282 0.033 0.552 0.089 0.025 0.041 0.467 0.100 0.013
RR 0.144 0.152 0.000 0.997  —0.090 0.023  —0.048 0394  —0.027 0.496
Temp Deviation 0.187 0.062 0.001 0.987  —0.019 0.641 0.081 0.153 0.021 0.594

Note: See Materials and Methods for variable descriptions. rho = Spearman’s Rank Order Correlation Coefficient;
Night relative to injection = —2 as 2 nights before vaccine, —1 as one night before injection, 0 as night immediately
after injection, 1 as night the day after injection, 2 as 2 nights after injection; Temp Deviation = Temperature
deviation; REM = Rapid Eye Movement; Deep = Stages Non-REM 3 and 4 sleep; HRV = Heart Rate Variability;
RMSSD = Root Mean Square of Successive Differences; HR = Heart Rate; RR = Respiratory Rate.

3.1.1. Device-Generated Metrics

Greater HR and temp deviation on night 0 after the second injection for both the
Moderna-NIAID (HR: rho = 0.138, p = 0.012; temp deviation: rho = 0.123, p = 0.026) and
Pfizer-BioNTech (HR: rho = 0.176, p < 0.001; temp deviation: rho = 0.152, p < 0.001) were
associated with greater RBD antibody responses (Table 2). Additionally, on night 0 after the
second injection, lower HRV values were associated with greater RBD antibody responses
for Pfizer-BioNTech (HRV: rho = —0.092, p = 0.022), and these associations were in the
same direction, but not statistically significant, for Moderna-NIAID (HRV: rho = —0.056,
p = 0.312). The associations between RBD antibody responses and HR (Pfizer-BioNTech
only) and temp deviation (Pfizer-BioNTech and Moderna-NAIAD) were also evident the
following night (night 1) after the second injection. Correlations between device-generated
metrics and antibody responses were in the same direction and often had similar rho values
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for participants who received the Johnson & Johnson-Janssen vaccine, but none of these
correlations were statistically significant in the smaller group that received this vaccine.
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Figure 2. Plots depicting (A) changes in heart rate (HR); (B) heart rate variability (HRV); (C) res-
piratory rate (RR); and (D) temperature deviation the nights surrounding the second injection for
Pfizer-BioNTech and Moderna-NAIAD vaccine recipients, combined, Values are z-scored for partici-
pants’ pre-vaccination baseline period (see Materials and Methods).

Analyzing the two mRNA vaccines in combination (Moderna-NIAID and Pfizer-
BioNTech) yielded similar associations between device-generated metrics and RBD anti-
body responses (Table 3). HR, temp deviation, and HRV from night O after the second
injection were significantly associated with RBD antibody responses (HR: rtho = 0.197,
p < 0.001; temp deviation: rho = 0.238, p < 0.001; HRV: rtho = —0.118, p < 0.001). In analy-
ses combining participants who received either of the two mRNA vaccines, there was a
statistically significant inverse correlation between deep sleep on night 0 after the second
injection and RBD antibody responses (Deep: rho = —0.079, p = 0.014). The associations
between RBD antibody responses and HR, RR, and temp deviation were also evident the
following night (night 1) after the second injection.

Replicating these analyses retaining participants whose RBD antibody responses were
“>250 IU/mL"” as 250 IU/mL showed similar patterns of results (Supplementary Materials
Tables S1 and S2). Repeating these analyses using Kendall rank-order correlation coeffi-
cients demonstrated similar patterns of results (Supplementary Materials Tables S4 and S5).

3.1.2. Device-Generated Metrics Adjusted for Pre-Vaccination Baseline Period

Adjusting for the pre-vaccination baseline period strengthened associations between
device-generated metrics and RBD antibody responses revealed significant associations
between RBD antibody values and additional metrics (Table 4). Specifically, greater in-
creases in HR and temp deviation on night 0 after the second injection adjusted for the
pre-vaccination baseline period for both Moderna-NIAID (HR: rho = 0.148, p = 0.007; temp
deviation: tho = 0.158, p = 0.004) and Pfizer-BioNTech (HR: rho = 0.124, p = 0.002; temp
deviation: tho = 0.152, p < 0.001) were associated with greater RBD antibody responses.
Additionally, on night 0 after the second injection, larger decreases in HRV and deep sleep,
and a larger increase in RR, were associated with greater RBD antibody responses for
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Moderna-NIAID (HRV: rho = —0.119, p = 0.031; RR: rho = 0.139, p = 0.012) and Pfizer-
BioNTech (HRV: rho = —0.182, p < 0.001; RR: rho = 0.114, p = 0.004). Pfizer-BioNTech
also demonstrated an additional association between larger decreases in deep sleep and
greater RBD antibody responses (Deep: rho = —0.120, p = 0.003). The associations between
RBD antibody responses and both RR and temp deviation for each Pfizer-BioNTech and
Moderna-NAIAD were also evident the following night (night 1) after the second injection.
We did not observe these patterns for Johnson & Johnson-Janssen.

Table 3. Spearman rank order correlations between RBD antibody responses and device-generated
metrics before and after adjusting for the pre-vaccination baseline period on nights before and after
injections for Moderna-NIAID and Pfizer-BioNTech vaccine recipients, combined.

Device-Generated Metric Adjusted for Baseline Period

Metric Injection 1 Injection 2 Injection 1 Injection 2

tho 4 rho p tho 4 rho 4
Sleep Duration —0.001 0.982 0.021 0.519 0.001 0.988 0.062 0.057
REM Sleep 0.056 0.079 0.059 0.071 0.028 0.380 0.038 0.245
Deep Sleep —0.008 0.808 0.042 0.194 —0.004 0.901 0.040 0.221
-2 HRV (RMSSD) —0.031 0.338 —0.007 0.819 —0.065 0.043 0.004 0.904
HR 0.100 0.002 0.051 0.120 0.081 0.012 —0.022 0.496
RR —0.041 0.197 —0.071 0.030 0.058 0.071 —0.011 0.735
Temp Deviation 0.017 0.603 0.001 0.967 0.044 0.167 0.023 0.488
Sleep Duration —0.011 0.729 —0.042 0.199 —0.010 0.764 —0.023 0.488
REM Sleep 0.036 0.264 —0.015 0.648 0.008 0.798 —0.050 0.123
Deep Sleep 0.017 0.594 0.031 0.340 0.056 0.079 0.024 0.463
-1 HRV (RMSSD) —0.001 0.981 0.043 0.186 0.011 0.741 0.074 0.024
HR 0.070 0.029 0.052 0.114 —0.009 0.773 —0.011 0.746
RR —0.056 0.080 —0.064 0.048 0.009 0.770 —0.026 0.430
Temp Deviation 0.008 0.813 —0.015 0.644 0.036 0.264 0.018 0.591
Sleep Duration —0.023 0.476 —0.012 0.704 —0.018 0.565 0.024 0.462
REM Sleep 0.010 0.755 0.031 0.343 —0.024 0.460 0.022 0.497
. . Deep Sleep —0.025 0.430 —0.079 0.014 —0.014 0.667 —0.126 0.000
N‘gll‘;ilziﬁ:e to 0 HRV (RMSSD) ~0.010 0.749 —0.118 0.000 ~0.007 0.816 —0.199 0.000
HR 0.070 0.029 0.197 0.000 0.013 0.695 0.208 0.000
RR —0.039 0.221 0.038 0.241 0.069 0.030 0.177 0.000
Temp Deviation 0.006 0.850 0.238 0.000 0.023 0.471 0.244 0.000
Sleep Duration —0.018 0.573 0.065 0.047 —0.016 0.625 0.125 0.000
REM Sleep 0.034 0.289 0.081 0.014 0.010 0.757 0.084 0.011
Deep Sleep 0.014 0.655 —0.012 0.710 0.028 0.381 —0.021 0.522
1 HRV (RMSSD) —0.032 0.317 —0.029 0.385 —0.080 0.013 —0.074 0.024
HR 0.072 0.024 0.100 0.002 0.035 0.281 0.083 0.012
RR —0.015 0.643 0.067 0.042 0.097 0.002 0.260 0.000
Temp Deviation 0.040 0.215 0.241 0.000 0.065 0.042 0.250 0.000
Sleep Duration 0.012 0.714 —0.084 0.010 0.031 0.329 —0.083 0.011
REM Sleep 0.037 0.252 —0.013 0.690 0.031 0.327 —0.048 0.146
Deep Sleep —0.024 0.462 —0.020 0.533 —0.018 0.584 —0.031 0.350
2 HRV (RMSSD) —0.001 0.980 —0.031 0.337 0.008 0.799 —0.051 0.120
HR 0.068 0.034 0.068 0.038 0.024 0.457 0.005 0.871
RR —0.051 0.111 —0.008 0.816 0.054 0.092 0.117 0.000
Temp Deviation 0.013 0.693 0.068 0.039 0.021 0.507 0.076 0.020

Note: See Table 2 note. Pre-vaccination baseline period taken from nights —14 to —4 prior to first injection, see
Materials and Methods.

When we combined participants who received either of the two mRNA vaccines
(Moderna-NIAID and Pfizer-BioNTech), the associations between device-generated metrics
adjusted for pre-vaccination baseline and RBD antibody responses demonstrated greater
statistical significance (Table 3). HR, HRV, RR, temp deviation, and deep sleep from night
0 after the second injection were significantly associated with RBD antibody responses.
The associations between RBD antibody responses and HRV, HR, RR, and temp deviation
were also statistically significant the following night (night 1) after the second injection.
Additionally, greater HRV the night prior to the second injection (night —1) was significantly
associated with greater RBD antibody responses (rho = 0.07, p = 0.024).
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Table 4. Spearman rank order correlations between RBD antibody responses and device-generated
metrics on nights before and after vaccine injections, adjusted for the pre-vaccination baseline period.

Injection 1 Injection 1 Injection 2

Metric J&]J Moderna Pfizer Moderna Pfizer

rho P rho P rho P rho P rho p
Sleep Duration 0095 0343 0029 0602 0052 0194 0127 0023 0046 0253
REM Sleep 0052 0605 —0051 0356 0080  0.043 0014 0800 0047 0244
Deep Sleep ~0137 0173 —0011 0841 —0.008 0847 0073 0194 0028 0478
2 HRV (RMSSD) 0105 0297 —0035 0526 —0101 0011 0049 0384 0022 0579
HR —0111 0268 0028 0607 0100 0012 —0.028 0624 —0057  0.155
RR 0076 0450 —0.007 0906 0064 0104 —0047 0402 0037 0357
Temp Deviation 0052 0605 0039 0479 0060 0133 0076  0.178 —0005  0.893
Sleep Duration 0033 0740 0008 0878 —0033 0408 —0015 0793 —0020 0613
REM Sleep —0016 0874 —0062 0257 —00l4 073 —0.109 0051 —0040 0316
Deep Sleep 0062 0539 —0029 0594 0070 0079 0011 0847 0018  0.659
1 HRV (RMSSD) 0077 0441 0035 0522 0004 0920 0054 0339 0049 0220
HR 0128 0199 0010 0853 —0012 0761 —0052 0350 0023 0571
RR 0007 0947 —0007 0902 0009 0816 005 0325 0004 0914
Temp Deviation 0004 0971 0031 0567 0003 0944 0072 0201 —0017 0678
Sleep Duration 0166 009 0097 0079 0050 0207 0015 0784 0022 0589
REM Sleep 0106 0293 0051 0355 —0044 0269 0037 0501 0012 0763
. . Deep Sleep 0173 0083 —0010 0863 —0.009 0816 —0.054 0326 —0120  0.003
ng}f;jlzi:?;:e to 0 HRV (RMSSD) 0001 0993 0045 0422 0012 0758 —0119 0031 —0182  0.000
HR 0125 0212 0026 0636 —0018 0642 0148 0007 0124  0.002
RR 0113 0262 0008 0881 0074 006l 0139 0012 0114  0.004
Temp Deviation 0141 0160 0021 0710 0000 0994 0158 0004 0152  0.000
Sleep Duration 0224 0025 -0068 0215 0026 0508 0088 0120 0081  0.045
REM Sleep _0281 0005 0058 0292 0009 0818 0112 0048 0065  0.109
Deep Sleep —0152 0130 0024 0667 0047 0238 —0123 0030 0005  0.892
1 HRV (RMSSD) 0002 098 0042 0439 0060 0131 —0.004 0946 —0.058  0.147
HR 0042 0677 0049 0376 0005 0896 0042 0460 0054  0.182
RR 0057 0573 0103 006 0041 0299 0168  0.003 0259  0.000
Temp Deviation 0067 0511 0094 0085 -0009 084 0169 0003 0182  0.000
Sleep Duration 0030 0769 —0006 0912 0034 0391 —0066 0246 —0.064  0.111
REM Sleep 0125 0214 —0018 0740 0016 0685 —0.080 0155 —0.031  0.446
Deep Sleep 0052 0602 —0018 0738 —0013 0742 0046 0415 —0065  0.106
2 HRV (RMSSD) 0039 0701 0076 0164 —0014 0717 0004 0937 —0112  0.005
HR 0111 0269 0010 0858 0021 0602 0003 0963 0033 0408
RR 0082 0416 0099 0069 0028 0477 0138 0014 0097  0.016
Temp Deviation 0195 0051 0044 0422 0023 0561 0124 0027 0009  0.821

Note: See Tables 2 and 3 notes for variable descriptions and preparations.

Replicating these analyses retaining participants whose RBD antibody responses were
“>250 IU/mL” as 250 IU/mL showed similar patterns of results (Supplementary Materials
Tables S2 and S3). Repeating these analyses using Kendall rank-order correlation coeffi-
cients demonstrated similar patterns of results (Supplementary Materials Tables S5 and S6).

3.1.3. Device-Generated Metrics during the Pre-Vaccination Baseline Period

Among participants who received the Johnson & Johnson-Janssen vaccine, we did
not observe any statistically significant (p < 0.05) correlations using Spearman rank order
or Kendall rank correlation coefficients between baseline values of sleep duration, REM
sleep, deep sleep, HRV, HR, RR, or temperature deviation and antibody responses. Among
participants who received the Moderna-NIAID vaccine, we observed a correlation between
temperature deviation and antibody response such that lower temperature deviation was
associated with greater antibody response (Spearman rank order: rho = —0.108, p = 0.044;
Kendall Tau: T = —0.081, p = 0.049). Among participants who received the Pfizer-BioNTech
vaccine, we observed a correlation between respiration rate and antibody response such
that lower respiration rate was associated with greater antibody response (Spearman rank
order: rho = —0.092, p = 0.017; Kendall Tau: T = —0.064, p = 0.016).

3.2. Multivariate Models

Based on the results of bivariate analyses, we focused multivariate analysis on night 0
after the second vaccine injection, using the combined mRNA vaccine (Pfizer-BioNTech
and Moderna-NIAID) participants. In Cox regression models, temp deviation on night 0
after the second injection was a statistically significant predictor of RBD antibody responses
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in models before and after adjusting for the pre-vaccination baseline period (Table 5).
In the model unadjusted for the pre-vaccination baseline period, greater HR on night
0 after the second injection was also a statistically significant predictor of greater RBD
antibody responses.

Table 5. Multivariate regression models predicting RBD antibody responses from device-generated
metrics before and after adjusting for the pre-vaccination baseline period that demonstrated associa-
tions with RBD antibody responses in Spearman correlations from night 0 after the second injection
for Moderna-NIAID and Pfizer-BioNTech vaccine recipients, combined.

Device-Generated Metric Coefficient (Beta) 95% CI (LB, UB) V4 p

GFI -log2(p) = 44.95
HRV (RMSSD) —0.002 (—0.007, 0.004) —0.584 0.559
RR 0.035 (—0.024, 0.093) 1.161 0.246
HR —0.019 (—0.031, —0.007) —3.178 0.002
Deep 0.000 (0.000, 0.000) 1.125 0.260
Temp Deviation —0.515 (—0.707, —0.322) —5.247 <0.001

Device-Generated Metric Adjusted for

Baseline period

GFI -log2(p) = 44.65
HRV (RMSSD) 0.047 (—0.023,0.117) 1.308 0.191
RR —0.042 (—0.091, 0.008) —1.632 0.103
HR —0.013 (—0.073, 0.047) —0.428 0.669
Deep 0.036 (—0.032, 0.104) 1.043 0.297
Temp Deviation —0.071 (—0.109, —0.034) —3.748 <0.001

Note: See Tables 2 and 3 notes for variable descriptions and preparations. In Cox regression models, coefficient
values are inverted from the usual linear regression interpretation: Negative coefficients represent decreased
hazard, which in this context translates to increased RBD antibody responses. Positive coefficients represent
increased hazard, which in this context translates to decreased antibody levels. Because we used antibody titer in
place of survival time in these models, coefficients represent the association between the change in the predictor
and the rank of the RBD antibody value.

4. Discussion

We found that physiological metrics from an off-the-shelf wearable device on the two
nights following the second dose of an mRNA-based COVID-19 vaccine were associated
with RBD antibody responses. Using the device-generated metrics adjusted for the pre-
vaccination baseline period, we found that both increased temperature deviation and heart
rate (HR) and decreased heart rate variability (HRV) the night immediately following
the second mRNA vaccine injection correlated with higher RBD antibody responses. In
bivariate analyses using a standardized difference from the pre-vaccination baseline period
for each physiological metric, we found that increased HR, temperature deviation, and RR,
as well as decreased HRV and deep sleep, were each associated with higher RBD antibody
responses for individuals who received the mRNA vaccines. We did not, however, find a
meaningful pattern of associations between participants’ device-generated metrics during
the pre-vaccination baseline period and antibody responses. Although one earlier study
did not find an association between vaccine-related side effects and antibody levels [10], a
second study did report higher antibody levels in individuals with clinically significant
side effects [11]. Neither study, however, reported actual antibody levels in relation to side
effects. Importantly, rather than relying on participant-reported side effects, our study
assessed objective (continuously assessed) physiological measures as predictors of vaccine
responses. Data presented here speak to recent calls for examining wearable device data
in tandem with immune responses to vaccines [12]. The continuous predictors in these
analyses may have been more sensitive to the effects of vaccination in generating systemic
inflammatory responses.

In a multivariate model predicting RBD antibody responses from device-generated
metrics, we found that increased HR and temperature deviation independently predicted
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greater RBD antibody values for individuals who received the mRNA vaccines. In an
identical model adjusting for the pre-vaccination baseline period, we found that dermal
temperature was the sole statistically significant independent predictor of greater RBD
antibody values in this same sample. Prior research has focused on identifying the roles of
behavioral and psychological factors, in particular, sleep parameters, in vaccine responses.
Short sleep duration prior to vaccination against influenza reduces antibody responses in
both observational and experimental sleep deprivation models [7,23]. These observations
have driven hypotheses that a longer sleep duration prior to vaccination against COVID-
19 might boost host immune responses [24]. Ongoing research is studying the effects
of shift work and short sleep on antibody response following mRNA-based COVID-19
vaccination [25]. Our data did not demonstrate associations between pre-vaccination sleep
duration and antibody response among individuals receiving mRNA-based COVID-19
vaccines. In contrast to prior findings with other vaccines, we found that less deep sleep
(NREM stages 3/4 sleep) the night immediately after receiving an mRNA-based vaccine
against COVID-19, both in absolute terms and relative to one’s pre-vaccination levels, was
associated with greater antibody responses. Rather than implicating reduced deep sleep
after vaccination as a mechanism driving antibody response, a more likely explanation is
that individuals experiencing more noticeable discomfort, such as arm pain, fever, chills,
or other symptoms that can follow COVID-19 vaccination [9] may have experienced sleep
disruptions. Consistent with this explanation, sleep duration was not a significant predictor
of vaccine responses in multivariate models. Future research should capture diversified
self-reports of the effects of post-vaccination symptomology, including their perceived
effects on sleep factors (e.g., duration, restfulness) to further explore this hypothesis.

Mediators of systemic inflammatory responses, such as COX-2, are associated with
fever as well as with the development of certain vaccine responses [26]. As antipyretic
analgesics, including acetaminophen [27] and non-steroidal anti-inflammatory drugs, can
inhibit COX-2, these data have raised concerns that antipyretic analgesics might blunt
certain vaccine responses if given at the time of vaccination. Randomized, controlled trial
results in children have shown that prophylactic administration of antipyretic drugs at the
time of vaccination led to significantly lower antibody responses to multiple vaccines [28].
Consistent with these data, the CDC recommends not taking antipyretic analgesics before
the COVID-19 vaccination [29]. It is also possible that the use of antipyretic analgesics
following vaccination may blunt immune responses. However, few randomized controlled
trials have formally examined this issue [26]. The CDC website suggests that one “talk
to a doctor about taking over-the-counter medication, such as ibuprofen, acetaminophen,
aspirin (only for people age 18 or older), or antihistamines for any pain and discomfort
experienced after getting vaccinated” [9,29]. To date, no trials that we are aware of have
examined the role of fever or the impact of antipyretic medications on antibody responses
following vaccination with mRNA vaccines. Although our data raise potential concerns that
antipyretic analgesics might blunt COVID-19 vaccine responses, as temperature elevation
was associated with greater antibody responses, our data did not directly address the effect
of these medications and did not shed light on whether antipyretics influence immune
pathways involved in the generation of immune responses to COVID-19 vaccines. Taken
together, prior research [26] and our data highlighted the potential importance of further
research testing the effects of antipyretic medications used after receiving COVID-19
vaccines on antibody responses.

Psychological factors, including psychological stress, can impact immunological re-
sponses to vaccination, and clarifying their impact on COVID-19 vaccination may be
important for developing interventions to optimize antibody response [30]. For example,
prior research demonstrated the negative effects of stress on immune response following
vaccination against Hepatitis B [31]. More recent work has shown negative effects of poor
sleep prior to vaccination against influenza [24], and subsequent studies have replicated
similar patterns across multiple types of vaccinations [30]. Decreased HRV can indicate
increased sympathetic nervous system tone. Researchers have thus operationalized psy-
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chological stress using measures of heart rate variability (HRV), although the correlation of
heart rate variability with stress is imperfect and can depend on several moderators, includ-
ing contextual factors [32]. We found that in the combined mRNA vaccine group, on the
night immediately prior to the second injection adjusted for baseline (night —1), HRV was
positively correlated with antibody responses. This suggests that lower HRV (consistent
with greater psychological stress [32,33]) was associated with lower antibody responses.
This association changed direction in the following night (night 0) such that HRV was
negatively correlated with antibody responses. This likely represents the effect of increased
systemic inflammatory responses to vaccination, resulting in elevated temperature and
HR, and decreased HRV, which in turn was associated with greater antibody responses.
Consistent with this explanation, HRV did not significantly predict antibody response in
multivariate models with other metrics (i.e., temperature), however, suggesting HRV after
vaccination was not independently associated with antibody responses. Future research on
this issue should measure stress more broadly (both self-report and physiological metrics
of psychological stress) as predictors of antibody response to better clarify the role of stress
in COVID-19 vaccine responses.

Our data have several limitations. We did not collect information on antipyretic or
other medication use surrounding the time of vaccine injections, and thus cannot directly
assess any effects of antipyretics on vaccine responses. We also did not collect detailed
self-report information on post-vaccination symptomology, and we did not collect anthro-
pometric information (e.g., height, weight, blood pressure) from participants as this study
was completed by mail and internet only. Future research should collect such information,
as emerging data suggests that health metrics, such as body mass index, may be associated
with antibody responses [34]. The RBD antibody assay we used had an upper limit of
dynamic range of 2500 IU/mL. A substantial proportion of participants achieved antibody
levels above this range, resulting in right-censored data. To address this, we used Cox
regression, a robust approach for analyzing right-censored data (readers may be more
familiar with this approach when analyzing time-to-event data). Future research would
benefit from an antibody assay with an extended dynamic range. We used a commercially
available RBD antibody assay to assess neutralizing antibody responses rather than more
precise but more expensive approaches, such as pseudo virus neutralization assays. Like
other studies exploring vaccination responses, our results will become more meaningful
once there are enough data to form a scientific consensus on an antibody level that indicates
adequate immune protection.

5. Conclusions

In conclusion, we found that several physiological metrics generated by an off-the-shelf
wearable device in the nights following a second mRNA vaccination against COVID-19
were associated with subsequent levels of RBD antibody levels. In multivariate analyses,
we found that elevated temperature was the strongest independent predictor of antibody
responses. These findings suggest that off-the-shelf wearable devices collect data that could
be useful in predicting immune responses to COVID-19 vaccination, though the clinical
implications remain uncertain. Our data suggest that further investigation of the effects of
antipyretics on COVID-19 vaccine responses is warranted.

6. Patents

Patent application US App. No. 63/287,914 was filed on December 9 by the University
of California San Francisco. The application covers use of wearable device data to predict
the development of antibodies against COVID-19 following vaccination against COVID-19.
A.EM. and B.L.S. are listed as co-inventors on these applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /vaccines10020264/s1, Table S1: Spearman rank order correla-
tions between RBD antibody responses and device-generated metrics (retaining n = 51 values of
“>250 IU/mL"” as 250 IU/mL) on nights surrounding each injection; Table S2: Spearman rank order


https://www.mdpi.com/article/10.3390/vaccines10020264/s1
https://www.mdpi.com/article/10.3390/vaccines10020264/s1

Vaccines 2022, 10, 264

14 of 16

References

correlations between RBD antibody responses and device-generated metrics before and after adjusting
for the pre-vaccination baseline period (retaining n = 51 values of “>250 IU/mL"” as 250 IU/mL) on
nights surrounding injections for Moderna-NIAID and Pfizer-BioNTech vaccine recipients, combined;
Figure S3: Spearman rank order correlations between RBD antibody responses and device-generated
metrics (retaining # = 51 values of “>250 IU/mL"” as 250 IU/mL) on nights 0, 1, and 2, adjusted
for the pre-vaccination baseline period; Table S4: Kendall rank order correlations between RBD
antibody responses and device-generated metrics on nights surrounding each injection; Table S5:
Kendall rank order correlations between RBD antibody responses and device-generated metrics
before and after adjusting by the pre-vaccination baseline period on nights surrounding injections for
Moderna-NIAID and Pfizer-BioNTech vaccine recipients, combined; Table S6: Kendall rank order
correlations between RBD antibody responses and device-generated metrics on nights 0, 1, and 2,
adjusted for the pre-vaccination baseline period.

Author Contributions: Conceptualization: A.EM., PK,, WH.,, B.L.S. and EM.H.; data curation: PK,,
J.L.N., S.D. (Subhasis Dasgupta), S.P, A.G., LA. and B.L.S,; formal Analysis: A.EM., PK., WH., B.L.S.
and EM.H.; funding acquisition: A.E.M.; investigation: AEM., WH., A.C.,,C.A,D.V,LSP,LME,
KY.P,].G.P,BL.S. and EM.H.; methodology: A.EM., PK., WH., S.D. (Stephan Dilchert), B.L.S. and
FM.H.; project administration: A.E.M., B.L.S. and EM.H.; resources: A.EM., J.L.N., S.D. (Subhasis
Dasgupta), A.G., I.A. and B.L.S,; software: PX., WH., ].L.N., S.D. (Subhasis Dasgupta), S.P., A.G.,
I.A. and B.L.S.; supervision: A.EM., WH., B.L.S. and EM.H.; validation: W.H.; visualization: PXK.,
J.L.N. and B.L.S; writing—original draft: A.EM., PK,, WH., B.L.S. and EM.H.; writing—review and
editing: A.EM., PK.,, WH.,, ].L.N., S.D. (Stephan Dilchert), A.C., B.L.S. and EM.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This effort was funded under MTEC solicitation MTEC-20-12-Diagnostics-023 and is funded
by the USAMRDC under the Department of Defense, award number MTEC-20-12-COVID19-D.-023.
The views and conclusions contained herein are those of the authors and should not be interpreted as
necessarily representing the official policies or endorsements, either expressed or implied, of the U.S.
Government (https://www.mtec-sc.org/). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the University
of California San Francisco (IRB# 20-30408) and the U.S Department of Defense (DOD) Human
Research Protections Office (HRPO# E01877.1a).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Oura’s data use policy does not permit us to make the data available
to third parties without approval. Therefore, those seeking to reproduce our findings should contact
A.EM. (corresponding author) for an online application to access the study data portal. This appli-
cation process will require requesters to make a written commitment expressing agreements to not
duplicate data, to not share data with third parties, and/or other confidentiality precautions.

Conflicts of Interest: Patent applications US App. No. 17/357,922, US App. No. 17/357,930, and
PCT App. No. PCT/US21/39260 have been filed as of July 2021 by 6ura Health Oy on behalf of
UCSD. All applications cover use of wearable device data to detect illness onset, which is not the
topic of the enclosed manuscript. AEM and B.L.S. are listed as co-inventors on these applications.
Oura Health provided financial support in the form of a sponsored contract to the first TemPredict
Study, upon which the second TemPredict study was built (ouraring.com)—the enclosed article only
uses data from the second TemPredict study. This funding was provided to A EM. A.EM. and B.L.S.
have received remuneration for consulting work from Oura Ring Inc. B.L.S. has a financial interest
in Oura Ring, Inc. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

1.  Baden, L.R; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. ]. Med. 2021, 384, 403-416. [CrossRef] [PubMed]

2. Heath, PT,; Galiza, E.P,; Baxter, D.N.; Boffito, M.; Browne, D.; Burns, F.; Chadwick, D.R,; Clark, R.; Cosgrove, C.; Galloway, J.; et al.
Safety and efficacy of NVX-CoV2373 COVID-19 vaccine. N. Engl. ]. Med. 2021, 385, 1172-1183. [CrossRef] [PubMed]


https://www.mtec-sc.org/
http://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
http://doi.org/10.1056/NEJMoa2107659
http://www.ncbi.nlm.nih.gov/pubmed/34192426

Vaccines 2022, 10, 264 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Antonelli, M.; Penfold, R.S.; Merino, J.; Sudre, C.H.; Molteni, E.; Berry, S.; Canas, L.S.; Graham, M.S.; Klaser, K.; Modat, M.; et al.
Risk factors and disease profile of post-vaccination SARS-CoV-2 infection in UK users of the COVID Symptom Study app: A
prospective, community-based, nested, case-control study. Lancet Infect. Dis. 2022, 22, 43-55. [CrossRef]

Pouwels, K.B.; Pritchard, E.; Matthews, P.C.; Stoesser, N.; Eyre, D.W,; Vihta, K.; House, T.; Hay, J.; Bell, ].I,; Newton, ]J.N. Effect
of Delta variant on viral burden and vaccine effectiveness against new SARS-CoV-2 infections in the UK. Nat. Med. 2021, 1-9.
[CrossRef]

Feng, S.; Phillips, D.J.; White, T.; Sayal, H.; Aley, PK.; Bibi, S.; Dold, C.; Fuskova, M.; Gilbert, S.C.; Hirsch, L; et al. Correlates of
protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat. Med. 2021, 27, 2032-2040. [CrossRef]

Wilhelm, A.; Widera, M.; Grikscheit, K.; Toptan, T.; Schenk, B.; Pallas, C.; Metzler, M.; Kohmer, N.; Hoehl, S.; Helfritz, FA.; et al.
Reduced neutralization of SARS-CoV-2 Omicron variant by vaccine sera and monoclonal antibodies. medRxiv 2021. [CrossRef]
Spiegel, K.; Sheridan, J.E; van Cauter, E. Effect of sleep deprivation on response to immunizaton. JAMA 2002, 288, 1471-1472.
[CrossRef]

Lange, T.; Perras, B.; Fehm, H.L.; Born, ]. Sleep enhances the human antibody response to hepatitis a vaccination. Psychosom. Med.
2003, 65, 831-835. [CrossRef]

Centers for Disease Control and Prevention. What to Expect after Getting a COVID-19 Vaccine. 2021. Available online:
https:/ /www.cdc.gov/coronavirus/2019-ncov /vaccines/expect/after.html (accessed on 6 October 2021).

Morales-Nuiiez, ].].; Mufioz-Valle, ].F.; Meza-Lopez, C.; Wang, L.; Sulbaran, A.C.M.; Torres-Hernandez, P.C.; Bedolla-Barajas, M.;
de la O-Gomez, B.; Balcdzar-Félix, P.; Hernandez-Bello, J. Neutralizing antibodies titers and side effects in response to BNT162b2
vaccine in healthcare workers with and without prior SARS-CoV-2 infection. Vaccines 2021, 9, 742. [CrossRef]

Debes, A.K,; Xiao, S.; Colantuoni, E.; Egbert, E.R.; Caturegli, P.; Gadala, A.; Milstone, A.M. Association of vaccine type and prior
SARS-CoV-2 infection with symptoms and antibody measurements following vaccination among health care workers. JAMA
Intern. Med. 2021, 181, 1660-1662. [CrossRef]

Hajduczok, A.G.; DiJoseph, K.M.; Bent, B.; Thorp, A.K.; Mullholand, J.B.; MacKay, S.A.; Barik, S.; Coleman, J.J.; Paules, C.L;
Tinsley, A. Physiologic response to the Pfizer-BioNTech COVID-19 vaccine measured using wearable devices: Prospective
observational study. JMIR Form. Res. 2021, 5, e28568. [CrossRef] [PubMed]

164090: SARS-CoV-2 Semi-Quantitative Total Antibody, Spike | Labcorp. Available online: https://www.labcorp.com/tests /1640
90/sars-cov-2-semi-quantitative-total-antibody-spike (accessed on 6 October 2021).

Peterhoff, D.; Gluck, V.; Vogel, M.; Schuster, P.; Schiitz, A.; Neubert, P.; Albert, V.; Frisch, S.; Kiessling, M.; Pervan, P; et al. A
highly specific and sensitive serological assay detects SARS-CoV-2 antibody levels in COVID-19 patients that correlate with
neutralization. Infection 2021, 49, 75-82. [CrossRef] [PubMed]

Cobas. Elecsys Anti-SARS-CoV-2 S. In Roche Diagnostics Gmbh. Available online: https://www.fda.gov/media /144037 /download
(accessed on 6 October 2021).

Riester, E.; Findeisen, P.; Hegel, ] K.; Kabesch, M.; Ambrosch, A.; Rank, C.M.; Pess], F.; Laengin, T.; Niederhauser, C. Performance
evaluation of the Roche Elecsys Anti-SARS-CoV-2 S immunoassay. J. Virol. Methods 2021, 297, 114271. [CrossRef] [PubMed]
Scipy.Stats.Kendalltau—SciPy v1.7.1 Manual. Available online: https://docs.scipy.org/doc/scipy/reference/generated /scipy.
stats.kendalltau.html (accessed on 22 November 2021).

Arndt, S.; Turvey, C.; Andreasen, N.C. Correlating and predicting psychiatric symptom ratings: Spearmans r versus Kendalls tau
correlation. J. Psychiatr. Res. 1999, 33, 97-104. [CrossRef]

Kendall, M.G. Rank Correlation Methods; Griffin: Brighton, UK, 1948.

Kendall, M.G. A new measure of rank correlation. Biometrika 1938, 30, 81-93. [CrossRef]

Vittinghoff, E.; McCulloch, C.E. Relaxing the rule of ten events per variable in logistic and Cox regression. Am. J. Epidemiol. 2007,
165, 710-718. [CrossRef]

The Cox Model | SpringerLink. Available online: https:/ /link.springer.com/chapter/10.1007%2F978-1-4757-3294-8_3 (accessed
on 20 November 2021).

Prather, A.A.; Pressman, S.D.; Miller, G.E.; Cohen, S. Links between self-reported sleep and antibody responses to the influenza
vaccine. Int. J. Behav. Med. 2021, 28, 151-158. [CrossRef] [PubMed]

Benedict, C.; Cedernaes, J. Could a good night’s sleep improve COVID-19 vaccine efficacy? Lancet Respir. Med. 2021, 9, 447-448.
[CrossRef]

Der Holst, HM.L.; jan Lammers, G.; van der Horst, G.T.J.; Chaves, I.; de Vries, R.D.; GeurtsvanKessel, C.H.; Koch, B,;
van der Kuy, HM. Understanding the association between sleep, shift work and COVID-19 vaccine immune response effi-
cacy: Protocol of the S-CORE study. J. Sleep Res. 2021, €13496. [CrossRef]

Saleh, E.; Moody, M.A.; Walter, E.B. Effect of antipyretic analgesics on immune responses to vaccination. Hum. Vaccines Immunother.
2016, 12, 2391-2402. [CrossRef]

Hinz, B.; Cheremina, O.; Brune, K. Acetaminophen (paracetamol) is a selective cyclooxygenase-2 inhibitor in man. FASEB J. 2008,
22,383-390. [CrossRef] [PubMed]

Prymula, R.; Siegrist, C.1.; Chlibek, R.; Zemlickova, H.; Vackova, M.; Smetana, J.; Lommel, P,; Kaliskova, E.; Borys, D.;
Schuerman, L. Effect of prophylactic paracetamol administration at time of vaccination on febrile reactions and antibody
responses in children: Two open-label, randomised controlled trials. Lancet 2009, 374, 1339-1350. [CrossRef]


http://doi.org/10.1016/S1473-3099(21)00460-6
http://doi.org/10.1038/s41591-021-01548-7
http://doi.org/10.1038/s41591-021-01540-1
http://doi.org/10.1101/2021.12.07.21267432
http://doi.org/10.1001/jama.288.12.1469
http://doi.org/10.1097/01.PSY.0000091382.61178.F1
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/expect/after.html
http://doi.org/10.3390/vaccines9070742
http://doi.org/10.1001/jamainternmed.2021.4580
http://doi.org/10.2196/28568
http://www.ncbi.nlm.nih.gov/pubmed/34236995
https://www.labcorp.com/tests/164090/sars-cov-2-semi-quantitative-total-antibody-spike
https://www.labcorp.com/tests/164090/sars-cov-2-semi-quantitative-total-antibody-spike
http://doi.org/10.1007/s15010-020-01503-7
http://www.ncbi.nlm.nih.gov/pubmed/32827125
https://www.fda.gov/media/144037/download
http://doi.org/10.1016/j.jviromet.2021.114271
http://www.ncbi.nlm.nih.gov/pubmed/34461153
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.kendalltau.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.kendalltau.html
http://doi.org/10.1016/S0022-3956(98)90046-2
http://doi.org/10.1093/biomet/30.1-2.81
http://doi.org/10.1093/aje/kwk052
https://link.springer.com/chapter/10.1007%2F978-1-4757-3294-8_3
http://doi.org/10.1007/s12529-020-09879-4
http://www.ncbi.nlm.nih.gov/pubmed/32236831
http://doi.org/10.1016/S2213-2600(21)00126-0
http://doi.org/10.1111/jsr.13496
http://doi.org/10.1080/21645515.2016.1183077
http://doi.org/10.1096/fj.07-8506com
http://www.ncbi.nlm.nih.gov/pubmed/17884974
http://doi.org/10.1016/S0140-6736(09)61208-3

Vaccines 2022, 10, 264 16 of 16

29.

30.

31.

32.

33.

34.

Centers for Disease Control and Prevention. COVID-19 Vaccination. 2020. Available online: https://www.cdc.gov/coronavirus/
2019-ncov/vaccines/prepare-for-vaccination.html (accessed on 15 November 2021).

Madison, A.A.; Shrout, M.R.; Renna, M.E.; Kiecolt-Glaser, J.K. Psychological and behavioral predictors of vaccine efficacy:
Considerations for COVID-19. Perspect. Psychol. Sci. 2021, 16, 191-203. [CrossRef] [PubMed]

Glaser, R.; Kiecolt-Glaser, ].K.; Bonneau, R.H.; Malarkey, W.; Kennedy, S.; Hughes, J. Stress-induced modulation of the immune
response to recombinant hepatitis B vaccine. Psychosom. Med. 1992, 54, 22-29. [CrossRef]

Kim, H.-G.; Cheon, E.-J.; Bai, D.-S.; Lee, Y.H.; Koo, B.-H. Stress and heart rate variability: A meta-analysis and review of the
literature. Psychiatry Investig. 2018, 15, 235-245. [CrossRef]

Thayer, J.E,; Ahs, F; Fredrikson, M.; Sollers, J.J.; Wager, T.D. A meta-analysis of heart rate variability and neuroimaging studies:
Implications for heart rate variability as a marker of stress and health. Neurosci. Biobehav. Rev. 2012, 36, 747-756. [CrossRef]
Uysal, E.B.; Glimts, S.; Bektore, B.; Bozkurt, H.; G6zalan, A. Evaluation of antibody response after COVID-19 vaccination of
healthcare workers. J. Med. Virol. 2022, 94, 1060-1066. [CrossRef]


https://www.cdc.gov/coronavirus/2019-ncov/vaccines/prepare-for-vaccination.html
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/prepare-for-vaccination.html
http://doi.org/10.1177/1745691621989243
http://www.ncbi.nlm.nih.gov/pubmed/33501900
http://doi.org/10.1097/00006842-199201000-00005
http://doi.org/10.30773/pi.2017.08.17
http://doi.org/10.1016/j.neubiorev.2011.11.009
http://doi.org/10.1002/jmv.27420

	Introduction 
	Materials and Methods 
	Study Participants 
	Measures 
	Analytic Plan 

	Results 
	Spearman Correlations 
	Device-Generated Metrics 
	Device-Generated Metrics Adjusted for Pre-Vaccination Baseline Period 
	Device-Generated Metrics during the Pre-Vaccination Baseline Period 

	Multivariate Models 

	Discussion 
	Conclusions 
	Patents 
	References

