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Updated beliefs and shaken confidence: il

evidence from vaccine hesitancy caused
by experiencing “COVID arm”
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Abstract

Background Public health depends largely on people’s knowledge, beliefs, or behaviors regarding their health
and medical treatments. Although works based on the health belief model have shown that public beliefs

about medical treatments affect willingness to take the treatments, little is known about the effects of changes
in beliefs on attitudes toward treatment. How one’s past experiences relate to one’s beliefs about a given medical
treatment is worth considering.

Methods We implemented an online panel survey in February 2021 and March 2022 in Japan before and after
COVID-19 vaccines were administered to the public within the country. We exploited delayed localized hypersen-
sitivity reactions to COVID-19 vaccines, namely, “COVID arm’, as an exogenous shock to investigate the relation-
ship between past negative experiences and current beliefs about medical treatments or science.“COVID arm”

was an unexpected side effect and thus likely caused updated beliefs about the vaccine. Out of the nonprobability
sample of 15,000 respondents in the first wave in February 2021, 9,668 respondents also responded to the second
wave conducted in March 2022. Outcome variables were whether experiencing “COVID arm” affected the respond-
ents' 1) confidence in vaccine safety, 2) willingness to take the next dose of COVID-19 vaccines, 3) acknowledgment
of the importance of vaccination, and 4) confidence in science. We measured the impact of experience with “COVID
arm”on changes in the probability that survey respondents would respond affirmatively to questions posed

about the issues listed above.

Results Experiencing “COVID arm”significantly lowered confidence in the safety of vaccination by 4.3 percentage
points, which was approximately 6% of the sample mean for the first wave, and lowered the probability of taking
a second dose of the COVID-19 vaccine by 1.5 percentage points. These adverse impacts were observed after con-
ditioning background characteristics and prior confidence in vaccination. Experiencing “COVID arm” affected nei-
ther the acknowledged importance of vaccination nor confidence in science in a statistically significant way.

Conclusions An unexpected and uncomfortable shock regarding beliefs about a treatment decreases willingness
to take the treatment. An appropriate public health policy should account for this effect.

Trial registration The survey was preregistered with the American Economic Association'’s RCT Registry (Fukai et al,,
2022).
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Introduction

General public confidence in technologies and the per-
ceived risk of technologies are associated [1]. Similarly,
beliefs about specific medical treatments affect willingness
to take the treatments, as demonstrated by works based on
the health belief model. The health belief model classifies
beliefs related to a treatment into several dimensions, such
as perceived benefits and perceived barriers, and helps in
investigating the impact of each dimension on willingness
to take the treatment [2, 3, 4, 5, 6, 7, 8, 9]. Thus, in addition
to the development process of medical treatments itself,
public confidence in the developed medical treatments
is essential to public health because it affects the pub-
lic’s willingness to take the treatments. Public willingness
to take a medical treatment is likely to depend on beliefs
about the benefits and risks of the treatment. Events that
alter such beliefs might affect the public’s confidence in
the medical treatment. However, such changes are hard to
observe systematically under ordinary circumstances. This
makes it difficult to identify the causality of certain events
regarding belief updates about a medical treatment and
changes in confidence in the medical treatment.

The COVID-19 pandemic has provided unusual cir-
cumstances in which we can test hypotheses about
such a causal relationship between belief updates about
a medical treatment and a change in confidence in that
treatment. First, since COVID-19 vaccines were a new
treatment for everyone, the uncertainty surrounding the
related effects and side effects was higher [10]. Addi-
tionally, higher expected probabilities of side effects of
COVID-19 vaccines were expected to discourage vacci-
nation [11-25]. Second, a substantial subset of recipients
experienced delayed localized hypersensitivity reactions
to COVID-19 vaccines [26, 27]; such reactions, collec-
tively referred to as “COVID arm’, have been objectively
observed. Moreover, conditional on possible confound-
ers such as the recipients’ background, prior confidence
in vaccine safety, prior confidence in the vaccine licens-
ing authority, and prior vaccine hesitancy, we can iden-
tify whether “COVID arm” symptoms changed, through
belief updates about the vaccine’s side effects, general
confidence in vaccine safety, confidence in the vaccine
licensing authority, acknowledgment of the importance
of vaccination, and confidence in science in general as
causal relationships.

Experiencing a dose of new vaccine might update
beliefs about the vaccine. Notably, unexpected conse-
quences might change beliefs. To investigate whether an

unexpected and uncomfortable experience with vaccina-
tion has affected the public’s confidence in vaccine safety,
authorities’ licensing process for vaccines, and science
in general through belief updates, we conducted a panel
survey in Japan in February 2021, when COVID-19 vac-
cines were not yet administered to the public in Japan,
and in March 2022, when the first and second doses
were available to everyone, as described in Progress in
COVID-19 vaccination section. In the first and second
waves, we asked the same questions regarding confidence
in vaccine safety and the vaccine licensing authority in
Japan. In the second wave, we also asked the respond-
ents about 1) whether they took the first and second
doses of COVID-19 vaccines and whether they had taken
or wanted to take the third dose, which captures the
degree of vaccine hesitancy; 2) whether they experienced
“COVID arm” symptoms; and 3) what level of confidence
they had in science in general.

The novelty of our study is first that we asked the
same respondents about their beliefs regarding vacci-
nation both before and after being vaccinated against
COVID-19. Second, we exploited a side effect of vac-
cination, “COVID arm” symptoms, as an exogenous
shock to investigate the relationship between past
negative experiences and current beliefs about medical
treatments and science.

Our aim

It has been reported that beliefs about vaccines, author-
ity, and science are associated with confidence in vaccine
safety and willingness to be vaccinated. Using panel data
from Germany, Schmelz and Bowles showed that factors
associated with support for mandated COVID-19 vacci-
nation include beliefs about the efficacy of the vaccines
and trust in public institutions [28]. Using data from the
UK, Freeman et al. and Veli et al. found that exposure to
information about vaccine efficacy reduces vaccine hesi-
tancy [29, 30]. By data from Bosnia and Herzegovina,
Aksentijevic et al. reported that positive beliefs about
efficacy of CVOVID-19 vaccines were associated with
willingness to take up COVID-19 vaccines [31]. Using
Southeast Asian data, Duong and Antriyandarti found
that respondents who were more informed about vac-
cine efficacy were less vaccine hesitant [32]. Denford et al.
found from interviews in the UK and Gardner et al. found
from a survey in the US that vaccine hesitancy was asso-
ciated with lower trust in the government [33, 34]. Using
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extensive panel data from 12 countries, Algan et al. found
that confidence in science is significantly associated with
attitudes toward vaccinations [35]. Using data from 138
countries, Eichengreen et al. found that exposure to epi-
demics at young ages was associated with lower levels of
trust in science and led to lower compliance with protec-
tive behaviors against COVID-19 [36]. Using data from
the US, Bagasra et al. demonstrated that greater trust in
the scientific community predicts lower vaccine hesitancy
[37]. Collecting data from Japan, Sekizawa et al. found that
a higher level of generalized trust leads to lower vaccine
hesitancy [38]. As a caveat, using Ethiopian data, Hassen
et al. established that greater confidence in traditional
remedies was associated with higher vaccine hesitancy
[39]. In summary, trust in modern science or vaccination
is associated with a reduction in vaccine hesitancy.

Previous works, represented by Schmelz and Bowles,
leave two layers of challenges. One layer concerns what
affects beliefs about medical treatments. Although Schm-
elz and Bowles found associations between beliefs about
vaccine efficacy and support for mandated vaccination
policy, determinants of such beliefs are beyond their
framework. The other layer of challenge relates to pos-
sible reverse causality. That is, as Schmelz and Bowles
acknowledged, those determined to oppose vaccination
might “unwittingly” decide to distrust public institutions
and deny the efficacy of vaccination [8, 28]. Our frame-
work addresses these concerns. We use “COVID arm”
symptoms as an unexpected and exogenous shock to
beliefs about the vaccines’ side effects and then examine
whether the belief updates affect confidence in vaccine
safety, confidence in the vaccine licensing authority, and
vaccine hesitancy.

Thus, our research question was whether experienc-
ing an unexpected side effect from COVID-19 vaccines,
which implies an update to one’s belief after experiencing
the vaccine’s side effects, affected confidence in vaccine
safety. To identify the causal effects of experiences that
can alter beliefs about vaccines on confidence in vaccine
safety, we used the occurrence of “COVID arm” symp-
toms as an exogenous shock to beliefs about COVID-19
vaccines. Additionally, differing from the approach by
Schmelz and Bowles, we directly estimate causal effects
from belief updates about the side effects of vaccination
on confidence in the safety of vaccination and willingness
to take a next dose of a vaccine rather than on support for
mandated versus voluntary vaccination. Therefore, our
contribution is directly identifying a causal relationship
between an unexpected and uncomfortable experience
through belief updates about vaccination side effects and
a change in vaccine hesitancy. The survey was preregis-
tered with the American Economic Association’s Rand-
omized Controlled Trials Registry [40].
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Method

Panel survey

In the first and second waves, we recruited a nonprob-
ability sample of 15,000 Japanese adults through a survey
company, Rakuten Insight Ltd., a subsidiary of Rakuten
Group, Inc. Respondents were solicited by Rakuten
Insight and were rewarded with a certain number of
points that could be used for shopping in an e-commerce
market, Rakuten Ichiba, offered by Rakuten Group.! The
first wave took place from February 17, 2021, to March 4,
2021, and the median response time was 7 minutes. The
second wave took place from March 7, 2022, to March
22, and the median response time was 8 minutes. Out of
the 15,000 respondents in the first wave, 9,668 also par-
ticipated in the second wave, and this group formed our
final sample.

In both waves, we asked respondents about their
confidence in vaccine safety and the vaccine licensing
authority’s process and about their recognition of the
importance of vaccination. In both waves, we also asked
about vaccine hesitancy, namely, whether they had pre-
viously taken vaccines other than the COVID-19 vac-
cines, whether they had previously postponed vaccines
suggested by doctors, or whether they had previously
refused vaccines, following categorization by MacDonald
et al. [41]. In the second wave, we also asked about their
level of confidence in science. We followed Eichengreen
et al. to create questions on confidence in science [36].

In the second wave, we asked whether the participants
had taken the first and second doses of the COVID-19
vaccine, whether they had already taken a third dose of
the vaccine and if not, whether they wanted to do so, and
whether they had experienced “COVID arm” symptoms.
We also asked about their confidence in science and sci-
entists in general.

In both waves, we asked about the following demo-
graphic, socioeconomic, and political characteristics:
age, gender, marital status, number of children, gender
and relative age of siblings, prefecture of residence, work-
ing status, highest educational degree, personal income,
household income, party support, self-perceived degree
of right-leaning political beliefs, degree of dissatisfaction
with current politics, and self-perceived social status.
In the second wave, we also asked whether the partici-
pants had any chronic diseases. Section SA6 of the sup-
plemental appendix presents an English translation of
our questionnaire. To estimate the effects of “COVID
arm” symptoms, we weighted our sample by sex, age, and

! Detailed information about Rakuten Insight’s respondent pool is available
from its website. https://insight.rakuten.co.jp/download/PanelProfile_EN.
pdf and https://insight.rakuten.co.jp/download/PanelCharacteristicSurvey
EN.pdf.
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employment status background pursuant to the composi-
tion of the latest population census in 2020.2

A natural experiment conditional on background
characteristics and prior beliefs

After studying the data we collected, we found that the
occurrence of “COVID arm” symptoms was associated
with certain background characteristics, as presented in
Fig. A2 in Section SA2 of the supplemental appendix.
Moreover, Fig. A2 also demonstrates that experiencing
“COVID arm” symptoms was also associated with prior
general confidence in vaccine safety, prior confidence in
the vaccine licensing authority, and previous behaviors of
vaccine hesitancy. Therefore, we need to balance all fac-
tors, including demographic, socioeconomic, and politi-
cal background characteristics, prior general confidence
in vaccine safety, prior confidence in the vaccine licens-
ing authority, and vaccine hesitancy, as described in Bal-
ancing covariates section.

In summary, our data indicated that “COVID arm”
symptoms and beliefs about vaccine safety, beliefs
about the vaccine licensing authority in Japan, and
beliefs about science in general were condition-
ally independent within individuals between the two
waves given the background characteristics, prior
general confidence in vaccine safety, prior confi-
dence in the vaccine licensing authority, and prior
vaccine hesitancy. Therefore, once controlling for
background characteristics, prior confidence in vac-
cine safety, prior confidence in the vaccine licensing
authority, and prior vaccine hesitancy, we can treat
“COVID arm” symptoms as a natural experiment that
randomly dropped in participants [42]. We use this
natural experiment to identify a causal relationship
between an unexpected and uncomfortable experience
with vaccination through belief updates about the side
effects of vaccination and confidence in vaccine safety.

Note that it is not a weakness of our design but rather
a strength that our data include respondents who were
heterogeneous in terms of prior general confidence in
vaccine safety, prior confidence in the vaccine licensing
authority, and prior vaccine hesitancy. Under our panel
design, we can trace both individuals who were confi-
dent in vaccination before experiencing “COVID arm”
symptoms and those who were skeptical about it. We
observed what happened to not only those who were
confident in vaccination but also those who were skep-
tical about vaccination when experiencing “COVID
arm” symptoms.

2 The results of the census are available from Statistic Bureau of Japan, Gov-
ernment of Japan: https://www.stat.go.jp/english/data/kokusei/index.html
Accessed on March 20, 2023.
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Treatment and predicted outcomes

Between the first wave in February 2021 and the sec-
ond wave in March 2022, some of the vaccine recipients
experienced “COVID arm” symptoms. We hypothesized
that the occurrence of “COVID arm” symptoms changes
beliefs about the side effects of COVID-19 vaccines and
that downward belief updates would reduce the willing-
ness to take the next dose of COVID-19 vaccines. Our
theoretical inference behind this conjecture is straight-
forward. People decide whether to take a treatment
depending on its costs and benefits. An increase in the
probability of preventing infection and a reduction in the
probability of severe symptoms if infected are benefits of
vaccination. Adverse side effects such as “COVID arm”
are costs of vaccination. The unexpected experience of
“COVID arm” implies an unexpected rise in the cost of
vaccination. It leads to a reduction in the relative benefits
of vaccination relative to the costs of vaccination. Thus, it
might adversely affect the willingness to take COVID-19
vaccines. Therefore, our conjecture flow was as follows.

1. Some people experience the unexpected and uncom-
fortable symptom of “COVID arm” due to COVID-
19 vaccination, but others do not.

2. Experiencing “COVID arm” changes beliefs about the
side effects of the COVID-19 vaccines among indi-
viduals who were previously confident in vaccine
safety and those who were not.

3. Balancing background characteristics, prior general
confidence in vaccine safety, prior confidence in the
vaccine licensing authority, and prior vaccine hesi-
tancy, we can estimate how experiencing “COVID
arm” change, through belief updates, individuals’
confidence in vaccine safety.

Thus, we predicted that “COVID arm” symptoms would
affect beliefs about vaccine safety and that the belief
updates would affect confidence in vaccine safety, the
vaccine licensing authority, and science in general.

Identification and estimation strategy

Consider potential outcome Y, ;(D;) regarding confi-
dence in vaccination, where D; denotes whether the per-
son experienced “COVID arm” symptoms such that

Di— { 1 if respondent i experienced “COVID arm” symptoms,
;=

0 otherwise.
(1)
For Y, ;(Di), vt denotes
vl 1 whether respondent i considered vaccination in
general to be safe,
v2 . whether respondent i was confident in the vaccine
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licensing process by the Japanese authority, the
Ministry of Health, Labour and Welfare,

v3 . whether respondent i acknowledged the impor-
tance of vaccination in general,

v . whether respondent i took a second dose of the
COVID vaccine,

v°> . whether respondent i took or wanted to take a
third dose of the COVID vaccine,

such that

Y, (Di) = { 1 if respgnciftrﬁte Lr ;ril:;/’vers yes”, @
for v!,..,v°. Having taken a second dose (v}) and hav-
ing taken or wanting to take a third dose (v°) are used to
measure posterior vaccine hesitancy after taking the first
dose.

As a supplementary survey, we asked the respondents
about their confidence in science in general in the second
wave such that

if respondent i was strongly confident in science,

Yo (D) if respondent i was moderately confident in science,
S if respondent i was not very confident in science,

BwWw N =

if respondent i was not confident in science at all.
(3)
Then, we obtained three outcome variables such that

1if YD) =1,
0 otherwise,

N Lif YD) <2,
Y2, (Di) _{ 0 otherwise, (4)

1if ¥;(D;) <3,
0 otherwise.

Yo ;(Di) ={

Y i (Di) ={

Thus, the value of our interest is the expected differ-
ence in marginal means between having experienced
“COVID arm” symptoms, D; = 1 and not having experi-
enced such symptoms, D; = 0 such that

T(x) = E[Y}(1) — Y,(0)|X; = ], (5)
where j e {v1,v2,v3,v4,1°, 51,5253} and X; denotes the
background characteristics, prior general confidence in
vaccine safety, prior confidence in the vaccine licensing
authority, and prior vaccine hesitancy of respondent i.

As discussed in A natural experiment conditional on
background characteristics and prior beliefs section,
“COVID arm” symptoms D; and confidence in vaccine
safety, the vaccine licensing authority in Japan, and sci-
ence Yj; satisfy the unconfoundedness assumption con-
ditional on background characteristics, prior general
confidence in vaccine safety, prior confidence in the
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vaccine licensing authority, and prior vaccine hesitancy
X such that

D; 1L [Y,(0), Y;;(D)]|X;.

Therefore, we identified Eq. (5) as a causal effect of
“COVID arm” symptoms D; on posterior general confi-
dence in vaccine safety (Y, ;), posterior confidence in the
vaccine licensing authority (Y,2;), posterior acknowledg-
ment of the importance of vaccination (Y3 ), posterior
vaccine hesitancy, (Y4, and Y)5;), and posterior confi-
dence in science (Y1 ;, Y2 ;, and Y3 ), given X

We wanted to obtain the average treatment effect
characterized by Eq. (5) as the augmented inverse
probability weighting (AIPW) with the double/debi-
ased supervised machine learning algorithm [43-46].
All nuisance functions are estimated by a causal for-
est algorithm [47]. We conditioned all characteris-
tics, including prior confidence in vaccine safety, prior
confidence in the vaccine licensing authority, prior
acknowledgment of the importance of vaccination, and
prior vaccine hesitancy.

Before analyzing, we weighted our nonprobability
sample by demographic characteristics pursuant to the
latest population census in 2020, as mentioned above.
Then, to control for confounders, the AIPW estimation
with supervised machine learning has an obvious advan-
tage regarding robustness against mis-specifications of
the model for estimation. Traditional estimation meth-
ods such as OLS potentially depend on the specifica-
tion of the estimation model. A slight misspecification
in modeling might result in a substantial bias in estima-
tion. Our approach allows us to semiparametrically esti-
mate the average effect with asymptotical guarantees of
debiasedness.

Note that this approach does not require parametric
assumptions on the outcome distribution. If we have cor-
rect knowledge about the distribution, we may obtain
more efficient estimators. However, in our design of the
experiment, such knowledge is not available. Thus, we
decided that AIPW estimation with supervised machine
learning is the most relevant method compared to other
possible candidate estimation methods.

In reality, experiencing “COVID arm” symptoms can
be associated with prior confidence in vaccine safety,
prior confidence in the vaccine licensing authority, prior
acknowledgment of the importance of vaccination, and
prior vaccine hesitancy, as presented in Table A2 in Sec-
tion SA2 of the supplemental appendix. We control for all
such variables in the AIPW estimation.

Finally, we regressed the AIPW score function on X; by
OLS to obtain the best linear projection of E[t(x)]. All
algorithms are included in the grf package for R [48].



Fukai et al. BMC Infectious Diseases (2023) 23:612

By balancing the sample with AIPW, we can observe
the effects of belief updates due to “COVID arm” symp-
toms on both those who were confident in vaccination
and those who were skeptical about vaccination before
experiencing “COVID arm” symptoms. With our panel
design, we can estimate the average treatment effects of
“COVID arm” symptoms across the groups.

Descriptive statistics

Progress in COVID-19 vaccination

The status of vaccination in Japan is summarized as fol-
lows. First, Pfizer’s vaccine (BNT162b2) was approved
by the Ministry of Health, Labour, and Welfare on Feb-
ruary 14, 2021, and the priority vaccination of healthcare
workers and others began on February 17, 2021. On April
12, 2021, the prioritized vaccination of approximately
36 million older adults began; at this time, vaccination
by municipal governments also began. The ministry
approved the Moderna (mRNA-1273) and AstraZeneca
(ChAdOx) vaccines on May 21 of the same year. The first
round of vaccination started in earnest around May 2021,
with the number of daily doses peaking between July and
August of the same year. According to the Vaccination
Record System, Digital Agency, Government of Japan,
the first dose intake rate from February 17 to March 4,
2021, the time of the first survey, was almost 0%. The first
intake rate at the time of the second survey, from March
7 to March 22, 2022, was just under 80%.°

Overview

Descriptive statistics of our sample’s background charac-
teristics, prior general confidence in vaccine safety, prior
confidence in the vaccine licensing authority, and prior
vaccine hesitancy X; for i =1...9,668 are presented
in Table Al in the supplemental appendix. Out of 9,668
respondents who participated in both waves, the 8,321
respondents who received a first dose formed our pri-
mary sample. Out of 8,321 respondents, 30 in total did
not answer the question about their employment status.
Since the information was necessary to weight our sam-
ple by sex, age, and employment status pursuant to the
composition in the latest population census in 2020, we
dropped these 30 respondents and analyzed the remain-
ing 8,291 respondents.

The Japanese government supplied both the Pfizer
(BNT162b2) and Moderna (mRNA-1273) vaccines for
its domestic vaccination program during the sample
period. In our sample, recipients of both the Moderna
(mRNA-1273) and Pfizer (BNT162b2) vaccines reported
experiencing “COVID arm” symptoms. The self-reported

3 https://info.vrs.digital.go.jp/ Accessed on July 16, 2022.
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“COVID arm” symptoms in our sample thus included
both the severe symptoms triggered often by the Mod-
erna (mRNA-1273) vaccine and less severe symptoms
triggered by the Pfizer (BNT162b2) vaccine.

Respondents who had received a first dose of a COVID-
19 vaccine as of March 2022 accounted for 86.0% of our
sample, those who received a second dose accounted
for 84.0%, and those who received or wanted to take a
third dose accounted for 32.2%. Among those who did
not experience “COVID arm” symptoms during the first
dose, 98% took a second dose; among those who experi-
enced “COVID arm” symptoms during the first dose, 97%
took a second dose. Furthermore, 38% of those who did
not experience “COVID arm” symptoms took or wanted
to take a third dose, while 37% of those who experi-
enced “COVID arm” symptoms took or wanted to take a
third dose, as of February 2022. Therefore, experiencing
“COVID arm” symptoms was associated with a reduction
in the uptake of a second dose and the uptake of or will-
ingness to take a third dose by 1 percentage point each
time.

Balancing covariates

Figure A1 of Section SA2 in the supplemental appendix
presents a regression of the probability of experienc-
ing “COVID arm” symptoms on the four primary back-
ground characteristics: age, gender, vaccine type, and
chronic disease status. As reported [26, 27, 49], experi-
encing “COVID arm” was strongly associated with taking
the Moderna (mRNA-1273) vaccine. Additionally, female
respondents were more likely to report “COVID arm”
symptoms than male respondents, and younger peo-
ple were less likely to report such symptoms than older
people, as has been reported [50, 51]. Having a chronic
disease showed a positive but small association with
experiencing “COVID arm” symptoms. Furthermore,
as Fig. A2 in Section SA2 of the supplemental appendix
shows, after the sample was adjusted according to these
four covariates, associations with “COVID arm” symp-
toms were not limited to four primary background covar-
iates. Instead, associations with “COVID arm” symptoms
were observed across background characteristics, prior
general confidence in vaccine safety, prior confidence
in the vaccine licensing authority, and prior vaccine
hesitancy.

Figure A3 in Section SA2 of the supplemental appendix
presents the means of “COVID arm” symptoms predicted
by background characteristics, prior general confidence
in vaccine safety, prior confidence in the vaccine licens-
ing authority, and prior vaccine hesitancy X; for two
groups subsampled by whether they experienced the
symptoms. Respondents who experienced the symptoms
are shown to have a higher predicted median probability
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of the symptoms. Additionally, Fig. A3 also shows that
the mean of either subsample approaches neither 1 nor
0. This allowed us to balance the sample by weighting X;.

Our estimates of t(x) in Eq. (5) deployed augmented
inverse propensity weighting (AIPW) to estimate E[7 (x)].
We also adopted a conservative approach for estimating
the confidence intervals, as suggested by Holm [52].

Results

Confidence in vaccine safety

Figure 1 presents the estimated average treatment effects
E[t(x)] with the sampling weight characterized by
Eq. (5). The scale of the horizontal axis is the predicted
change due to experiencing “COVID arm” symptoms
in terms of the probability of having taken or wanting
to take a third dose (Y5 ; in Eq. (2)); having taken a sec-
ond dose (Y, ;); considering vaccination in general to be
safe (Y, ;); acknowledging the importance of vaccination
(Y,3,); and having confidence in the vaccine licensing
authority (Y2 ).

Figure 1 demonstrates that experiencing “COVID
arm” symptoms significantly decreased confidence in
the safety of vaccines by 4.3 percentage points. Since
the sample mean of prior confidence in vaccine safety
of respondents who happened to experience “COVID
arm” symptoms in the first wave was 68%, as presented
in Table Al in Section SA1 of the supplemental appen-
dix, the adverse impact was approximately 6.3% of the
sample mean. Additionally, experiencing “COVID arm”
symptoms significantly reduced the probability of taking
a second dose of COVID-19 vaccines by 1.5 percentage
points. The reduction in the probability of taking the next
dose indicates a rise in vaccine hesitancy.

However, “COVID arm” symptoms only insignificantly
negatively affected confidence in the vaccine licensing
authority. Furthermore, “COVID arm” symptoms barely
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affected the general acknowledgment of the importance
of vaccination. Belief updates about specific COVID-19
vaccines due to experiencing “COVID arm” significantly
lowered the willingness to take a next dose of these spe-
cific vaccines but did not significantly affect general
acknowledgment of the importance of vaccination and
general confidence in the vaccine licensing authority.

In summary, downward belief updates about vaccine
side effects due to experiencing “COVID arm” symptoms
significantly adversely affected participants’ confidence in
the safety of vaccination and their probability of taking a
second dose. However, the belief updates did not affect
the acknowledged importance of vaccination and only
insignificantly affected general confidence in the vaccine
licensing authority. We interpreted the latter insignifi-
cant results as indicating that the recognition of the vac-
cination’s importance and the general confidence in the
vaccine licensing authority already factored in the uncer-
tainty regarding vaccination, and hence, the acknowledg-
ment of the vaccinations’ importance and the confidence
in the vaccine licensing authority were tolerant to belief
updates regarding the now estimable risks of side effects
of these specific vaccines.

Figures A5 and A6 in Section SA5 of the supplemental
appendix present the approximated conditional average
treatment effects characterized by Eq. (5) on the confi-
dence in vaccine safety (¥,1;) and the probability of tak-
ing a second dose and of taking or wanting to take a third
dose (Y1, Y5,), which captures vaccine hesitancy, by
linearly regressing the AIPW score function of the treat-
ment effects on the background characteristics, prior
general confidence in vaccine safety, prior confidence in
the vaccine licensing authority, and prior vaccine hesi-
tancy X;. No element had a significant association with
the treatment effect of “COVID arm” symptoms. This
finding means that associations between the treatment

Whether having taken or wanting to take a third dose: Yes
Whether having taken a second dose: Yes
-0.015 ,
o) Holm's P-value
£ -0.043
o - . .
ksl Whether considering vaccination safe in general: Yes L Larger than 5%
S
3 @ Less than 5%
Whether considering vaccination important in general: Yes q
Whether confident in the vaccine licensing authority: Yes
T T T
-0.075 -0.050 -0.025 0.000
estimate

Fig. 1 Impact of “COVID arm” symptoms on confidence in vaccine safety. Notes: According to Egs. (2) and (5), the estimates indicate the change
in the predicted probability of taking a second dose and taking or wanting to take a third dose. The confidence interval was adjusted
by the Bonferroni method, in addition to the p-values adjusted by the Holm method [52]. Point estimates of confidence intervals are presented

in Table A3 in Section SA3 of the supplemental appendix
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effects and background characteristics, prior general con-
fidence in vaccine safety, prior confidence in the vaccine
licensing authority, and prior vaccine hesitancy were,
if present, weak. The adverse impacts of “COVID arm”
symptoms depended on belief updates regarding the side
effects of vaccines across those who were and were not
confident in vaccination before experiencing “COVID
arm” symptoms.

Confidence in science

In the second survey wave conducted in March 2022,
we also asked the respondents about their confidence
in science in general, as described by Eq. (3), as a sup-
plementary study. Figure 2 presents E[t(x)] on con-
fidence in science in general, characterized by Eq. (5).
The impact of “COVID arm” symptoms on one’s confi-
dence in science in general was weak. Only the proba-
bility of being “strongly confident in science,” in Eq. (3),
was insignificantly lowered by experiencing “COVID
arm” symptoms.

We interpreted this result in parallel to the insignifi-
cant results for the acknowledged importance of vaccina-
tion and confidence in the vaccine licensing authority in
Fig. 1. That is, we understand that confidence in science
in general already factored in the chance of uncertain
outcomes following vaccination. Therefore, confidence in
science in general was tolerant of belief updates, specifi-
cally in terms of beliefs about COVID-19 vaccines.

Additionally, Fig. A7 in Section SA5 of the supplemen-
tal appendix presents the approximated conditional aver-
age treatment effects on general confidence in science
characterized by Eq. (5) for Eq. (4) by linearly regress-
ing the AIPW score function on background character-
istics, prior general confidence in vaccine safety, prior
confidence in the vaccine licensing authority, and prior
vaccine hesitancy X;. The results show the insignifi-
cant effect of experiencing “COVID arm” symptoms on
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confidence in science in general across background char-
acteristics, prior general confidence in vaccine safety,
prior confidence in the vaccine licensing authority, and
prior vaccine hesitancy.

Discussion

Schmelz and Bowles found that better knowledge about
vaccine efficacy and trust in public institutions were
associated with higher support for a policy of mandated
vaccination [28]. However, they did not identify what
determines beliefs about vaccines in the form of knowl-
edge. Algan et al. and Eichengreen et al. found general
associations between trust in science and scientists and
protective behaviors [35, 36]. Like Schmelz and Bowles,
they did not address beliefs about vaccines and protective
behaviors that determine trust in vaccines and protective
behaviors, either.

In contrast, we used “COVID arm” as an exogenous
shock that could affect beliefs about vaccine side effects.
Then, we investigated whether such belief updates
affected confidence in vaccine safety, confidence in the
vaccine licensing authority, and vaccine hesitancy. Our
contribution is that we identify a causal relationship
between an unexpected and uncomfortable experience
with novel vaccines, through belief updates about the
side effects of vaccines, and a rise in vaccine hesitancy.
We measured the effects of belief updates of the same
individuals in the same country, among both those who
were already generally confident in vaccination and those
who were already generally skeptical.

We found negative impacts of downward belief updates
about COVID-19 vaccine side effects on confidence in
vaccine safety and the willingness to take the next dose of
specific vaccines. However, we did not find a significant
change in the acknowledgment of the general importance
of vaccination, general confidence in the vaccine licens-
ing authority, and confidence in science in general.

Strongly confident, modestly confident, or modestly unconfident in science 4

Strongly confident or modestly confident in science

Outcome

Strongly confident in science

Holm's P-value

Larger than 5%

-0.04

-0.02 0.00 0.02
estimate

Fig. 2 Impacts of “COVID arm”symptoms on confidence in science. Notes: Point estimates of confidence intervals are presented in Table A4

of Section SA3 of the supplemental appendix
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Conclusion

In February 2021 and March 2022, we asked the same
respondents about their confidence in vaccine safety
and confidence in the vaccine licensing authority, and
in March 2022, we asked whether they had experienced
“COVID arm” symptoms if they had been vaccinated.
We found that experiencing “COVID arm” symptoms
significantly decreased their confidence in the safety of
vaccination and the probability of taking a second dose
of COVID-19 vaccines. Adverse impacts were found
regardless of the levels of prior general confidence in
vaccine safety, prior confidence in the vaccine licensing
authority, and prior vaccine hesitancy. Chen found that
not only the final coverage rate but also the speed of
vaccination spread significantly affect the infection and
mortality rates [53]. The finding extends the policy impli-
cations of our results that “COVID arm” at least delayed
the timing of taking the next dose as of our survey.

Meanwhile, experiencing “COVID arm” symptoms did
not significantly affect the acknowledgment of the gen-
eral importance of vaccination, general confidence in
the vaccine licensing authority, or general confidence in
science. We interpret the irrelevance of these results as
being because these acknowledgments already factored
in possible uncertainties regarding specific vaccines.
Downward belief updates about specific vaccines did not
significantly alter the general recognition of the impor-
tance of vaccination, confidence in the vaccine licensing
authority, or confidence in science in general.

It has been predicted that a higher risk of adverse side
effects is associated with a higher probability of avoid-
ing the vaccine [11-25]. As a further step to be added
to these results, we investigated how a change in beliefs
about the risk of side effects affects take-up of the next
dose and confidence in vaccine safety. In other words, we
studied how people’s beliefs about unknown treatment
are formed and how they could change as they acquire
their own experiences. Our results show that an update
of knowledge about vaccines through side effects affected
take-up of the next dose and confidence in vaccine safety.

Furthermore, Hosogaya et al. found significant rela-
tionships between acceptance of hypothetical oral antivi-
ral drugs for COVID-19 treatment and beliefs about the
treatment [54]. Given the results, the impacts of belief
updates about a new treatment could be generalized
beyond vaccination.

Dynamic evolution of peoples’ beliefs is associated with
dynamic change in their confidence in and willingness to
take a medical treatment. Our results suggest that nega-
tive events such as adverse side effects deliver downward
updates of beliefs about the medical treatment. None-
theless, unless adverse side effects are severe, the down-
ward update of the belief about the side effects did not
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significantly affect deeply rooted general confidence in
public institutions such as the vaccine licensing authority
and science.

Obviously, recipients’ own experience of vaccination is
not the sole opportunity for belief updates. Tomioka et al.
presented that a higher density of public servants and phy-
sicians per population was associated with higher rates of
vaccination among the elderly population [55]. Although
they did not discuss a possible channel of the effects,
opportunities to gain correct knowledge about a medical
treatment might upwardly affect prior beliefs about a new
medical treatment. If this holds, more frequently touching
correct knowledge might mitigate the downward updates
of beliefs due to experiencing adverse side effects.

While our focus was on potentially different updates of
beliefs about COVID-19 vaccines and their impacts on
confidence in the safety of COVID-19 vaccines, another
important issue is the possible divide between vaccine
recipients and those who are vaccine hesitant. As pre-
sented in Table Al in the supplemental appendix, confi-
dence in the safety of COVID-19 vaccines substantially
fell among respondents who never received COVID-19
vaccines from February 2021 to March 2022. Although
vaccine acceptance rates have risen over time, there
remain entrenched vaccine-hesitant individuals who are
concerned about adverse side effects and distrust vaccine
safety in both the US and Japan [22, 56]. The entrenched
vaccine hesitancy of those who never received a dose of
COVID-19 vaccines is another issue for policy making.

One limitation of our research is that we did not
address the possible effects of further belief evolution
about the side effects of the vaccines. If people who were
better informed of the COVID-19 vaccines’ side effects
were less vaccine hesitant [32], taking more doses would
have reduced vaccine hesitancy through the acquisition
of updated information and experiences regarding the
effects of the vaccines. This inference is consistent with
our observation presented in Table A1l in Section SA1 of
the supplemental appendix. In our sample, recipients of
the first dose of COVID-19 vaccines became more con-
fident in vaccine safety, while those who did not take the
first dose became less confident.

However, second doses of either the Moderna (mRNA-
1273) or Pfizer (BNT162b2) vaccine were more likely to be
accompanied by side effects than the first doses [57, 58]. If
this higher likelihood of the second dose’s side effects was
unexpected, it would have negatively affected the willing-
ness to take a third dose. These forces of acquisition of new
information and a possibly unexpected higher likelihood
of side effects of the second dose could work in oppo-
site directions regarding the willingness to take third and
fourth doses. It is left to our next study to identify which
force was dominant [59].
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