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Abstract: In the early SARS-CoV-2 (COVID-19) pandemic, four major vaccines were approved de-
spite limited efficacy and safety data through short regulatory review periods. Thus, it is necessary
to assess the benefit-risk (BR) profiles of the COVID-19 vaccines. We conducted a quantitative BR
assessment for four COVID-19 vaccines (mRNA-based: mRNA-1273 and BNT162b2; viral vector-
based: Ad26.COV.2 and ChAdOx1-S) using multi-criteria decision analysis. Three benefit criteria
and two risk criteria were considered: preventing COVID-19 infection for (1) adults aged >18 years;
(2) seniors aged 60 years or older; and (3) severe COVID-19, adverse events (AEs), and serious AEs.
Data were retrieved from clinical trials, observational studies, and county-specific AE monitoring
reports. Based on the collected data, vaccines were scored for each criterion. 22 professionals
weighted each criterion. The overall BR score was calculated using scores and weights. mRNA-1273
was the most preferred vaccine in pre-authorization and BNT162b2 in post-authorization. We found
that the mRNA vaccine had a good balance between the benefits and risks. Using this BR assess-
ment, the benefit-risk profile of COVID-19 vaccines can be updated with cumulated data. It will
contribute to building evidence for decision making by policy makers and health professionals.

Keywords: SARS-CoV-2; COVID-19 vaccine; multi-criteria decision analysis; quantitative benefit-
risk assessment

1. Introduction

In 2019, the emergence of a new coronavirus, SARS-CoV-2 (COVID-19), resulted in
more than 607 million cases of COVID-19 infection and 6.5 million COVID-19-related
deaths (as of 9 September 2022) [1]. One year after the World Health Organization (WHO)
declared COVID-19 a global pandemic, the US Food and Drug Administration (FDA) ap-
proved the first COVID-19 vaccine for emergency use on 11 December 2020, following
other vaccines approved in the US and Europe [2]. Given the ongoing pandemic, COVID-
19 vaccines have been approved based on less evidence than that required for traditional
approval regarding the efficacy and safety of vaccines. Regulatory authorities have ap-
proved the use of COVID-19 vaccines at extraordinary speed. The average time of emer-
gency use approval review was 21 days in the FDA and the European Medicines Agency
because the regulatory authorities applied new pathways and frameworks that acceler-
ated vaccine authorization with limited pre-approval evidence. Additional safety and ef-
ficacy data are required to obtain full approval [2].

In 1998, the Council for International Organizations of Medical Sciences (CIOMS)
introduced the need for a more systematic and consistent approach to evaluate the bene-
fits and risks of marketed drugs [3]. In addition to the Pharmacoepidemiological Research
on Outcomes of Therapeutics by the European Consortium (PROTECT), there have been
various contributors providing benefit-risk frameworks and methodological recommen-
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dations [4]. A quantitative BR assessment using elicited BR preference can be used to com-
pare the BR profile of a medical product with that of others. Thus, the quantitative ap-
proach ensures continuity and consistency across drug BR assessments and makes deci-
sions easier to justify [5]. The IMI-PROTECT Benefit-Risk Group developed the recom-
mendations for the methodology and visualization techniques to assess the benefit and
risks of medicines, and suggested multi-criteria decision analysis (MCDA) models as a
quantitative BR assessment [6-8]. MCDA allows the assessment of a product of interest
considering multiple criteria simultaneously and provides a quantitative value for each
product, covering benefits and risks [5]. MCDA is a highly effective and flexible frame-
work to integrate multiple benefits and risk criteria with preference values, and use them
to compare each alternative option [9,10]. Moreover, breaking down complicated prob-
lems makes it easier to see how much risk and benefit are worth. Kurzinger et al. (2020)
presented published studies for structured quantitative benefit-risk assessment using
MCDA for the BR profile of medicinal products during the early drug development phase
or in post-authorization.[7] This method is based on a hierarchical value tree with evalu-
ation criteria for different options. The score for the expected performance of the evalua-
tion criteria is obtained and the weighted preference value for each criterion can be deter-
mined by experts. This approach is promising because it identifies the options with the
most favorable risk-benefit ratio, which outcome (risk or benefit) is more influential, re-
quires further investigation, and has the most favorable risk-benefit ratio. These values
can be used to compare treatments as evidence for decision making. The MCDA has the
potential to support health technology assessment agencies in formulating high-quality,
consistent, and transparent recommendations [11]. The study applied quantitative BR
models based on the generic benefit-risk roadmap proposed by IMI PROTECT [8]. The
study was designed to include planning, exploring evidence, collecting data, analyzing
those data, and drawing a conclusion. The MCDA process for the assessment of BR was
detailed in Materials and Methods.

Currently, there are no studies evaluating a COVID-19 vaccine using quantitative BR
assessment, although COVID-19 vaccines have already been used. Since the COVID-19
vaccine has been approved for emergency use with limited requirements, its safety and
efficacy should be monitored continuously with cumulative evidence. Changes in the BR
profile need to be assessed using evidence before and after approval. Therefore, we aimed
to quantitatively evaluate the benefits and risks of the COVID-19 vaccine using the MCDA
and to rank the COVID-19 vaccine using evidence before and after approval.

2. Materials and Methods

We quantitatively evaluated the benefits and risks of four COVID-19 vaccines
(mRNA-1273, BNT162b2, Ad26.COV.2, and ChAdOx1-S) using MCDA and ranked the
COVID-19 vaccines using evidence before and after approval. Quantitative BR assessment
for four vaccines was performed based on the supporting literature on safety and efficacy
of these vaccines before and after approval, and BR profiles were compared. The MCDA
model was applied for the quantitative BR assessment of COVID-19 vaccines. We assessed
two mRNA-based vaccines and two viral vector-based vaccines that were approved
worldwide during the early pandemic: the mRNA-based vaccines BNT162b2 (Pfizer-Bi-
oNTech) and mRNA-1273 (Moderna) and viral vector-based vaccines ChAdOx1-S (Astra-
Zeneca) and Ad26.COV2.S (Janssen). COVID-19 vaccine approval information is provided
in Table S1.

To assess the COVID-19 vaccines quantitatively, the following steps were followed:
establishing the objective of the assessment; identification of key benefits and risks in a
value tree; selection and extraction of relevant data (effect table); scoring and weighting;
evaluation of the BR; and sensitivity analyses [12]. An overview of the MCDA process for
the COVID-19 benefit-risk assessment model is shown in Figure 1, and each step is de-
scribed in the following section.
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Figure 1. Overview of MCDA process for the benefit-risk assessment model for COVID-19. BR: ben-
efit-risk. MCDA: multi-criteria decision analysis.

2.1. Criteria Selection

We reviewed the endpoints of the clinical trials to select the criteria for this study.
Clinical trials for the COVID-19 vaccine were performed according to WHO guidelines,
and most clinical trials had the same endpoints for safety and effectiveness [13]. The can-
didates for benefit criteria were collected from efficacy endpoints in clinical trials and the
effectiveness reported in observational studies. The recommended efficacy endpoints in
COVID-19 clinical trials were as follows: the number of virologically confirmed sympto-
matic cases of COVID-19, efficacy versus placebo for COVID-19 prevention, efficacy
against severe and non-severe COVID-19, seroconversion rates, antibody quantification
and immunogenicity of the booster, and prevention of variants (such as Omicron)[14]. We
collected candidates for the risk criteria from the clinical trials. In COVID-19 clinical trials,
the following parameters were considered: solicited local and systemic adverse events,
unsolicited adverse events, serious adverse events, including death, evidence of adverse
events of special interest, and medically attended adverse events [13,15].

After collecting candidates, the primary and secondary endpoints for safety and effi-
cacy were selected as the criteria for MCDA. Three criteria were chosen as benefit criteria:
(1) prevention of COVID-19 infection in adults over the age of 18; (2) prevention of severe
COVID-19; and (3) prevention of COVID-19 infection in seniors (60 or older). Two were
chosen as the risk criteria: (1) adverse events, including solicited and unsolicited; and (2)
serious AEs. The specific descriptions for each criterion are listed in Table 1. The effects
tree organizing benefit/risk criteria is shown in Figure 2.

Table 1. Definitions of the benefit and risk criteria.

Criteria

Description

Vaccine effect in adults Vaccine efficacy to prevent the occurrence of COVID-19 in adult (age > 18) after full

aged >18 dose of vaccines
., Vaccine effect in seniors Vaccine efficacy to prevent the occurrence of COVID-19 in people aged 60 and over
Benefits .
aged > 60 or 265 (or age = 65) after full dose of vaccines
Preventing severe Vaccine efficacy to prevent severe COVID-19
COVID-19 Severe COVID-19: severe systemic illness with medical care including death
Adverse events including solicited (local and systemic) and unsolicited AEs after
Adverse events o
vaccination
Risks Serious adverse events including any medical complication that, at any dose, poses

Serious adverse events  a risk of death is life-threatening, necessitates hospitalization or an extension of

hospitalization, causes persistent or severe disability, or impairment of function
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Benefits-Risks assessment of
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Preventing severe COVID-19
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Risks

Serious adverse events (Serious AEs)

Figure 2. The effects tree for benefit-risk balance of COVID-19 Vaccines. AE: adverse event.

2.2. Preference Score

For pre-authorization benefit and risk criteria, input data were retrieved from clinical
trials searched in MEDLINE and regulatory documents submitted for emergency use ap-
proval (BNT162b2 [16,17], mRNA-1273 [18,19], ChAdOx1-S [20,21], and Ad26.COV2.S
[22,23]) (detailed in Tables S2 and S3).

For post-authorization, each criterion input data were gathered using post-authori-
zation studies for benefit criteria and the country-specific adverse event monitoring sys-
tem for risk criteria. The input data for benefits criteria, a systematic literature search for
observational studies after post-authorization, was performed in Scopus, PubMed via
Medline, and Google Scholar, as well as the Preprint servers including medRxiv for stud-
ies related to the keywords selected based on the Medical Subject Headings (MeSH), pub-
lished until June 30, 2022. The search was performed using the following keywords by
combining MeSH and Non-MeSH terms: “COVID-19 vaccine,” “SARS-CoV-2 coronavirus
vaccines,” “BNT162b2,” “mRNA-1273,” “ChAdOx1-S,” “Ad26.COV2.S,” “effectiveness,”
“post-vaccination,” “observational studies,” “real-world.” We selected studies that exam-
ined the effectiveness of COVID-19 vaccination in adults, hospitalization, and mortality
after COVID-19 vaccination and retrieved input data for each criterion. Studies that did
not specify the number of participants in both the vaccinated and unvaccinated groups
were excluded. Considering the studies examined, people who had not taken any vaccines
were classified as unvaccinated, and those who were on the >7 days or > 14 days after a
full dose of vaccination were classified as fully vaccinated. Patients in the partial vaccina-
tion group were excluded from this study.

Sixteen cohort studies and one phase 3B study were selected, and data were extracted
for post-authorization benefit criteria. The characteristics of eligible studies for the post-
authorization benefit criteria are shown in Table S4. Among the 17 studies, the data ex-
tracted for effectiveness were selected from 13 studies of BNT162b2 [24-36], seven studies
of mRNA-1273 [28,30,32-35,37], three studies of ChAdOx1-S [25,30,31] and seven studies
of Ad26.COV.2 [25,28,34,35,38-40]. The vaccine effect (VE) for each criterion was assessed
using pooled risk ratios (RRs) for the number of COVID-19 cases or the number of symp-
tomatic and asymptomatic patients after full vaccination (Figures S1-S3). VE was calcu-
lated using the formula (1 — RR) x 100%. VE for each criterion for vaccines is provided in
Table S5.

For the risk criteria values for post-authorization, the total number of reported cases
of AEs and serious AEs after full vaccination was collected from 13 countries that pro-
vided a country-specific adverse event monitoring system with vaccination rates of more
than 70%. (Table 56). We used the safety data for the US that were extracted from a pub-
lished article for evaluation of safety using the Vaccine Adverse Effect Reporting System

” o
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(VAERS) data from 14 December 2020, to 30 September 2021 [41]. The county list with the
cut-off date, as well as their safety information reporting website, is provided in Table S7.

The input data for each criterion used in our model are summarized in Table S8. Each
criterion was measured using a different scale. The input data for each criterion were
transformed into a preference score on the same scale from 0 to 100 by a linear value func-
tion. The top of the scale was the preferred option and the bottom of the scale was the
least preferred option. A fixed scale was used to assess the preference score for each crite-
rion of a given vaccine. For the relative reduction percentage of the benefit effect, a larger
input metric received a higher preference score, whereas for the risk effects, a higher per-
centage or incidence resulted in a lower preference score. As a result, a high-risk criterion
score indicated better safety. The preference score for benefit criteria and benefit was cal-
culated using Equations (1) and (2), where Vi is the preference score of vaccine j for the ith
criterion, and aji is the input data of j for the it criterion. Cimaxand Cimin are the reference
values for low and high reference points, respectively. The elicited preference scores are
shown in Table 2.

For benefit Preference score (Vi;) = 100 X (a; — Cimin )/ (Cimax = Ciomin )~ (1)

For risk Preference score (Vu) =100 x (Cimax - aji)/(cimax = Cimin ) (2)

Table 2. Preference score of the benefit and risk criteria for each vaccine.

Pre-Authorization Post-Authorization
Criteria 716262 MRNA-1273 ChAdOX1-S Ad%fov‘ BNT162b2 mRNA-1273 ChAdOx1-S Ad26.COV.2
Benefits
VE, age>18  90.0 88.2 48.0 338 80.0 74.0 44.0 420
>
VE age260 g9, 72.8 67.0 52.6 64.0 66.0 66.0 20
(or 65)
Severe
covibao 328 100.0 100.0 53.4 78.0 82.0 96.0 56.0
Risks
AEs 416 335 519 60.5 86.5 78.4 71.8 491
Serious AEs  42.0 35.0 53.0 62.0 89.3 89.7 75.8 72.9

The preference score represents the strength of preference or performance of each
vaccine on each of the five effect scales. The preference score based data collected were
calculated using Hiview3 software (Catalyze Ltd., Hursley, UK). The preference score for
each criterion was used to calculate a weighted preference score by applying its weight.

2.3. Weighting

Weighting was assigned for each criterion. Each criterion was weighted by Korean
professionals, including an infectious disease physician and a pharmaceutical company
employee developing the COVID-19 vaccine in South Korea. For weighing, candidates
among professionals were physicians of infectious disease, who worked in university hos-
pitals, investigators of clinical trials for COVID-19 vaccines, or employees who worked in
pharmaceutical companies related to the COVID-19 vaccine. The investigator or member
information was procured from the Ministry of Food and Drug Safety in South Korea or
the Korean Society of Infectious Diseases, Altogether, 54 physicians were asked to partic-
ipate in the survey and 16 responded to the survey. Six employees working at COVID-19
vaccine-related pharmaceutical companies also responded to the survey. A total of 22 pro-
fessionals weighted each criterion using swing weighting: 16 physicians (including 14 in-
fectious disease physicians) and 6 professional employees in the industry. Six of the 14
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infectious disease physicians were investigators of COVID-19 clinical trials in South Ko-
rea. The demographic characteristics of the professionals who weighed the criteria are
shown in Table S9.

The professional compared the relative weights of the most important criterion to
determine the weights of another criterion. Swing weighting is a method for determining
weighting factors indirectly by comparing criteria against the one deemed most important
[42]. The professionals were asked to select the most important benefit criterion as a ref-
erence benefit criterion (weight 100). Given a fixed reference benefit criterion, profession-
als were asked to estimate and select either the least or most important criterion as a ref-
erence criterion and assess how much more or less important the other criteria were with
respect to the reference benefit criterion. The other weighted criteria were assigned from
0 to 100 based on a comparison with the reference benefit criterion. For the risk criteria,
the weighting process was the same as that for the benefit criteria. After collecting weights
from professionals, the final step of the swing process was to calculate standardized
weights by normalizing each criterion weight against the total weight among all criteria.
The standardized weight (Wi) was calculated using the following equation (3), where fi is
the weight assessed for the ith criterion and i =1 to n for the number of criteria.

fi
Wi =

==
i1 fl

n
all Standardized weight (Wi) sum to 1 Z wWi=1 3)
i=0

The standardized weight for each criterion was summed to provide an overall index
of the benefit-risk ratio. HiView3 calculated the standardized weights and displayed the
results. The standardized weights for each criterion, as determined by swing weighting,
are presented in Table S10. The relative model weights for benefits and risks were 0.609
and 0.391, respectively.

2.4. Base case and Sensitivity Analyses

Using a preference score and standardized weight for each criterion, a quantitative
BR assessment model was generated using the Hiview3 software to calculate the weighted
preference value for each criterion. The BR score was calculated as the sum of the
weighted preference scores for each vaccine using the following equation (4), where Wi is
the standardized weight and Vi is the preference score of vaccine j of the ith criterion.

i=n
BR score (X) = Z Wi * Vl] (4)
i=0

The BR score ranged from 0 to 100, with a score of 100 indicating the maximum value
in this model. The highest BR score for a vaccine was recommended as the best option.
The BR score included all criteria for the benefit and risk values. Therefore, we compared
the benefit-to-risk for each vaccine to determine a benefit-risk balance based on subgroup
values for benefit and risk. The benefit and risk values are plotted on the map. An ideal
option with a high value of benefit and high risk value lies in the top right-hand corner of
the map. Criterion contribution analyses were performed to determine the contribution of
each criterion to the BR score. The BR score ranked vaccination options based on the risk-
benefit score and compared the specific risk and benefit criteria between these vaccines.

Sensitivity analyses were performed to determine the robustness of the findings. Sen-
sitivity analyses were performed within the main model to determine the extent to which
the choice of weights (decreased or increased) for benefits and risks affected the outcome
of the BR model.
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3. Results

Table 3 and Figure 3 show the BR scores for each vaccine and the weighted preference
scores for each criterion. The BR score for each vaccine was a sum of the weighted prefer-
ence scores for its criterion. A weighted preference score for each criterion is calculated by
multiplying the weights and those preference scores. The BR scores for pre-authorization
were 67.0 for mRNA-1273, 65.4 for ChAdOx1-S, 57.7 for BNT162b2, and 52.7 for
Ad26.COV.2. Although Ad26.COV.2 had a high-risk score in the pre-authorization model,
it was ranked 4th. After approval, the ranking of the COVID-19 vaccine changed. The
expression of BNT162b2 was the highest after approval, followed by mRNA-1273. During
the post-authorization period, BNT162b2 and mRNA-1273 were 79.7 and 78.7, respec-
tively. The BR scores were 72.1 and 53.6 for ChAdOx1-5S and of Ad26.COV.2, respectively.
BNT162b2 and mRNA-1273 had high scores for benefits and risks in the post-authoriza-
tion model.

Table 3. The benefit-risk score.

Pre-Authorization Post-Authorization

Criteria Weight mRNA- ChAdOx1-BNT162b Ad26.CO mRNA- ChAdOx1- BNT162b2 Ad26.COV.
1273 S 2 V.2 1273 S
BR score (rank) 67.0 65.4 57.7 52.7 78.7 72.1 79.7 53.6
1) ) 3) 4) () 3) 1) 4)
Benefits (rank) 53.6 449 41.3 28.7 454 43.1 45.2 28.9
1) ) 3) 4) (D 3) 2) 4)
VE, age 218 0.188 16.6 9.0 16.9 6.4 13.9 8.3 15.0 7.9
>
VE, ag;); 60(or 188 137 12.6 16.8 9.9 12.4 12.4 12.0 7.9
Severe COVID-19 0.233 23.3 23.3 7.6 124 19.1 224 18.2 13.1
Risks (rank) 13.4 20.5 16.4 24.0 33.3 29.0 34.5 24.7
4) ) 3) 1) (2) 3) 1) 4)
AEs 0.158 53 8.2 6.6 9.5 12.4 11.3 13.7 7.7
Serious AEs 0.233 8.1 12.3 9.8 14.5 20.9 17.7 20.8 17.0
100
mBenefit mRisk
LN 787
* 2 M _~ 721
670 g4 T
60 71 +193 | L9 536
181 .35 027 Y :
0 07
20 +39 8.2 13
+0.2
0
pre post pre post pre post pre post
BNT162b2 mRMNA-1273 ChAdOx1-S Ad26.COV2

Figure 3. The BR score for each vaccine.

Pre: Pre-authorization, Post: Post-authorization.
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As shown in Figure 3, the differences between pre- and post-authorization were
higher for BNT162b2 and mRNA-1273. The risk score increased considerably for all but
Ad26.COV. It was increased to 19.9 for mRNA-1273, 18.1 for BNT162b2, and 8.5 for ChA-
dOx1-S while Ad26.COV .2 increased by only 0.7 points. After approval, the benefit scores
of BNT162b2 and Ad26.COV.2 rose (3.9 and 0.2, respectively), but those of mRNA-1273
(-8.2) and ChAdOx1-S (-1.8) did not.

To compare the benefit-to-risk for each vaccine to see a BR balance, the benefit versus
risk was plotted on a map (Figure 4). In the pre-authorization model, ChAdOx1-5 showed
an overall good benefit-risk balance (located at the top right-hand corner), but its BR score
was lower than that of mRNA-1273, which was the most preferred. After authorization,
the ideal options in the map were BNT162b2 and mRNA-1273.

(a) (b)
_ mRNA-1273
%0 (1) MRNA-1273 % (3)
&
50 “ T BNT162b2
_ (2) ChAdOX1-S (2) chadox1-S
70 70
(3)BNT162b2 .
. (3) Ad26.COV2-S
g 60 g 60
5 S -
2 Ad26.COV2-S (1) m 0
40 40
30 30
20 20
10 10
0 - - 0 —
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
Risks Risks

Figure 4. The map of benefits versus risks for each vaccine. (a) Pre-authorization, (b) Post-authori-
zation

As a sensitivity analysis, Figure 5 shows the BR score based on the weight of the
benefit. This was done for both the pre- and post-authorization models. The vertical red
line indicates the current standardized weight of the benefit. The line for each option
shows how this total weighted preference score changed depending on the weight of the
benefit. The most preferred option at any standardized weight had the highest Y value. In
the pre-authorization model, mRNA-1273 was the most preferred vaccine, with a benefit
weight of 57 or over. Ad26.COV.2 was the most preferred below 25 for benefit weight,
whereas in the range of 26 to 56, ChAdOx1-S was the most preferred. In the post-author-
ization models, mRNA-1273 was the most preferred in the range of benefit weight of 90
or over, and BNT162b2 was the most preferred in the rest of the range.
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Figure 5. Sensitivity analysis for weight. A vertical black dashed line indicated the point of the pre-
ferred vaccine change. (a) Pre-authorization, (b) Post-authorization

4. Discussion

We conducted a quantitative BR assessment of COVID-19 vaccines using the MCDA
and showed the rank of preferred vaccines based on evidence before and after approval.
Before approval, mRNA-1273 ranked the highest, followed by ChAdOx1-S, BNT162b2,
and Ad26.COV.2. After approval, BNT162b2 ranked the highest, followed by mRNA-
1273, with a 1.0-point difference. The ranking of COVID-19 vaccines changed after ap-
proval. mRNA-based vaccines (mRNA-1273, BNT162b2), with high BR scores for both
benefits and risks, shifted to the ideal position. In particular, the contribution of the risk
increased after approval, except for Ad26.COV 2. Sensitivity analysis showed that mRNA-
based vaccines were the preferred vaccines for any change in weight for benefit and risk
in post-authorization.

The increase in the benefit / risk score did not mean an actual increase/decrease in
benefit or risk, because the scores before and after approval were obtained from different
data sources, especially the study design (RCT or an observational study). However, it led
to a relative rank change. In the case of BNT162b2, the severe COVID-19 score was signif-
icantly lower than that of other vaccines preapproval, but the score improved after receiv-
ing the data in post-authorization. In terms of benefit, only the mRNA-1273 score de-
creased dramatically. mRNA-1273 was ranked first with a relatively large difference in
preauthorization, but it was scored at a level similar to that of others in post-authorization.
Differences in the benefits of mRNA-1273 were highest in VE aged 18 or over and severe
COVID-19. Due to the approval of the COVID-19 vaccines for conditional or emergency
use in the pandemic, evidence was limited, including a lack of data on hospital admissions
and deaths at the time of conditional approval [43]. As shown in the results, the rank of
the vaccines changed depending on the evidence collected during different periods. The
case of mRNA-1273 shows the need to derive robust results through accumulated infor-
mation updates. This also demonstrated the potential for additional real-world evidence
to be utilized in regulatory science. Since the latest approval date of mRNA-1273 was
March 2021 (EMA), we collected data on additional benefits and risks for at least one year
after approval. Although there might be a publication lag in reporting benefits, adverse
event rates from the reporting system can be considered the most up-to-date and cumu-
lative information. When only pre-approval information was used, the rank was not ro-
bust, depending on the weights, whereas that in the post-approval period was robust.
This shows that updated post-marketing benefits and risks should be monitored after ap-
proval for emergency use from the perspective of regulatory decisions. In addition, a
change in rank indicates that restricted information can affect the optimal use of products.
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On the other hand, the FDA uses a qualitative benefit-risk framework and works as
a flexible mechanism for communicating important decision factors, allowing it to support
the diversity of drug approval decisions. In contrast, EMA focuses on quantitative benefit-
risk assessment [44]. A previous study highlighted the flexibility of the FDA’s framework
[45]. In addition to the qualitative benefit-risk framework, quantitative BR assessment also
needs to be flexible. Our model also demonstrates the possibility of flexibly updating a
quantitative model.

To the best of our knowledge, no previous studies have assessed vaccines using
MCDA; therefore, it is difficult to compare the results directly with those of previous stud-
ies. Instead, we have confirmed the criteria for each vaccine. In a previous network meta-
analysis, mRNA-1273 and BNT162b2 were significantly better than placebo in VE,
whereas the effect of Ad26.COV.2. was not significant [46]. This was consistent with the
trend in the benefit scores in this study. However, the serious AEs of all vaccines were not
statistically significant, although we did not consider statistical significance against pla-
cebo. Beyond collecting data, network meta-analysis, in which multiple treatments are
being compared, can be used for advanced analysis. In contrast, real-world data showed
that mRNA-based vaccines were comparable to or had better safety profiles than viral-
vector vaccines [47]. The results of comparing the two mRNA vaccines showed that the
incidence of AEs and serious AEs for BNT162b2 was slightly lower than that for mRNA-
1273 [48]. Therefore, the outcomes of the quantitative BR model for both pre- and post-
authorization in the study were consistent with the published literature results [47,49].

Our results should be interpreted cautiously in the context of the following aspects:
The effectiveness of SARS-CoV2 variants was not considered, although there might be
differences among the vaccines. We considered the inclusion of VE against variants; how-
ever, there was a lack of concrete information on variants for each vaccine. The literature
selected in the study for the input data did not provide variant effect for the vaccine It was
not adequate to apply the pre-authorization model because of a lack of information. Thus,
the variants criterion was not included in the value tree. In addition, the level of VE against
the variants varied depending on previous types of vaccination. Therefore, it was not ap-
plied to the post-authorization model because we could not independently estimate the
vaccine effect by itself. If the effect of vaccines on variants is confirmed, it can be reflected
in BR assessments in further studies. Weight cannot be generalized to the general popu-
lation because we only surveyed professionals. Specifically, preferences can differ be-
tween physicians and industry employees; however, we did not consider weight accord-
ing to stakeholders. However, we conducted a sensitivity analysis and found a robust
rank regardless of the weight.

The input data we retrieved were mostly from the published literature, except for
safety information for post-approval. Post-approval data on the number of AEs and seri-
ous AEs were collected from a country-specific AE reporting website containing publicly
accessible information. Most safety-reporting systems are self-reporting systems. There-
fore, the collected data had the potential to be biased. However, Singh et al. showed that
the frequency of side effects for BNT162b2 and mRNA-1273 was significantly lower than
that for Ad26.COV .2 after vaccination, based on Vaccine Adverse Effect Reporting System
(VAERS) data [50]. Moreover, the incidence of AEs or serious AEs following Ad26.COV.2
vaccination was 1.8 to 3.7 times higher than that following BNT162b2 or mRNA-1273 vac-
cination [41,48]. In several published studies, the side-effect rate for COVID-19 vaccines
was similar to the data we collected.

Statistical analysis for BR scores between vaccines could not be performed because
the BR score for each vaccine was one figure. Because we did not perform statistical anal-
ysis, we could not confirm that the difference between mRNA-1273 and BNT162b was
significant. Although BNT162b2 was the most preferred in majority of the range post-
authorization in a sensitivity analysis, it cannot be interpreted as superiority of BNT162b2.
The result should be interpreted to suggest that mRNA-based vaccines (mRNA-1273,
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BNT162b2) were robustly placed in the ideal position with high BR scores for both benefits
and risks, regardless of the balance of benefits and risk.

Despite these limitations, this study was the first to rank vaccines based on BR scores
and analyze the benefits and risks of COVID-19 vaccines. We developed a quantitative BR
assessment model and incorporated effectiveness and uncertainty into models reflecting
the weights of healthcare professionals. This model can be used for future studies related
to health technology assessment, assessing COVID-19 vaccines by accumulating live in-
formation on risks and benefits. Unless the evaluation criteria change, this model can be
applied to the quantitative BR assessment for COVID-19 vaccines in terms of global or
country-level data.

5. Conclusions

The MCDA is useful for comparing medicinal products by considering multiple ben-
efits and risks, various data sources, and stakeholder preferences in a single model. We
demonstrated a quantitative BR assessment using MCDA and provided the rank of
COVID-19 vaccines, focusing on the evidence gap between the time of approval and post-
approval. We found that mRNA-based vaccines were preferred before and after approval.
This model can be used for future studies related to health technology assessment, as-
sessing COVID-19 vaccines by accumulating live information on risks and benefits.
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analysis: Vaccine effect in seniors aged (60 or 265) for post-authorization, (a) BNT162b2, (b) mRNA-
1273, (c) ChAdOx1-S, and (d) Ad26.COV2.S, (Figure S3) Results of meta-analysis: Preventing severe
COVID-19 post-authorization, (a) BNT162b2, (b) mRNA-1273, (c) ChAdOx1-S, and d)
Ad26.COV2S.

Author Contributions: Writing and original draft preparation, data curation, methodology, concep-
tualization: K.-H.S.; writing —review and editing, data curation, methodology, supervision: S.-H.K.;
writing —review and editing: H.-J.N., Y.B., LK,; Writing—Review and editing, conceptualization,
supervision: E.-K.L. All authors have read and agreed to the published version of the manuscript.

Funding: Not applicable.

Institutional Review Board Statement: Ethical clearance for the present study was obtained from
the Institutional Review Board (IRB) of Sungkyunkwan University Ref: SKKU 2022-08-014-001.

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

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WHO. Coronavirus Disease (COVID-19) Dashboard; WHO: Geneva, Switzerland, 2022.

2. Lythgoe, M.P.; Middleton, P. Comparison of COVID-19 Vaccine Approvals at the US Food and Drug Administration, European
Medicines Agency, and Health Canada. JAMA Netw. Open 2021, 4, e2114531.
https://doi.org/10.1001/jamanetworkopen.2021.14531.


http://www.mdpi.com/xxx/s1

Vaccines 2022, 10, 2029 12 of 14

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Juhaeri, J. Benefit-risk evaluation: The past, present and future. Ther. Adv. Drug Saf. 2019, 10, 2042098619871180.
https://doi.org/10.1177/2042098619871180.

Abbing-Karahagopian, V.; Kurz, X.; de Vries, F.; van Staa, T.P.; Alvarez, Y.; Hesse, U.; Hasford, J.; Dijk, L.; de Abajo, F.J.; Weil,
J.G.; et al. Bridging differences in outcomes of pharmacoepidemiological studies: Design and first results of the PROTECT
project. Curr. Clin. Pharmacol. 2014, 9, 130-138. https://doi.org/10.2174/1574884708666131111211802.

Menzies, T.; Saint-Hilary, G.; Mozgunov, P. A comparison of various aggregation functions in multi-criteria decision analysis
for drug benefit-risk assessment. Stat. Methods Med. Res. 2022, 31, 899-916. https://doi.org/10.1177/09622802211072512.
Chisholm, O.; Sharry, P.; Phillips, L. Multi-Criteria Decision Analysis for Benefit-Risk Analysis by National Regulatory
Authorities. Front. Med. (Lausanne) 2021, 8, 820335. https://doi.org/10.3389/fmed.2021.820335.

Kurzinger, M.L.; Douarin, L.; Uzun, I; El-Haddad, C.; Hurst, W.; Juhaeri, J.; Tcherny-Lessenot, S. Structured benefit-risk
evaluation for medicinal products: Review of quantitative benefit-risk assessment findings in the literature. Ther. Adv. Drug Saf.
2020, 11, 2042098620976951. https://doi.org/10.1177/2042098620976951.

Hughes, D.; Waddingham, E.; Mt-Isa, S.; Goginsky, A.; Chan, E.; Downey, G.; Hallgreen, C.E.; Hockley, K.S.; Juhaeri, J.;
Lieftucht, A. IMI-PROTECT benefit-risk grouprecommendations report: Recommendations for the methodology
andvisualisation techniques to be used in theassessment of benefit and risk of medicines. 2014.

Moore, A.; Crossley, A.; Ng, B.; Phillips, L.; Sancak, O.; Rainsford, K.D. Use of multicriteria decision analysis for assessing the
benefit and risk of over-the-counter analgesics. J. Pharm. Pharmacol. 2017, 69, 1364-1373. https://doi.org/10.1111/jphp.12770.
Vermersch, P.; Martinelli, V.; Pfleger, C.; Rieckmann, P.; Alonso-Magdalena, L.; Galazka, A.; Dangond, F.; Phillips, L. Benefit-
risk Assessment of Cladribine Using Multi-criteria Decision Analysis (MCDA) for Patients With Relapsing-remitting Multiple
Sclerosis. Clin. Ther. 2019, 41, 249-260.e218. https://doi.org/10.1016/j.clinthera.2018.12.015.

Baltussen, R.; Marsh, K.; Thokala, P.; Diaby, V.; Castro, H.; Cleemput, I.; Garau, M.; Iskrov, G.; Olyaeemanesh, A.; Mirelman,
A.; et al. Multicriteria Decision Analysis to Support Health Technology Assessment Agencies: Benefits, Limitations, and the
Way Forward. Value Health 2019, 22, 1283-1288. https://doi.org/10.1016/j.jval.2019.06.014.

Marcelon, L.; Verstraeten, T.; Dominiak-Felden, G.; Simondon, F. Quantitative benefit-risk assessment by MCDA of the
quadrivalent HPV vaccine for preventing anal cancer in males. Expert Rev. Vaccines 2016, 15, 139-148.
https://doi.org/10.1586/14760584.2016.1107480.

WHO. Considerations for Evaluation of COVID-19 Vaccines; WHO: Geneva, Switzerland, 2020.

Mehrotra, D.V.; Janes, H.E.; Fleming, T.R.; Annunziato, P.W.; Neuzil, KM.; Carpp, L.N.; Benkeser, D.; Brown, E.R.; Carone, M.;
Cho, I; et al. Clinical Endpoints for Evaluating Efficacy in COVID-19 Vaccine Trials. Ann. Intern. Med. 2021, 174, 221-228.
https://doi.org/10.7326/M20-6169.

FDA. Development and Licensure of Vaccines to Prevent COVID-19; FDA: Silver Spring, MA, USA, 2020.

Pfizer. Assessment Report Comirnaty Common Name: COVID-19 mRNA Vaccine (Nucleoside-Modified); EMEA Assessment Report;
Pfizer: New York, NY, USA, 2021.

Pfizer. Vaccines and Related Biological Products Advisory Committee Meeting FDA Briefing Document Pfizer BioNTech
COVID-19 Vaccine. In FDA Briefing Document Pfizer-BioNTech COVID-19 Vaccine; FDA: Silver Spring, MA, USA, 2020.

El Sahly, H.M.; Baden, L.R.; Essink, B.; Doblecki-Lewis, S.; Martin, ].M.; Anderson, E.J.; Campbell, T.B.; Clark, J.; Jackson, L.A.;
Fichtenbaum, C.J.; et al. Efficacy of the mRNA-1273 SARS-CoV-2 Vaccine at Completion of Blinded Phase. N. Engl. ]. Med. 2021,
385, 1774-1785. https://doi.org/10.1056/NEJMoa2113017.

Moderna. Vaccines and Related Biological Products Advisory Committee Meeting_FDA Briefing Document Moderna COVID-
19 Vaccine. In FDA Briefing Document Moderna COVID-19 Vaccine; FDA: Silver Spring, MA, USA, 2020.

AstraZeneca. Assessment Report COVID-19 Vaccine AstraZeneca Common Name: COVID-19 Vaccine (ChAdOx1-S [Recombinant];
EMEA Assessment Report; AstraZeneca: Cambridge, UK, 2021.

Falsey, A.R; Sobieszczyk, M.E.; Hirsch, L; Sproule, S.; Robb, M.L.; Corey, L.; Neuzil, KM.; Hahn, W.; Hunt, J.; Mulligan, M.].;
et al. Phase 3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) COVID-19 Vaccine. N. Engl. J. Med. 2021, 385, 2348-2360.
https://doi.org/10.1056/NEJMo0a2105290.

Sadoff, J.; Gray, G.; Vandebosch, A.; Cardenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, P.A.; Truyers, C.; Fennema, H,;
Spiessens, B.; et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against COVID-19. N. Engl. |. Med. 2021, 384, 2187-
2201. https://doi.org/10.1056/NEJMoa2101544.

Janssen. Vaccines and Related Biological Products Advisory Committee Meeting FDA Briefing Document Janssen
Ad26.COV2.S Vaccine for the Prevention of COVID-19. In FDA Briefing Document Moderna COVID-19 Vaccine; FDA: Silver
Spring, MA, USA, 2021.

Angel, Y.; Spitzer, A,; Henig, O.; Saiag, E.; Sprecher, E.; Padova, H.; Ben-Ami, R. Association Between Vaccination with
BNT162b2 and Incidence of Symptomatic and Asymptomatic SARS-CoV-2 Infections among Health Care Workers. JAMA 2021,
325, 2457-2465. https://doi.org/10.1001/jama.2021.7152.

Arregoces-Castillo, L.; Fernandez-Nino, J.; Rojas-Botero, M.; Palacios-Clavijo, A.; Galvis-Pedraza, M.; Rincon-Medrano, L.;
Pinto-Alvarez, M.; Ruiz-Gomez, F.; Trejo-Valdivia, B. Effectiveness of COVID-19 vaccines in older adults in Colombia: A
retrospective, population-based study of the ESPERANZA cohort. Lancet Healthy Longev. 2022, 3, e242-e252.
https://doi.org/10.1016/52666-7568(22)00035-6.

Britton, A.; Jacobs Slifka, K.M.; Edens, C.; Nanduri, S.A.; Bart, S.M.; Shang, N.; Harizaj, A.; Armstrong, J.; Xu, K.; Ehrlich, H.Y.;
et al. Effectiveness of the Pfizer-BioNTech COVID-19 Vaccine Among Residents of Two Skilled Nursing Facilities Experiencing



Vaccines 2022, 10, 2029 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

COVID-19 Outbreaks-Connecticut, December 2020-February 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 396-401.
https://doi.org/10.15585/mmwr.mm?7011e3.

Fabiani, M.; Ramigni, M.; Gobbetto, V.; Mateo-Urdiales, A.; Pezzotti, P.; Piovesan, C. Effectiveness of the Comirnaty (BNT162b2,
BioNTech/Pfizer) vaccine in preventing SARS-CoV-2 infection among healthcare workers, Treviso province, Veneto region,
Italy, 27 December 2020 to 24 March 2021. Eurosurveillance 2021, 26, 2100420. https://doi.org/10.2807/1560-
7917.ES.2021.26.17.2100420.

Grannis, S.J.; Rowley, E.A.; Ong, T.C.; Stenehjem, E.; Klein, N.P.; DeSilva, M.B.; Naleway, A.L.; Natarajan, K.; Thompson, M.G;
Network, V. Interim Estimates of COVID-19 Vaccine Effectiveness Against COVID-19-Associated Emergency Department or
Urgent Care Clinic Encounters and Hospitalizations among Adults During SARS-CoV-2 B.1.617.2 (Delta) Variant
Predominance-Nine States, June-August 2021. MMWR Morb. Mortal. Wkly. Rep 2021, 70, 1291-1293.
https://doi.org/10.15585/mmwr.mm7037e2.

Hall, V.J.; Foulkes, S.; Saei, A.; Andrews, N.; Oguti, B.; Charlett, A.; Wellington, E.; Stowe, J.; Gillson, N.; Atti, A.; et al. COVID-
19 vaccine coverage in health-care workers in England and effectiveness of BNT162b2 mRNA vaccine against infection (SIREN):
A prospective, multicentre, cohort study. Lancet 2021, 397, 1725-1735. https://doi.org/10.1016/S0140-6736(21)00790-X.
Martinez-Baz, I.; Miqueleiz, A.; Casado, I.; Navascues, A.; Trobajo-Sanmartin, C.; Burgui, C.; Guevara, M.; Ezpeleta, C.; Castilla,
J., Working Group for the Study of, C.-i.N. Effectiveness of COVID-19 vaccines in preventing SARS-CoV-2 infection and
hospitalisation, Navarre, Spain, January to April 2021. Eurosurveillance 2021, 26, 2100438. https://doi.org/10.2807/1560-
7917.ES.2021.26.21.2100438.

Menni, C.; Klaser, K.; May, A.; Polidori, L.; Capdevila, J.; Louca, P.; Sudre, C.H.; Nguyen, L.H.; Drew, D.A.; Merino, J.; et al.
Vaccine side-effects and SARS-CoV-2 infection after vaccination in users of the COVID Symptom Study app in the UK: A
prospective observational study. Lancet Infect. Dis. 2021, 21, 939-949. https://doi.org/10.1016/51473-3099(21)00224-3.

Paris, C.; Perrin, S.; Hamonic, S.; Bourget, B.; Roué, C.; Brassard, O.; Tadié, E.; Gicquel, V.; Bénézit, F.; Thibault, V. Effectiveness
of mRNA-BNT162b2, mRNA-1273, and ChAdOx1 nCoV-19 vaccines against COVID-19 in healthcare workers: An observational
study using surveillance data. Clin. Microbiol. Infect. 2021, 27, 1699. e1695-1699.e1698.

Pawlowski, C.; Lenehan, P.; Puranik, A.; Agarwal, V.; Venkatakrishnan, A.J.; Niesen, M.].M.; O'Horo, J.C.; Virk, A.; Swift, M.D.;
Badley, A.D.; et al. FDA-authorized mRNA COVID-19 vaccines are effective per real-world evidence synthesized across a multi-
state health system. Med (NY) 2021, 2, 979-992.e978. https://doi.org/10.1016/j.med;j.2021.06.007.

Rosenberg, E.S.; Dorabawila, V.; Easton, D.; Bauer, U.E.; Kumar, ].; Hoen, R.; Hoefer, D.; Wu, M.; Lutterloh, E.; Conroy, M.B.; et
al. COVID-19 Vaccine Effectiveness in New York State. N. Engl. ] Med 2022, 386, 116-127.
https://doi.org/10.1056/NEJMo0a2116063.

Thompson, M.G.; Stenehjem, E.; Grannis, S.; Ball, S.W.; Naleway, A.L.; Ong, T.C.; DeSilva, M.B.; Natarajan, K.; Bozio, C.H.;
Lewis, N.; et al. Effectiveness of COVID-19 Vaccines in Ambulatory and Inpatient Care Settings. N. Engl. |. Med. 2021, 385, 1355—
1371. https://doi.org/10.1056/NEJMo0a2110362.

Zacay, G.; Shasha, D.; Bareket, R.; Kadim, I.; Hershkowitz Sikron, F.; Tsamir, J.; Mossinson, D.; Heymann, A.D. BNT162b2
Vaccine Effectiveness in Preventing Asymptomatic Infection with SARS-CoV-2 Virus: A Nationwide Historical Cohort Study.
Open Forum Infect Dis. 2021, 8, ofab262. https://doi.org/10.1093/ofid/ofab262.

Bruxvoort, K.J.; Sy, L.S.; Qian, L.; Ackerson, B.K.; Luo, Y.; Lee, G.S.; Tian, Y.; Florea, A.; Takhar, H.S.; Tubert, J.E.; et al. Real-
world effectiveness of the mRNA-1273 vaccine against COVID-19: Interim results from a prospective observational cohort
study. Lancet Reg. Health Am. 2022, 6, 100134. https://doi.org/10.1016/j.1ana.2021.100134.

Bekker, L.G.; Garrett, N.; Goga, A.; Fairall, L.; Reddy, T.; Yende-Zuma, N.; Kassanjee, R.; Collie, S.; Sanne, I.; Boulle, A.; et al.
Effectiveness of the Ad26.COV2.S vaccine in health-care workers in South Africa (the Sisonke study): Results from a single-arm,
open-label, phase 3B, implementation study. Lancet 2022, 399, 1141-1153. https://doi.org/10.1016/S0140-6736(22)00007-1.
Corchado-Garcia, J.; Puyraimond-Zemmour, D.; Hughes, T.; Cristea-Platon, T.; Lenehan, P.; Pawlowski, C.; Bade, S.; O’'Horo,
J.C.; Gores, G.J.; Williams, A.W.; et al. Real-world effectiveness of Ad26.COV2.S adenoviral vector vaccine for COVID-19.
medRxiv 2021, 2021.2004.2027.21256193. https://doi.org/10.1101/2021.04.27.21256193.

Polinski, ].M.; Weckstein, A.R.; Batech, M.; Kabelac, C.; Kamath, T.; Harvey, R;; Jain, S.; Rassen, J.A.; Khan, N.; Schneeweiss, S.
Effectiveness of the Single-Dose Ad26.COV2.S COVID Vaccine. medRxiv 2021, 2021.2009.2010.21263385.
https://doi.org/10.1101/2021.09.10.21263385.

Sa, S.; Lee, CW.,; Shim, S.R.; Yoo, H.; Choi, J.; Kim, J.H.; Lee, K.; Hong, M.; Han, HW. The Safety of mRNA-1273, BNT162b2
and JNJ-78436735 COVID-19 Vaccines: Safety Monitoring for Adverse Events Using Real-World Data. Vaccines 2022, 10, 320.
https://doi.org/10.3390/vaccines10020320.

Ezell, B.; Lynch, C.J.; Hester, P.T. Methods for Weighting Decisions to Assist Modelers and Decision Analysts: A Review of
Ratio Assignment and Approximate Techniques. Appl. Sci. 2021, 11, 10397.

Prugger, C.; Spelsberg, A.; Keil, U.; Erviti, J.; Doshi, P. Evaluating COVID-19 vaccine efficacy and safety in the post-authorisation
phase. BMJ 2021, 375, e067570. https://doi.org/10.1136/bm;j-2021-067570.

Angelis, A.; Phillips, L.D. Advancing structured decision-making in drug regulation at the FDA and EMA. Br. |. Clin. Pharmacol.
2021, 87, 395-405. https://doi.org/10.1111/bcp.14425.

Lackey, L.; Thompson, G.; Eggers, S. FDA’s Benefit-Risk Framework for Human Drugs and Biologics: Role in Benefit-Risk
Assessment and Analysis of Use for Drug Approvals. Ther. Innov. Regul. Sci. 2021, 55, 170-179. https://doi.org/10.1007/s43441-
020-00203-6.



Vaccines 2022, 10, 2029 14 of 14

46.

47.

48.

49.

50.

Oh, S; Purja, S.; Shin, H,; Kim, M.S.; Park, S.; Kronbichler, A.; Smith, L.; Eisenhut, M.; Shin, J.I; Kim, E. Efficacy,
Immunogenicity, and Safety of COVID-19 Vaccines in Randomized Control Trials in the Pre-Delta Era: A Systematic Review
and Network Meta-Analysis. Vaccines 2022, 10, 1572.

Rahmani, K.; Shavaleh, R.; Forouhi, M.; Disfani, H.F.; Kamandi, M.; Oskooi, R.K.; Foogerdi, M.; Soltani, M.; Rahchamani, M.;
Mohaddespour, M.; et al. The effectiveness of COVID-19 vaccines in reducing the incidence, hospitalization, and mortality from
COVID-19: A systematic review and  meta-analysis. ~ Front.  Public = Health 2022, 10,  873596.
https://doi.org/10.3389/fpubh.2022.873596.

Alzarea, A.l; Khan, Y.H.; Alatawi, A.D.; Alanazi, A.S.; Alzarea, S.I.; Butt, M.H.; Almalki, Z.S.; Alahmari, A.K.; Mallhi, T.H.
Surveillance of Post-Vaccination Side Effects of COVID-19 Vaccines among Saudi Population: A Real-World Estimation of
Safety Profile. Vaccines 2022, 10, 924.

Zheng, C.; Shao, W.; Chen, X.; Zhang, B.; Wang, G.; Zhang, W. Real-world effectiveness of COVID-19 vaccines: A literature
review and meta-analysis. Int. ]. Infect. Dis. 2022, 114, 252-260. https://doi.org/10.1016/j.ijid.2021.11.009.

Singh, A.; Khillan, R.; Mishra, Y.; Khurana, S. The safety profile of COVID-19 vaccinations in the United States. Am. . Infect.
Control. 2022, 50, 15-19. https://doi.org/10.1016/j.ajic.2021.10.015.



