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A B S T R A C T

Background: The risk of myocarditis following COVID-19 vaccines has been widely investigated, yielding highly 
variable effect estimates. It remains unclear how much of this variation can be explained by methodological 
differences and study quality. This study aimed to evaluate the methodology of observational studies on 
myocarditis risk post-COVID-19 vaccination and identify sources of heterogeneity.
Methods: We systematically searched PubMed and EMBASE for observational studies reporting relative risks of 
myocarditis after COVID-19 vaccination published between December 2020 and October 2023. Risk of Bias 
(RoB) was assessed using the ROBINS-I tool. Meta-analysis and multivariable meta-regression were conducted for 
studies addressing comparable population-intervention-comparator-outcome (PICO) questions.
Results: We included 30 studies, comprising 35 design-specific analyses. We identified considerable variability in 
design elements including risk window length (7–288 days), reference period timing (three different ways), and 
control for COVID-19 disease (five different approaches). Thirteen (37%) design-specific analyses had serious or 
critical overall RoB. We observed strongest heterogeneity between studies in general population for dose 2 of 
BNT162b2 and mRNA-1273 compared to unvaccinated individuals/reference period (I2 = 96%, prediction in
terval (PI) of relative risk 0.40–20.20; I2 

= 92%, PI 1.23–88.63, respectively). Meta-regression for the former 
PICO indicated that after adjusting for age and sex, effect estimates of samples with 28-day risk window were 
0.56 times (95% CI 0.43–0.72) lower than those with 7-day risk window, but its overall effect was not significant. 
The effect of study design, outcome definition, approaches to handle COVID-19 infection and overall RoB were 
not significant in the meta-regression.
Conclusions: There is substantial variation in study design specifications and corresponding heterogeneity in 
reported effect estimates. Design choices like risk window length may explain some of this heterogeneity, 
although evidence remains inconclusive. Future vaccine safety studies should include sensitivity analyses to 
explore the effect of design choices on their findings.

1. Background

The rapid development and distribution of Coronavirus disease 2019 
(COVID-19) vaccines represents an unprecedented scientific accom
plishment. The accelerated approval and massive roll-out of these vac
cines also highlighted the importance of postmarketing safety 
monitoring to detect rare side effects for which the clinical trials were 
underpowered. Soon after vaccine roll-out, myocarditis was flagged as 
an important rare adverse event, and this signal was later confirmed by 
multiple real-world evidence studies across the world [1,2]. However, 

the effect estimates varied considerably between studies. For example, 
the reported risk of myocarditis after the second dose of BNT-162b2 
compared to no vaccination ranged between 0.79 and 29.7 [3,4]. Such 
heterogeneous findings pose challenges to benefit-risk assessment for 
policy decision-making, as well as undermine public trust in vaccine 
safety.

The sources of heterogeneity in epidemiological studies can be 
roughly categorized into clinical diversity and methodological diversity 
[5]. In the context of vaccine safety, the clinical diversity entails the 
difference across studies in participant characteristics that affect their 

* Corresponding author at: Division of Pharmacoepidemiology and Clinical Pharmacology, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, 
Universiteitsweg 99, 3584 CG Utrecht, The Netherlands.

E-mail addresses: t.p.h.trang@uu.nl (T.P.H. Trang), s.h.bots@uu.nl (S.H. Bots). 

Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier.com/locate/vaccine

https://doi.org/10.1016/j.vaccine.2026.128722
Received 3 March 2025; Received in revised form 11 April 2026; Accepted 12 May 2026  

Vaccine 85 (2026) 128722 

Available online 16 May 2026 
0264-410X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:t.p.h.trang@uu.nl
mailto:s.h.bots@uu.nl
www.sciencedirect.com/science/journal/0264410X
https://www.elsevier.com/locate/vaccine
https://doi.org/10.1016/j.vaccine.2026.128722
https://doi.org/10.1016/j.vaccine.2026.128722
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2026.128722&domain=pdf
http://creativecommons.org/licenses/by/4.0/


susceptibility to the adverse events, as well as the difference in vacci
nation policies and healthcare utilizations. Understanding these aspects 
helps to tailor the vaccination program to different populations and 
evaluate the transportability of evidence across different settings [6]. 
The methodological heterogeneity reflects the diversity in choice of 
designs and study parameters such as follow up length, selection of 
comparators, and covariate adjustments, as well as the degree of bias in 
each study [5].

Designing postmarketing vaccine safety study incurs special chal
lenges, as vaccines are often administered by seasonal schedule which 
requires adjusting for time trends. In addition, vaccines are administered 
either to targeted populations or with high coverage, making it difficult 
to find appropriate control groups [7]. Various specialized methods 
have been developed and applied to accommodate these features, such 
as the case-centred analysis and self-controlled methods, yet their val
idity depends on meeting strict assumptions [7]. Prior simulation and 
empirical studies have suggested that the degree of biased results differs 
per study design, and that design parameters could partly explain the 
heterogeneity in study results [6,8]. These findings may however have 
limited generalizability to the unique situation of the COVID-19 
pandemic, with constraints in healthcare utilization and strong time 
trends in vaccination. It is thus of interest to characterize the method
ologies of COVID-19 vaccine safety studies and their impact on the 
heterogeneity of effect estimates. These insights could be helpful in 
assessing the consistency and robustness of evidence and informing 
evidence synthesis and future study design selection in similar contexts.

Taking the potential risk of myocarditis following COVID-19 vacci
nation as a case study, we aimed to provide an overview of methodol
ogies of inferential, comparative observational studies that evaluated 
COVID-19 vaccine safety signals. The first objective was to describe 
the study designs and analytical approaches used in observational 
studies on COVID-19 vaccine safety. The second objective was to assess 
the heterogeneity in findings across these studies and investigate the 
impact of study design and analysis choices on the observed 
heterogeneity.

2. Methods

2.1. Study design

We conducted a systematic review of the methodology of observa
tional studies investigating the risk of myocarditis following COVID-19 
vaccination. Effect estimates were grouped using the PICO (Population, 
Intervention, Comparator, Outcome) framework and meta-analysed 
within their PICO group to quantify statistical heterogeneity. Sources 
of heterogeneity were investigated using meta-regression. We followed 
the Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses 2020 (PRISMA) checklist [9]. The full study protocol is pro
vided in Supplementary file 1.

2.2. Eligibility criteria

We included studies fulfilling all following criteria: 

1) Observational study that aimed to quantify the risk of myocarditis 
(with or without pericarditis) after COVID-19 vaccination;

2) The exposure was defined as at least one dose of any COVID-19 
vaccine, where the exposed could either be an individual or a spe
cific time period within an individual;

3) The comparator was defined as either no exposure to any COVID-19 
vaccine or exposure to a different COVID-19 vaccination regimen, 
where the unexposed could either be an individual or a specific time 
period within an individual;

4) A comparative effect measurement (ratio or difference) was reported 
between the exposure and comparator groups;

5) Published in English as a peer-reviewed scientific article.

6) Published between December 11th, 2020 (first COVID-19 vaccine 
emergency use authorization) and October 9th, 2023 [10].

7) Full-text available

Studies aimed at safety signal detection (which employ data mining 
techniques without prior hypothesis), or signal strengthening (such as 
disproportionality analysis, ecological studies, and crude before-after 
comparison) were excluded. Editorials, letters to editor, and commen
taries were also excluded.

2.3. Search strategy

Structured searches were conducted on PubMed and Embase on 
October 9th, 2023 to identify relevant records. The search strings 
combined keywords and subject heading terms related to COVID-19 
vaccines, safety, and comparison of effect measure (Supplementary 
file 1).

2.4. Study selection

The records were de-duplicated using Endnote X9 [11]. Records 
were screened for inclusion by two independent reviewers (TT and SB) 
using ASReview. This open-source, validated machine learning algo
rithm [12] iteratively prioritize records for screening based on reviewer- 
provided labels, thereby reducing screening workload while maintain
ing human oversight. The records were screened in two rounds with 
different machine-learning models to enhance the coverage of relevant 
records [13], using the results of the first round as prior knowledge for 
the second round. Each screening round was stopped after 100 consec
utive records were marked as “irrelevant”, or 50 consecutive irrelevant 
records after screening the first 1000 records. Discrepancies were 
resolved through discussion.

After the title and abstract screening, the full text of the potentially 
eligible articles were assessed by three reviewers (TT, SB, MB). Each 
reviewer screened 33% and independently double checked 33% of the 
total records. Discrepancies between two reviewers were resolved by 
discussion with the third reviewer.

2.5. Data extraction

Data extraction was performed by three reviewers (TT, SB, MB). Each 
reviewer extracted 33%, and one reviewer (TT) double checked 
randomly 50% of the total eligible studies. The following information 
was extracted from each study: study setting, data source and popula
tion; aspects of study design and statistical analysis, exposures, com
parators, outcomes and effect estimates (Supplementary file 2). All 
primary analyses, secondary, sub-group and sensitivity analyses per
taining to the myocarditis outcome were extracted.

2.6. Risk of bias assessment

The risk of bias (RoB) of each eligible study was assessed using the 
Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) tool 
[14]. We adapted the tool to also cover assumptions specific to self- 
controlled and case control designs, as these were originally not 
included (Supplementary file 3). For self-controlled designs, we first 
checked whether the major validity assumptions as outlined by Whi
taker et al. (2006) were met [15]. Only self-controlled studies that ful
filled all validity assumptions underwent the ROBINS-I tool assessment. 
Each of three reviewers (TT, SB, MB) assessed 33% and independently 
double checked 33% of the total studies. Discrepancies between two 
reviewers were resolved by discussion with the third reviewer.

2.7. Descriptive analysis

Continuous variables are presented as median and interquartile 
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range. Categorical variables are summarised with frequencies and per
centages. A post-hoc analysis was conducted to assess the consistency of 
results in studies where two study designs and two approaches to handle 
COVID-19 infection were used. Three agreement metrics were evaluated 
for each pair of effect estimates [16]: 1) Statistical significance agree
ment: whether two estimates and their confidence intervals are on the 
same side of the null; 2) Estimate agreement: whether the point estimate 
of one design/approach is within the 95% CI of the other design/ 
approach; and 3) Standardized difference agreement: whether the ab
solute value of the standardized difference is <1.96).

2.8. Meta-analysis

Meta-analysis of primary analyses of the included studies were 
conducted to characterize the heterogeneity between studies. The effect 
estimates were grouped by PICO question: (P) General population or 
population with specific conditions, (I) Vaccine brand and dose, (C) 
unvaccinated individual/period or active comparator, and (O) outcome. 
As myocarditis was rare (<5% incidence), different ratio metrics (RR, 
OR, HR, IRR) could be combined [17]. Random-effect meta-analysis was 
conducted for PICOs with at least 3 studies. Tau-squared, I2 and pre
diction interval were calculated to measure degree of heterogeneity. 
Prediction interval incorporates both the uncertainty in the pooled es
timate and the between-study variance (tau-squared), and is interpreted 
as a summary of the spread of underlying effects in the studies included 
in the meta-analysis [5,18].

For studies that reported multiple effect estimates per PICO for 
overlapping samples (e.g. using different risk windows), a decision rule 
was applied to choose one single effect estimate per PICO per study [19]
(Supplementary file 1).

Univariate sub-group analyses were conducted for PICOs with at 
least three studies to explore the possible causes of heterogeneity in 
effect estimates between studies. The sub-groups included: 1) Age re
striction of the study (general population, younger population only 
(<40 years old), or older population only (>50 years old); 2) Risk 
window length (within 14 days after vaccination, within 28 days after 
vaccination, or other lengths); 3) Study design (Cohort, self-controlled, 
or other designs); 4) Overall RoB (Low-moderate or serious-critical); 
5) RoB of confounding domain (Low-moderate or serious-critical); 6) 
Outcome definition (myocarditis only, or myocarditis/pericarditis); and 
7) Approach to handle COVID-19 infection in the analysis (No approach 
applied, approaches that measure direct effect of vaccination only 
(including censoring COVID-19 cases and excluding COVID-19 cases 
before and during the study), or other approaches).

Contour-enhanced funnel plots and Egger's test of asymmetry were 
generated for PICOs with at least 10 studies to investigate small-study 
effects and differentiate asymmetry that is due to non-reporting biases 
from that due to other factors [20–23].

2.9. Examination of sources of heterogeneity by meta-regression

For PICOs with at least 10 studies without missing information on the 
explanatory variables and with considerable heterogeneity (I2 > 75%

)
, 

multivariable random-effect meta-regression models were fitted to 
further investigate sources of heterogeneity, controlling for confounding 
effect of patient characteristics. The outcome was the log of the relative 
effect estimate. The explanatory variables included median age of the 
study sample, proportion of male in the study sample, study design, 
length of risk window, the approach to handle COVID-19 infection in the 
analysis, outcome definition, and overall RoB. All primary analyses, 
subgroup analyses and sensitivity analyses related to explanatory vari
ables of interest were included in the model to increase statistical power 
and to estimate their between-study and within-study effects. Robust 
variance estimation method was employed to account for dependency 
between effect estimates from the same study, using the correlated and 
hierarchical effects working model [24]. The correlation between two 

effect sizes in the same study (ρ) is assumed to be constant and equal 0.7.
The base meta-regression model included two case-mix variables, 

age, and sex (Model 1). Next, the effect of methodological factors (study 
design, risk window length, outcome definition, handling of COVID-19 
infection, and RoB) was investigated one by one, adjusted for age and 
sex (Model 2 to 6). For variables that varied both within a study and 
between studies (e.g. age and sex distribution, length of risk window, as 
studies often have subgroup/ sensitivity analysis regarding these vari
ables), both the study means and the study-mean-centred values of these 
two variables were included in the model, to estimate separately their 
between-study and within-study effect, respectively [25,26]. The 
regression coefficients (β), their associated 95% CI and the Wald-style F 
test p-value of each variable (indicating the overall significance of a 
variable) were reported [26].

3. Results

Of all 10,883 references identified, 262 full-text publications were 
reviewed. Thirty studies met the eligibility criteria and were included in 
systematic review (Fig. 1) [3,4,27–54]. These studies comprised 35 
design-specific analyses (as five studies used two study designs) and 36 
distinct PICOs.

3.1. General characteristics

The eligible studies were mostly conducted in Western Europe (14 
studies, 47%) and North America (7 studies, 23%) (Table 1). Vaccina
tion registries were the main data source for exposure ascertainment (20 
studies, 67%), while the data sources for outcome and covariate ascer
tainment were more diverse. The two most common study designs for 
primary analysis were cohort (15 studies, 50%) and self-controlled de
signs (11 studies, 37%). Twenty-seven studies (87%) evaluated vaccine 
safety in the general population, while four (13%) targeted population 
with special conditions.

Among 36 distinct PICOs investigated in the included studies (Sup
plementary Table S1), most PICOs were on a specific dose of a specific 
vaccine (23 PICOs), with unvaccinated individuals or reference period 
as comparator (29 PICOs). Seven PICOs had active comparators, either 
comparing mRNA-1273 and BNT-162b2 [27,33,35,36,43] or comparing 
heterologous and homologous vaccination courses [29]. The two PICOs 
examined by the most studies were effect of first dose and effect of 
second dose of BNT-162b2 compared to unvaccinated individual/period 
(14 studies per PICO). When a combination of doses was studied, it could 
be defined as “first and second dose” [30,33], “first or second dose” 
[35,37,47] or “any dose” [32,34,39,40,44].

3.2. Diversity of study design parameters

3.2.1. Definition of “unvaccinated individuals” and “reference period” as 
comparator

Five cohort studies used “unvaccinated individuals” as comparator. 
One used historical controls [50], two matched vaccinated and unvac
cinated on the vaccination date [4,30], and the other two assigned an 
artificial index date to unvaccinated controls [42,44].

For two case-control studies, one used hospital controls [40], while 
one selected individuals without the outcome in the whole population 
[54].

Reference period within an individual was used as comparator in five 
cohort studies and all self-controlled studies (total 18 studies, 60%). 
Among them, ten studies selected all periods before, between and after 
risk period as reference period [3,28,32,34,41,45–47,51,53], six studies 
only used period before first exposure [31,37–39,48,52], and two only 
use period after the risk period [35,49].

3.2.2. Outcome definition and ascertainment
Fifteen studies (50%) included only myocarditis as outcome, eleven 
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studies (37%) included myocarditis and pericarditis as a composite 
outcome, and four studies (13%) included both definitions 
[28,34,35,40].

Hospital admission for myocarditis was used as outcome definition in 
18 studies (60%) [3,32,34,35,37,38,41–47,50–54], while eight studies 
(27%) included both hospital admissions and outpatient visits 
[4,28–30,33,36,40,49]. The other studies either included both hospital 
visits and general practitioner consultations [31,39], only included 
general practitioner consultation [48], or did not specify the setting 
[27].

3.2.3. Risk window length
There were 15 studies (50%) that used at least two different risk 

window lengths in their analysis. The most chosen risk window length 
was 28-day post-vaccination (15 studies, 50%), followed by 7-day post- 
vaccination (12 studies, 40%).

Day 0 (day of vaccination) was included in the risk window in 13 
studies (43%) [3,4,30,32,33,35,37–39,51–53] and excluded in 7 studies 
(23%) [29,31,46,48–50,54]. Two studies included both risk windows 
with and without day 0 [28,41], and three studies took day 0 as a 
separate risk window [34,45,47]. The risk window definition was un
clear in five studies [36,40,42–44].

3.3. Control for confounding

In all 35 study designs, age and sex were controlled for. Seasonality, 
comorbidities, outcome history and socioeconomic status were 
controlled for in 83%, 80%, 77% and 69% designs, respectively.

COVID-19 infection could act as both confounder and mediator of 
the association between vaccination and myocarditis. In three out of 35 
design-specific analyses (11%), cases with COVID-19 infection before 
the study period were excluded [35,36,49], and two analyses excluded 
COVID-19 cases both before and during study period [34]. COVID-19 
cases were censored in 7 analyses (20%) [29,30,33,37,38,52]. In two 
analyses (6%), COVID-19 infection was included as covariate in the 
model [43,54]. In 20 analyses (57%), COVID-19 infection was not 
considered in the main analysis, among them 6 analyses had sensitivity 
analysis that used one of the above approaches [3,28,31,41,45,51].

3.4. Risk of bias in the included studies

Overall risk of bias was low for one (3%), moderate for 21 (60%), 
serious for 10 (29%), and critical for 3 (9%) design-specific analyses 
(Supplementary Fig. S1). Most of this variability could be attributed to 
the confounding domain, where 31% of analyses were rated as either 
critical or serious risk of bias. All 13 included self-controlled studies met 
the major validity assumptions, and most (11 studies) implemented 
correct adjustments to ensure that exposure was not dependent on 

Fig. 1. PRISMA flow diagram of study selection process.
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occurrence of the outcome. The full RoB assessment for each study is 
presented in Supplementary file 4.

3.5. Studies that used two study designs

There were four studies that used two study designs to answer the 
exact same PICO questions, resulting in a total of 31 pairs of effect es
timates. Three studies [3,28,37] conducted SCCS and cohort, and one 

[34] conducted SCCS and case-control. Generally, the effect estimates 
from SCCS were higher than other designs (Fig. 2). In 7 pairs (23%) one 
of the three agreement metrics was not met.

3.6. Studies that used two approaches to handle COVID-19 infection

There were 10 studies that applied two approaches to control for 
COVID-19 infection in the exact same PICO questions, resulting in a total 
of 40 pairs of effect estimates [3,28,33,37,39,41,45,46,49,51]. Most 
pairs met all agreement metrics; there were only two pairs (5%) without 
statistical significance agreement (Fig. 3).

3.7. Meta-analysis

We performed a meta-analysis for 12 PICOs answered in more than 
two studies (Supplementary Table S2). The funnel plots suggested low 
risk of publication bias (Supplementary Fig. S2-S3). Heterogeneity was 
highest between estimates for the second dose of BNT-162b2 versus 
unvaccinated individuals/person-time in the general population (15 
studies, I2 = 95.6% (95% CI, 91.4–96.8)) and lowest between estimates 
for the second dose of CoronaVac versus unvaccinated individuals/ 
person-time in the general population (3 studies, I2 = 0% (95% CI 
0–89.6)). For the first and second doses of both BNT-162b2 and mRNA- 
1273 versus unvaccinated individuals/person-time in the general pop
ulation, we observed larger heterogeneity for the second dose compared 
to the first dose (indicated by higher I2 and wider prediction interval), 
even though the estimates came from the same set of studies (Fig. 4).

Subgroup analysis showed no clear effect of study design, outcome 
definition, or risk of bias (overall or confounding only) on heterogeneity 
between studies (Supplementary Tables S3-S9). Subgroup analyses were 
also conducted for age (12 PICOs), risk window length (9 PICOs), and 
approaches to handling COVID-19 infection (10 PICOs). The results 
suggested effect estimates were higher in younger populations 
compared to the general or older population (statistically significant in 
4/12 PICOs), and in studies using shorter risk windows compared to 
longer ones (statistically significant in 5/9 PICOs). There was no clear 
trend in the effect of approaches used to handle COVID-19 infection.

3.8. Meta-regression

Meta-regression was performed for the only PICO with at least 10 
studies: Dose 2 of BNT-162b2 compared with unvaccinated individuals/ 
reference period in general population (Table 2). The within-study es
timates showed that compared to female-only populations, the average 
effect estimate in male-only study populations was 1.34 times greater 
(95% CI 1.07–1.67). For age, the average effect estimates were 0.55 
times (95% CI,0.33–0.94) and 0.33 times (95% CI 0.14–0.79) lower in 
populations with a median age of 30–49 years and > 49 years, respec
tively, compared to populations with a median age under 30 years. For 
risk window length, the average effect estimates were 0.56 times 
(0.42–0.72) lower in studies with a 28-day risk window compared to 
those with a 7-day risk window.

We were unable to estimate the between-study effect for sex due to 
overfitting and the between-study effect for age and risk-window length 
were not significant. The overall effects of sex, age, and risk window 
length were also not significant when tested using F-test (Table 2).

4. Discussion

We systematically reviewed the methodology of 30 observational 
studies assessing the risk of myocarditis following COVID-19 vaccina
tion, and employed meta-analysis and meta-regression to examine het
erogeneity in effect estimates and the influence of design specifications. 
Substantial variability was observed in design choices, including risk 
window length, reference period timing, and approaches to account for 
COVID-19 infection. Approximately one-third of the studies were rated 

Table 1 
General characteristics of 30 eligible studies.

Characteristics Number of studies 
(%) 
(N = 30)

Region ​
​ Western Europe 14 (47)
​ North America (Canada and the United States) 7 (23)
​ Asia (Hong Kong and Malaysia) 5 (17)
​ Middle East (Israel) 4 (13)

​
Study setting ​
​ Population-based study 28 (93)
​ Multi-centre study (hospitals or general practitioner 

practices)
2 (7)

​
Data collection method ​
Use existing databases 30 (100)

​
Data source for vaccination status ascertainment ​
​ Vaccination registries 20 (67)
​ Claims data 4 (13)
​ Electronic health records 2 (7)
​ Other sources† 2 (7)
​ Combination of sources 1 (3)
​ Unclear 1 (3)

​
Data source for outcome and covariates ascertainment ​
​ Health registries 8 (27)
​ Electronic health records 10 (33)
​ Claims data 3 (10)
​ Combination of sources 9 (30)

​
Study design of primary analysis ​
​ Cohort 15 (50)
​ Self-controlled case series (SCCS) or risk interval (SCRI) 11 (37)
​ Case-control 2 (7)
​ Case-crossover 1 (3)
​ Risk interval 1 (3)

​
A second study design was used 5 (17)

​
More than one vaccine was investigated 21 (70)
​ Separate estimate per vaccine 16 (53)
​ Only overall estimate 5 (17)

​
More than one dose was investigated 23 (77)
​ Separate estimate per dose 18 (60)
​ Only overall estimate 5 (17)

​
Study population ​
​ General population 27 (87)
​ Restricted to younger population (age < 40 years) 7 (23)
​ Restricted to older population (age ≥ 50 years) 4 (13)
​ Specific subgroup of the population* 4 (13)

†Other sources for exposure ascertainment: 1) ADR reports to the Canadian 
Adverse Events Following Immunization Surveillance System [27] and 2) Data 
provided by the Department of Health of the Hong Kong government [51].
* Subgroups: 1) individuals with high-risk of severe COVID-19 outcomes [53], 2) 
individuals with particular comorbidities [52], 3) individuals with prevalent 
heart failure [50], and 4) Veterans [33].
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as having serious or critical risk of bias, primarily due to confounding 
and bias in outcome measurement. The highest heterogeneity in the 
effect estimates was observed for second doses of BNT-162b2 and 
mRNA-1273 compared to unvaccinated individuals/reference period in 

general population. Meta-regression suggested that longer risk windows 
were associated with smaller effect estimates, however its overall effect 
lacked significance.

In recent years there has been increasing adoption of the self- 

Fig. 2. Comparison of pairs of effect estimates in studies that used two study designs to answer the exact same PICO questions. To improve readability, the effect sizes 
were split into two panels: Panel A) Pairs where both relative effect estimates were lower or equal to 2; Panel B) Pairs where one of the relative effect estimates was 
higher than 2. Arrowheads indicate that the bounds of the confidence interval exceed the limit of the plot.

Fig. 3. Comparison of pairs of effect estimates in study that used two approaches to handle COVID-19 infection in an exact same PICO question. To improve 
readability, the effect sizes were split into two panels: Panel A) Pairs where both relative effect estimates were lower or equal to 2; Panel B) Pairs where one of the 
relative effect estimates was higher than 2. Arrowheads indicate that the bounds of the confidence interval exceed the limit of the plot.
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controlled designs, specifically SCCS and SCRI, to evaluate vaccine 
safety [55]. Our findings are consistent with this trend, in which SCCS 
was the second most common design, after the cohort design. The SCCS/ 
SCRI overcomes several typical challenges in vaccine safety studies. 
First, only cases are included, thereby avoiding the challenges of 
selecting unvaccinated controls, which is particularly relevant in high- 
vaccine-coverage settings like those for COVID-19 vaccines. Second, 
the SCCS/SCRI inherently controls for all time-invariant confounders, 
mitigating risks associated with unmeasured confounding often 
encountered in between-person designs [56]. The SCCS/SCRI also 
minimizes selection bias and exposure misclassification bias as only 
vaccinated individuals are studied [56]. There are, however, certain 
caveats with this design. Only relative risk estimation is available for 
this design, and it is susceptible to measurement error related to timing 
of outcome and exposure, and subsequently the definition of risk and 
control periods. Furthermore, validity of this design requires fulfilment 
of several exposure and outcome criteria, or adaptation of the design 
[15,57]. Encouragingly, most SCCS studies in our review adhered to 
these assumptions, a notable improvement compared to earlier sys
tematic reviews [58,59].

No single study design is universally optimal for all vaccine-outcome 
pairs. The selection of a suitable design should align with the charac
teristics of the outcome, risk of confounding and misclassification bias, 

and availability of data and resources [7,56]. Besides, it is also sensible 
to triangulate findings with more than one appropriate design. The 
agreement of results from different design could strengthen the evi
dence, and disagreement could shed light on the sources of bias [60]. 
Four studies in our review employed both SCCS and cohort or case- 
control designs and they mostly yielded consistent conclusions. It is 
important to note, however, that estimates from different designs reflect 
different estimands and need not be numerically identical. A prior 
simulation study also reported that the SCCS estimates were within 3% 
of a cohort gold standard, while a recent empirical evaluation study 
suggested that SCCS was less biased than cohort or case-control [8,61].

A noteworthy finding was the higher heterogeneity in the effect es
timates for second doses of BNT-162b2 and mRNA-1273 compared to 
their first doses. The first and second dose of each vaccine were inves
tigated by the same set of studies, meaning that the set of source pop
ulations, study designs and other design specification were similar 
between the two PICOs. This may denote that the factors specifically 
pertain to second dose could play a role in explaining the effect het
erogeneity. One factor is the interval between first and second dose, 
ranging from 21 days to up to 84 days in different countries [37,62–64]. 
Studies have shown that longer inter-dose intervals could significantly 
reduce the risk of post-vaccination myocarditis [65,66]. However, we 
could not investigate this factor in our analysis due to limited reporting 

Fig. 4. Meta-analysis of the risk of myocarditis following BNT-162b2 dose 1 (top left) and dose 2 (top right), and mRNA-1273 dose 1 (bottom left) and dose 2 
(bottom right) compared with unvaccinated individuals/reference periods, in general population. Note that the objective of the meta-analysis was to measure 
heterogeneity and not to estimate the pooled effect.
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in original papers. Another factor could be the increased level of residual 
(time-varying) confounding, as the second dose risk window was further 
away from the control window before vaccination, and individuals who 
chose to receive second dose could be more different from those who did 
not get vaccinated. This is particularly relevant to cohort-like design and 
self-controlled designs that use pre-vaccination control period. Re
searchers should therefore pay great attention to the risk of time-varying 
and selection bias when designing a multi-dose vaccine safety study 
[56].

Selecting an appropriate risk window is critical for unbiased effect 
estimation, particularly in SCCS/SCRI studies. If the chosen risk window 
is much longer or shorter or is placed so that it does not cover the true 
risk period, the relative incidence estimates could be biased toward the 
null [15,67]. The significant effects of several risk window categories on 
the magnitude of effect estimates identified in our meta-regression 
reaffirms the importance of careful consideration in defining risk win
dow. Yet it is challenging to select the optimal risk window as clinical 
trials often provide little or no insight on the timing of specific adverse 
events. Vaccine safety studies, including those in our review, have often 
used pre-specified risk window based on literature, biological plausi
bility, expert opinions or convention [68]. It is recommended to include 
several (contiguous) periods, especially when there is uncertainty about 
the true risk period, albeit with potential increases in type I error [15]. 
Several data-driven methods to identify the optimal risk window have 
also been proposed, yet their adoption remains limited [67,69,70].

The included studies demonstrated broad variation in how they 
accounted for COVID-19 infection cases in their analyses: exclude or 
censor cases with COVID-19 infection, include COVID-19 infection as a 
covariate in the model, or ignore the cases altogether. COVID-19 
infection represents a time-varying confounder that is affected by past 
exposure when considering the COVID-19 vaccine – myocarditis rela
tionship, as COVID-19 infection also increased the risk of myocarditis, 
and the risk of having an infection could be different between the control 
window and the risk window [46,71]. Thus, both self-controlled studies 
and cohort and case-control studies, especially those comparing 
different time periods, are susceptible to this confounding bias. A 
quantitative bias analysis of COVID-19 vaccine-myocarditis relationship 
in SCRI design showed that a strong association between the time- 
varying confounder and the outcome would lead to overestimation of 
the true effect if the confounder was ignored [71]. While our findings 
suggest that different approaches to handle COVID-19 infection may not 
substantially alter effect estimates, additional research is needed to 
investigate their implications further.

While our meta-regression models identified significant effects of 
certain levels of sex, age and risk window length, none of their overall 

Table 2 
Results of meta-regression models for PICO of Dose 2 of BNT-162b2 compared 
with unvaccinated individuals/reference period in general population. Model 1 
includes effect of age and sex, model 2 to 6 include methodological factors one 
by one, adjusting for age and sex.

Model Factor Effect 
estimate 

(Standard 
error)

Ratio of relative risk 
(95% CI)

F-test 
p- 

value

Model 
1

Within-study 
effects

​ ​ ​

Sex distribution 
of the study 
sample

​ ​ 0.578

Only female Reference –
Male-female 
roughly equal

0.07 (0.10) 1.07 (0.64–1.79)

Male predominant 0.30 (0.20) 1.35 (0.60–3.07)
Only male 0.29 (0.08) 1.34 (1.07–1.67)
Age distribution 
of the study 
sample

​ ​ 0.143

Median age < 30 
years

Reference –

Median age 
30–49 years

− 0.59 (0.18) 0.55 (0.33–0.94)

Median age ≥ 50 
years

− 1.11 (0.25) 0.33 (0.14–0.79)

Between-study 
effects*

​ ​ ​

Age distribution 
of the study 
sample

​ ​ 0.112

Median age < 30 
years

Reference –

Median age 
30–49 years

− 0.74 (0.69) 0.48 (0.07–3.16)

Median age ≥ 50 
years

− 2.06 (0.61) 0.13 (0.01–1.32)

Model 
2

Study design ​ ​ 0.688
Cohort Reference –
SCCS/ SCRI 0.47 (0.37) 1.60 (0.22–11.65)
Others 0.51 (0.37) 1.66 (0.36–7.75)

Model 
3

Risk window 
length

​ ​ ​

Within-study effect ​ ​ ​
7-day post- 
vaccination

Reference – 0.268

14- or 21-day 
post-vaccination

− 0.16 (0.30) 0.85 (0.20–3.59)

28-day post- 
vaccination

− 0.58 (0.08) 0.56 (0.43–0.73)

Others − 0.80 (0.12) 0.45 (0.30–0.68)
Between-study 
effect

​ ​ ​

7 days post- 
vaccination

Reference – 0.654

14 or 21 days post- 
vaccination

4.71 (3.08) 111 
(0.00–10,119,007)

28 days post- 
vaccination

1.30 (0.88) 3.69 (0.25–55)

Others − 0.04 (1.47) 0.96 (0.00–277)

Model 
4

Outcome 
definition

​ ​ 0.667

Myocarditis only Reference –
Myocarditis or 
pericarditis

− 0.20 (0.42) 0.82 (0.20–3.41)

Model 
5

Handling of 
COVID-19 
infection

​ ​ 0.731

Table 2 (continued )

Model Factor Effect 
estimate 

(Standard 
error) 

Ratio of relative risk 
(95% CI) 

F-test 
p- 

value

Ignore COVID-19 
infection cases

Reference –

Only estimate 
direct effect of 
vaccine**

0.18 (0.15) 1.20 (0.49–2.93)

Others 0.21 (0.31) 1.24 (0.09–16.94)

Model 
6

Risk of bias ​ ​ 0.759
Low or moderate 
risk of bias

Reference –

Serious or critical 
risk of bias

0.34 (0.88) 1.35 (0.05–34.87)

* The between-study effect of sex was not estimable due to overfitting issue.
** The category “Only estimate direct effect of vaccine” includes the ap

proaches of excluding COVID-19 cases before and during study period, and 
censoring COVID-19 cases.
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effects was significant. These results should be interpreted cautiously 
considering the inherent drawbacks of meta-regressions. Due to the low 
number of studies in the meta-regression, the model may be under
powered to detect effects and be susceptible to confounding as only a 
limited number of variables could be included in the model [5]. 
Furthermore, with the lack of individual participant data, aggregate- 
data meta-regression is prone to ecological fallacy. We have tried to 
minimize this bias by using all available subgroup and sensitivity ana
lyses and separating between-study and within-study effect (which is 
free from ecological bias) of certain variables [72]. However, the vari
ability and incompleteness of reporting certain information across 
studies, such as age and sex distribution, hampered the granularity of 
our analysis. We thus call for a more comprehensive and uniform 
reporting of the participant and design characteristics in future studies, 
by using reporting checklist or core participant characteristics sets [73]. 
As suggested by Wang and colleagues (2022), researchers could also 
conduct sensitivity analyses over a designed matrix of alternative design 
specifications, with justification of the variations used in sensitivity 
analyses [6]. These practices would be particularly beneficial in evi
dence synthesis, enabling the standardization of results prior to meta- 
analysis to reduce heterogeneity, and the investigation of the sources 
of heterogeneity with higher precision and accuracy [73].

Besides the limitations of the meta-regression method, the scarcity of 
data limited our ability to investigate the role of other factors such as 
data sources, outcome ascertainment methods, and types of reference 
period. Prior research has suggested data differences could play a role in 
heterogeneity of real-world evidence studies [6]. Secondly, a third 
reviewer was not included in resolving discrepancy in title and abstract 
screening. Additionally, there is currently no official quality assessment 
tool for self-controlled studies. We have adapted the ROBINS-I tool to 
accommodate the features of self-controlled designs, however this 
adapted version has not been validated. Developing standardized 
reporting guidelines and quality assessment frameworks tailored to 
these designs could address these gaps.

5. Conclusions

Our review identified substantial variability in design aspects such as 
risk window length, reference period timing, and accounting for COVID- 
19 disease, in studies investigating the myocarditis safety signal of 
COVID-19 vaccines. Considerable heterogeneity in effect estimates was 
observed, particularly for second doses. Design choices like risk window 
length may explain at least some of this heterogeneity, although evi
dence remains inconclusive. Future vaccine safety studies should 
include thorough sensitivity analyses to explore the effect of design and 
analytical choices on their findings, which could in turn strengthen the 
usefulness of real-world evidence in vaccine safety evaluation, inform
ing evidence synthesis and benefit-risk assessments of vaccines.
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