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Applying two approaches to detect unmeasured
confounding due to time-varying variables in a
self-controlled risk interval design evaluating COVID-19
vaccine safety signals, using myocarditis as a case
example
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Abstract

We test the robustness of the self-controlled risk interval (SCRI) design in a setting where time between doses may introduce time-
varying confounding, using both negative control outcomes (NCOs) and quantitative bias analysis (QBA). All vaccinated cases identified
from 5 European databases between September 1, 2020, and end of data availability were included. Exposures were doses 1-3 of the
Pfizer, Moderna, AstraZeneca, and Janssen COVID-19 vaccines; outcomes were myocarditis and, as the NCO, otitis externa. The SCRI
used a 60-day control window and dose-specific 28-day risk windows, stratified by vaccine brand and adjusted for calendar time. The
QBA included two scenarios: (1) baseline probability of the confounder was higher in the control window and (2) vice versa. The NCO
was not associated with any of the COVID-19 vaccine types or doses except Moderna dose 1 (IRR = 1.09; 95% CI 1.01-1.09). The QBA
suggested that even the strongest literature-reported confounder (COVID-19; RR for myocarditis = 18.3) could only explain away part of
the observed effect, from IRR = 3 to IRR = 1.40. The SCRI seems robust to unmeasured confounding in the COVID-19 setting, although
a strong unmeasured confounder could bias the observed effect upward. Replication of our findings for other safety signals would
strengthen this conclusion.
This article is part of a Special Collection on Pharmacoepidemiology.

Key words: pharmacoepidemiology; negative controls; quantitative bias analysis; COVID-19 vaccine safety; self-controlled risk interval
design.

and unmeasured time-fixed variables.”-* However, the SCRI design

Introduction is still sensitive to confounding by time-varying variables, espe-

Self-controlled designs such as the self-controlled risk interval
(SCRI) are often used in vaccine safety studies because they do
not require an external control group.’ In addition, as the SCRI
compares unexposed (control) and exposed (risk) time windows
within individuals, it automatically adjusts for both measured

cially when time between the control window and the risk win-
dow(s) increases. Time-varying variables can act as confounders
when the probability of the variable being present differs between
the pre- and postexposure window. In the setting of COVID-19
vaccines, several time-varying factors may fit these criteria and be

Received: May 31, 2023. Accepted: June 27, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of Public Health. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-4483-5582

 1396 39968 a 1396 39968 a
 
mailto:s.h.bots@uu.nl
mailto:s.h.bots@uu.nl
mailto:s.h.bots@uu.nl
mailto:s.h.bots@uu.nl

either difficult to define and/or measure or unlikely to be included
in the databases commonly used for vaccine safety studies. A
main example is COVID-19 disease following SARS-CoV-2 infec-
tion, which is associated with myocardial injury.* Mild cases of
the disease might have gone under the radar, especially in the
early stages of the pandemic when testing was not yet widespread.
The probability of developing COVID-19 varies over time, with
vaccination reducing the likelihood of developing COVID-19 after
infection on the one hand and new virus variants increasing this
on the other. Both virus transmission and vaccine uptake also
depend on the vaccination strategies and lockdown rules in place
at a certain point in time, and how well people adhere to these
rules. In addition, the relationship between SARS-CoV-2 infection
and the safety outcome of interest may vary as some virus strains
are more aggressive than others.>®

Several sensitivity analyses to identify unmeasured confound-
ing exist,/ ** including negative controls and quantitative bias
analysis. The rationale behind negative controls comes from labo-
ratory experiments, where it is common practice to test a hypoth-
esis under situations that cannot logically be expected to create
a particular (positive) result. This can be done by either remov-
ing the hypothesized causal agent (negative control exposure),
or by evaluating an outcome that is causally unrelated to the
exposure of interest (negative control outcome; NCO). In epi-
demiologic studies, this approach can be mimicked by searching
for a variable that is similar to the exposure/outcome of inter-
est in terms of its confounder structure except for its causal
link with the true outcome/exposure, respectively®'° Under the
assumption that unmeasured confounding is absent, running the
main analysis with the negative control should give a null result,
and deviation from this may signal unmeasured confounding for
that particular relationship (and by extension the relationship of
interest).

Bias analysis for unmeasured confounding could ask the ques-
tion “how strong does the association between an unmeasured
confounder and the exposure and outcome have to be to explain
away the observed effect?” The E-value is the most accessible
approach,’” but it may be too simplistic for situations with
multiple unmeasured confounders.'® E-values are also commonly
misinterpreted, and their utility in epidemiologic analyses
has been questioned. For these reasons, a quantitative bias
analysis that explores multiple scenarios regarding the incidence
and strength of confounding may be more appropriate.!® !4
Researchers can then consider whether unmeasured confounders
that match these scenarios are likely to exist.

These methods are rarely applied to self-controlled designs.
A recent study used NCOs to assess the robustness of several
study designs within a vaccine safety framework.'® Across a
selection of 93 NCOs, self-controlled designs appeared to have the
smallest systematic error compared with cohort or case-control
designs. However, the authors note that their findings may not
be generalizable to COVID-19 vaccines because the way these
were implemented differed from the vaccines they studied.'® We
expand on their work by applying NCOs to the SCRI design using
COVID-19 vaccines as the exposure of interest. In addition, we also
apply quantitative bias analysis for unmeasured confounding. We
use the myocarditis safety signal’’ as a case example.

Methods

This paper builds on previous work we performed on the risk of
myocarditis associated with COVID-19 vaccines.'® We refer to this
work for more detailed descriptions of the data sources.
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Negative control analysis
Data sources and study population

We analyzed five data sources originating from three European
countries using the ConcePTION common data model.’® These
comprise the Spanish Base de Datos para la Investigacion Farmacoepi-
demioldgica en Atencién Primaria (BIFAP), Sistema d’Informacié per el
Desenvolupament de la Investigacié en Atancié Primaria (SIDIAP) and
La Fundacion para el Fomento de la Investigacion Sanitaria y Biomédica
de la Comunitat Valenciana (FISABIO), the Italian Agenzia Regionale di
Sanita della Toscana (ARS), and the British Clinical Practice Research
Datalink (CPRD) Aurum (Table S1).

The study population comprised all individuals registered in
the databases on January 1, 2019, with at least 365 days of follow-
up. Data on COVID-19 vaccination and outcome status were
extracted for the study period running from September 1, 2020,
to the end of data availability (Table S1). Per the SCRI design, only
exposed cases were eligible for inclusion. We excluded individuals
for whom vaccine brand information was missing, or who were
vaccinated with a COVID-19 vaccine that was not one of the
four vaccines of interest (see Exposure Measurement). We also
excluded individuals whose outcome event occurred outside of
the predefined control and risk windows.

Exposure measurement

The exposures of interest were doses 1-3 of the four COVID-19
vaccines authorized by the European Medicines Agency (EMA)
early in 2021. These were Pfizer/BioNTech (Comirnaty), Moderna
(Spikevax), AstraZeneca (Vaxzevria), and Janssen (COVID-19 Vac-
cine Janssen). Information on vaccine exposure was obtained from
vaccination registers, clinical records, or general practice records,
depending on the data source (Table S1).

Outcome measurement

The outcomes of interest were the first occurrence of myocarditis
for the safety signal analysis and otitis externa for the NCO analy-
sis (see below). Both outcomes were identified based on diagnosis
code lists (Willame et al?® Table S2) and were either based on gen-
eral practice records or hospital discharge information depending
on the data source (Table S1). Individuals who experienced both
myocarditis and otitis externa contributed to both.

Negative control outcome

The NCO analysis included all vaccinated individuals diagnosed
with the NCO in either the control or one of the risk windows.
NCOs must have two important features: (1) no causal associ-
ation with the exposure of interest and (2) similar sources of
confounding (eg, share the same risk factors) as the primary
outcome ' The second feature ensures that the NCO tests the
same mechanisms of confounding that could be present for the
true outcome. NCOs that lack this feature are of little value in
detecting unmeasured confounding.’-? To identify potential NCO,
we therefore first searched for conditions with a risk factor profile
similar to that of myocarditis. We subsequently checked these
against published literature to see if we found any reports linking
the NCO to any of the COVID-19 vaccines, following the approach
described by Ryan et al.?! We selected otitis externa as the NCO
because it shares important risk factors (infectious disease origin,
skin conditions, underlying conditions that weaken the immune
system) with myocarditis but has not been linked to any of the
COVID-19 vaccines. The NCO analyses otherwise followed the
base SCRI settings described below.
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Table 1. Baseline characteristics of the study population stratified by data source.

ARS
(n=2717183)

GPRD
(n = 8424.436)

SIDIAP
(n = 4723291)

BIFAP
(n = 9550780)

FISABIO
(n = 4105 153)

Women, % 52.3 51.6 51.4 52.5 51.5
Individuals younger than 30 years, % 20.1 25.7 27.6 25.1 239
Brand of first COVID-19 vaccine dose, %
AstraZeneca 12.1 48.2 13.0 11.6 12.6
Janssen 2.7 <1 5.5 4.5 5.2
Moderna 15.6 3.1 13.4 13.3 12.4
Pfizer 69.5 48.7 68.1 70.7 69.7
Novavax/unknown 0.1 <0.1 0.1
Individuals per COVID-19 vaccine dose, %
1 100 100 100 100 100
2 93.0 91.4 91.5 88.3 89.2
3 38.6 65.7 52.2 34.3 135
Individuals without COVID-19 during the 92.2 92.4 69.7 84.1 87.8
study period, %
No. of events within the study period (n, %)
Myocarditis 605 (< 0.1) 1413 (< 0.1) 898 (< 0.1) 734 (<0.1) 855 (< 0.1)
Otitis externa 5620 (0.2) 225904 (2.7) 22234 (0.5) 194714 (2.0) 82732 (2.0)
No. of events from the start of the control window (n)
Myocarditis 195 603 404 258 228
Otitis externa 1385 66583 8305 51413 10409
No. of outcome events included in the analysis (n)
Myocarditis 61 166 77 78 45
Otitis 454 14686 1539 12718 1976

Abbreviations: ARS, Agenzia Regionale di Sanita della Toscana; BIFAP, Base de Datos para la Investigacién Farmacoepidemiolégica en Atencién Primaria; CPRD, Clinical
Practice Research Datalink; FISABIO, La Fundacién para el Fomento de la Investigacion Sanitaria y Biomédica de la Comunitat Valenciana; SIDIAP, Sistema d’Informacié per

el Desenvolupament de la Investigacié en Atancié Primaria.

Statistical analysis

We used the SCRI design, following the same approach we used
in our earlier work.'® In short, for each case we defined a 60-day
control window that started 90 days before the first vaccine dose
and dose-specific 28-day risk windows. Cases were followed up
during the 60-day control window and during each dose-specific
risk window, the number of which could vary between cases. If the
second dose was administered within the first dose risk window,
the second dose took precedence, effectively censoring the first
dose risk window. The third dose was defined as occurring at least
60 days after the second, so censoring of the second risk window
due to overlap did not occur. Risk windows were also censored if
a case died during that window.

We included a 30-day pre-exposure period to reduce the poten-
tial for event-dependent exposure. The analyses were stratified
by vaccine brand and were adjusted for calendar time in 30-day
time periods with a 10-day offset to limit potential collinearity.
We performed a sensitivity analysis excluding all individuals
diagnosed with COVID-19 during the study period. Analyses were
performed using R (R Foundation for Statistical Computing) code
adapted from the SCCS package? to include multiple doses and
vaccine brands. Analyses were performed locally according to
each data source and subsequently pooled via random-effects
meta-analysis using the meta package.”®> We also evaluated the
heterogeneity between data sources for each analysis.

Quantitative bias analysis

We assumed that, essentially, an SCRI study compares the
observed number of time intervals in which the exposure (X)
and outcome (Y) are both present with the expected number of
such intervals. Without adjustment for covariates, and with equal
contributions of follow-up time for all subjects, it follows that the

relative risk estimate (RR),
RR = (t — 1) x (Nyx/(n — Nyx)),

where t is the number of time intervals per participant, Nyx is
the number of time intervals during which both X and Y are
present, and n is the number of study participants. It follows
that an important aspect of the effect estimates originates from
the parameter Nyx. Thus, a sensitivity analysis for unmeasured
confounding could focus on the distribution of an unmeasured
confounder U in the intervals Nyx (risk window during which
the outcome occurs) compared with its distribution in intervals
without X and/or Y (ie, n-Nyx). In case of a binary unmeasured
variable, this translates to the probability that U is present in
intervals Nyx compared with the probability that it is present in
time intervals without X and/or Y. If we assume that once present,
U remains present, we can define the following parameters: Let
puO be the probability of U in the control period in the absence
of Y (Y = 0). Let RO be the relative increase in the probability of
U being present in the control period when Y = 1. Given that U
was absent in the control period, let pul be the probability of U in
the risk period when (Y = 0). Let R1 be the relative increase in the
probability of U being present in the risk period when Y = 1.

As such, RO and R1 denote the strength of the association
between the unmeasured confounder U and the outcome Y given
that X is absent (RO; control window) or present (R1; risk window).
A high value for RO means there is a high probability that the
confounder U occurs in the control window if the outcome Y also
occurs in the control window, so there is a strong association
between U and Y in the absence of X. Values for R1 are interpreted
in the same way except that they pertain to the risk window.

We defined two scenarios for puO and pul. The first scenario
reflects a situation where the probability of the confounder (for



Table 2. Calendar-time adjusted risk estimates for the association between COVID-19 vaccines and selected safety (myocarditis) and
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negative control (otitis externa) outcomes, stratified by vaccine brand and dosing instance.

Myocarditis Otitis externa
n IRR n IRR
(risk/control) (95% CI) (risk/control) (95% CI)
Main analysis
Dose 1
Pfizer 63/127 1.36 (0.99-1.87) 5234/11710 1.01 (0.92-1.10)
Moderna 16/30 1.38 (0.59-3.24) 914/1433 1.09 (1.01-1.09)
AstraZeneca 23/54 1.86 (0.68-5.07) 2421/5605 1.08 (0.90-1.28)
Janssen <5/6 1.66 (0.45-6.16) 292/401 1.21 (0.97-1.50)
Dose 2
Pfizer 110/119 2.15 (1.63-2.85) 5788/10460 1.00 (0.96-1.03)
Moderna 44/37 2.50 (1.55-4.02) 920/1467 1.05 (0.97-1.15)
AstraZeneca 22/44 1.50 (0.84-2.67) 2430/5167 0.97 (0.88-1.06)
Dose 3
Pfizer 22/54 0.92 (0.50-1.68) 3226/6613 0.96 (0.91-1.02)
Moderna 17/34 0.88 (0.47-1.66) 1283/2786 0.92 (0.91-1.05)
AstraZeneca <4/6 -2 <5/11 0.73 (0.23-2.31)
Analysis excluding patients diagnosed with COVID-19 disease during the study period
Dose 1
Pfizer 48/84 153 (1.06-2.23) 4287/9774 1.02 (0.91-1.14)
Moderna 14/24 1.48 (0.43-5.18) 741/1136 1.12 (1.02-.123)
AstraZeneca 19/35 1.88 (0.56-6.34) 2154/5023 1.10 (0.89-1.37)
Janssen <5/<5 2.16 (0.53-8.90) 239/324 1.18 (1.00-1.40)
Dose 2
Pfizer 91/83 2.58 (1.87-3.56) 5030/9107 1.01 (0.97-1.07)
Moderna 36/30 2.72 (1.07-6.89) 788/1206 1.08 (0.99-1.19)
AstraZeneca 18/29 1.93 (1.00-3.73) 2183/4673 0.97 (0.91-1.03)
Dose 3
Pfizer 17/34 1.17 (0.46-2.98) 2916/5982 0.95 (0.82-1.09)
Moderna 15/23 1.23 (0.60-2.53) 1139/2463 0.86 (0.79-0.93)
AstraZeneca -2 <5/10 0.80 (0.25-2.54)

Abbreviation: IRR, incidence rate ratio.

aThere were insufficient data (no individuals in either risk or control window) to estimate this IRR.

example, COVID-19 disease) was higher during the control win-
dow compared with subsequent risk windows (pu0 > pul; with
pu0 = 0.1 and pul = 0.05 respectively). The second scenario turned
this around (pu0 < pul; with pu0 = 0.05 and pul = 0.1 respectively).
These values (pu0 and pul) reflect the baseline probability, as it
occurs in the absence of Y. This prevalence is then multiplied
by RO (control window) or R1 (risk window) to derive the actual
probability of U in either window, which is subsequently used
to simulate a binary variable U in the dataset. Both situations
were inspired by the COVID-19 pandemic; in the early stages the
prevalence of COVID-19 (confounder) was higher than after the
start of the vaccination campaign (scenario 1), whereas later in
the pandemic the prevalence rose again due to the emergence of
more infectious strains, such as the Omicron variant (scenario 2).
In each scenario, we fixed RO at 1, 3, and 5 and considered a range
of values for R1.1-1°

We simulated datasets of 300 patients with information on
exposure, outcome, and an unmeasured confounder U. The inci-
dence of the exposure and outcome was based on the incidences
observed in the myocarditis safety evaluation study example. We
also matched the length of the control and risk window to the
case example. We fixed the unadjusted IRR at 3 and performed
1000 simulations for each scenario. For each simulation, we fitted
an unadjusted Poisson regression model (without U) and a model
adjusting for U to investigate the change to the estimated effect
of the exposure X on outcome Y in the presence of confounder U.

We extracted the model coefficients for both X and U, which were
then averaged over the 1000 simulation runs.

All analyses were performed using R, version 4.0.3. The SCRI
analysis code is openly available (https://github.com/VACAEU/
CVM), and the QBA code is provided in Appendix S1.

Results

Study population

In total, the five data sources contributed 29.6 million vacci-
nated individuals of whom 4505 were diagnosed with myocarditis
and 531204 with otitis externa. Approximately 50% of the study
population were women and 20%-30% were younger than 30
years. Pfizer was most commonly administered in all data sources
except CPRD, where Pfizer and Moderna were given equally often.
The analyses included 427 myocarditis events and 31373 otitis
externa events (Table 1).

Negative control outcomes

Myocarditis risk was elevated after both the first and second dose
of each COVID-19 vaccine, but this was only statistically signif-
icant for the second dose of Pfizer (IRR = 2.15; 95% CI, 1.63-2.85)
and Moderna (IRR =2.50; 95% CI, 1.55-4.02) (Table 2). The direction
of the association reversed for the third dose (IRR for Pfizer =
0.92 [95% CI, 0.50-1.68]; IRR for Moderna = 0.88 [95% CI, 0.47-
1.66]), but this disappeared after excluding patients diagnosed
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Figure 3. Quantitative bias analysis scenario 1: The baseline probability of confounder U is higher in the control window.

with COVID-19 during the study period (Table 2). We observed
some heterogeneity between data sources for the first doses of
Moderna (I*> = 44%, P = 0.15) and AstraZeneca (> = 47%, P =
0.13) (Figure 1). For Moderna, this might be due to an extreme
estimate from CPRD not seen in the other data sources, whereas
for AstraZeneca the CPRD estimate was more conservative than
the other data sources. There was little heterogeneity for the
second and third dose estimates.

There was no association between the first doses of Pfizer,
AstraZeneca, or Janssen and otitis externa (Table 2). For these
brands, the IRR centered around the line of no effect (IRR = 1)
for all vaccine brands in the first dosing instance with tight 95%
Cls, except for Janssen (IRR = 1.21; 95% CI, 0.97-1.50). We observed
a slight increase in risk after Moderna dose 1 (IRR = 1.09; 95%
CI, 1.01-1.19). We did not observe any associations between the
second or third vaccine doses and otitis externa, except for a pos-
sible protective effect for AstraZeneca dose 3 (IRR = 0.73; 95% CI,
0.23-2.31). However, this was based on only CPRD data (Figure 2).
Excluding patients with at least one COVID-19 diagnosis during
the study period did not significantly change our results although
the protective effect for Moderna dose 3 became statistically
significant (IRR = 0.86; 95% CI, 0.79-0.93). There was significant
heterogeneity in the estimates for Pfizer dose 1 (I? = 82%, P <
0.01), AstraZeneca dose 1 (I> = 85%, P < 0.01), and AstraZeneca
dose 2 (12 = 57%, P = 0.05). There was moderate heterogeneity for
Pfizer dose 2 (I = 24%, P = 0.26) and dose 3 (I> = 26%, P = 0.25), and
Moderna dose 3 (I? = 45%, P = 0.12). Some of this can be explained
by the ARS estimates, which were more extreme than the other

databases. Removing the ARS data from the meta-analysis did not
markedly change our results (data not shown).

Quantitative bias analysis

For both scenarios, we observed that R1 biased the effect more
strongly than RO. Given R1 = 1, the adjusted effect across the three
levels of RO went from adjusted IRR (alRR) = 3.00 to alRR = 2.94 in
scenario 1 (Figure 3) and from alRR =2.99 to alRR = 2.91 in scenario
2 (Figure 4). On the other hand, given RO = 1, the adjusted effect
across the levels of R1 went from alRR = 3.00 to alRR = 1.72 in
scenario 1 (Figure 3) and from alRR =2.99 to alRR = 0.16 in scenario
2 (Figure 4). Thus, confounder U could not fully explain away the
fixed observed effect (IRR = 3) in scenario 1 even at the most
extreme levels of R1 and RO, whereas in scenario 2 the observed
effect did cross the line of no effect (IRR =1) at R1 > 7 regardless
of RO. Thus, a strong association between a confounder and the
outcome in the risk window could explain away at least part of the
observed effect, or in other words, the presence of such an unmea-
sured confounder would lead to overestimation of the true effect.

To properly interpret this finding, we need to consider how real-
istic the presence of such a confounder is. The strongest reported
association between myocarditis (outcome) and COVID-19 disease
(confounder),is 18.3 (95% CI,4.0-25.1).%* In scenario 1, the strength
of confounder U surpassed this value only at high R1 values when
RO = 1, but increasingly earlier as RO increased (Figure 5; dotted
line represents the literature-reported association). Conversely, in
scenario 2 the confounder strength remained below 18.3 up until
R1 = 6 for all levels of RO (Figure 6). At this R1, the alRR was
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Figure 4. Quantitative bias analysis scenario 2: The baseline probability of confounder U is higher in the risk window.

approximately 1.40 for all three levels of RO. Thus, any realistic
confounder U would at most explain away half of the observed
effect in our situation where IRR = 3.

Discussion

Our negative control analysis, using otitis externa as the NCO,
suggests that the increased risk of myocarditis observed after the
second dose of both mRNA vaccines is unlikely to be affected by
unmeasured confounding. The quantitative bias analysis suggests
that any realistic unmeasured confounder would at most explain
away half of the association, and may thus lead to overestimation
of the effect but would not lead to a false negative result. We also
observed an elevated myocarditis risk after the first dose of all
COVID-19 vaccines, although these were not statistically signifi-
cant. The negative control analysis for the first dose returned IRRs
that were all above the line of no effect, which was statistically
significant for the Moderna vaccine and most extreme for the
Janssen vaccine. This suggests that the first dose myocarditis esti-
mates may have been biased slightly upward due to unmeasured
confounding, especially for these two vaccine brands.

Negative control outcomes

We show that the SCRI design is robust to unmeasured con-
founding within the COVID-19 vaccine setting. This is in line with
earlier work'® showing that self-controlled designs like the SCRI
are less vulnerable to bias due to (unmeasured) confounding. We
expand on this work by showing that this conclusion holds true

for SCRIs using one pre-exposure control window and multiple
dose-specific risk windows. This addition is relevant for all SCRIs
evaluating exposures where dose-specific risk windows may be
too close together to allow for a separate second control window,
which happened with the COVID-19 vaccine first and second
doses.’ In addition, in situations like the COVID-19 pandemic
where rapid safety evaluation is required, using a prevaccination
control window is preferred because then the data can be ana-
lyzed as soon as the risk window follow-up is completed.

We did observe some heterogeneity between data sources in
the otitis externa analysis, which seemed to be driven by relatively
extreme estimates from ARS. This was the only data source in our
study that used emergency room visits for all diagnoses instead of
primary care records. If individuals suffering from otitis externa
were more likely to visit the emergency room for their symptoms
after having recently received their COVID-19 vaccine compared
with before receiving it, this would introduce a spurious associ-
ation between COVID-19 vaccines and otitis externa. Removing
the ARS estimates from the meta-analysis did not change our
findings, so outliers like these are unlikely to strongly affect
conclusions in meta-analysis studies like ours, including multiple
data sources with different data collection processes. However,
studies relying on only one data source should consider how
their diagnoses are collected and whether this can influence the
interpretation of a negative control analysis.

Last, excluding individuals diagnosed with COVID-19 during
the study period flipped the observed protective effect of the
vaccine’s third dose on myocarditis into a harmful effect as



216 |

American Journal of Epidemiology, 2025, Volume 194, Number 1

RO=1

Association between the outcome and confounder U

12 3 4 5 6 7 8 9 10 1.2 3 4

5 6

7 8 9 10 1.2 3 4 5 6 7 8 9 10

Relative increase in the probability of confounder U in the risk window when the outcome is present (R7)

Figure 5. Comparing the result of quantitative bias analysis scenario 1 against the strongest confounder reported in literature (dotted line).

also seen in other literature.”> We hypothesized that there
may be residual confounding by COVID-19 disease at the time
of the third dose, as vaccines have lowered the transmission
of SARS-CoV-2 and therefore the risk of having myocarditis
as a complication of COVID-19 disease. This would introduce
a spurious protective effect of vaccines on myocarditis risk,
which is what we saw in both the myocarditis and the otitis
externa analysis. In this scenario, excluding COVID-19 disease
should shift the NCO results towards the null, but our point
estimate for Moderna shifted away from the null. This may be
due to chance, given that the point estimate is not statistically
different from the main analysis, the effect estimates for Pfizer
and AstraZeneca dose 3 did not shift away, and the effect
estimates for myocarditis flipped as expected. It therefore
remains likely that any protective effects of a COVID-19
vaccine on myocarditis is due to confounding by COVID-19
disease.

Importantly, myocarditis risk associated with COVID-19 vacci-
nation is sex- and age-specific,?® and our previous work presents
the stratified results.'”® The myocarditis results presented here
should only be interpreted in the context of the NCO analysis.

Quantitative bias analysis

We observed that an unmeasured confounder U associated with
the outcome Y in the control window could explain away part of
the observed association between the exposure and the outcome,
but that a (single) confounder strong enough to fully explain
away the effect is unlikely to exist. In our myocarditis case

study, we assume time-varying COVID-19 disease status to be
the main (unmeasured) confounder, given that the SCRI design
is not affected by time-fixed confounding. Literature suggests
COVID-19 disease increases the risk of myocarditis, with a relative
risk estimate somewhere between 8.2 and 18.32%%/% In our
quantitative bias analysis, this was not strong enough to fully
explain away the effect. In addition, our second scenario had a
higher potential for bias and was based on the situation later
during the pandemic where more infectious strains of SARS-CoV-
2, such as the Omicron variant, were predominant. According
to literature, these strains seemed to cause less severe disease
than previous versions, such as the Delta variant,>® and are
thus less likely to be strongly associated with an outcome like
myocarditis.

Our findings suggest that if a strong unmeasured confounder
did exist, it would lead to overestimation of the effect. This
logically ties in with the SCRI design, which includes only individ-
uals with the outcome (cases) and then tests for each individual
whether that outcome is more likely to occur before exposure
(control window) or after exposure (risk window).” If there is
a strong association between the confounder and the outcome
during the risk window, disproportionally more cases will occur
during the risk window compared with the control window, bias-
ing the effect away from the null.

Strengths and limitations

This study used five databases from across Europe, which
increased power and improved reproducibility. We used two
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Figure 6. Comparing the result of quantitative bias analysis scenario 2 against the strongest confounder reported in literature (dotted line).

different approaches to detect unmeasured confounding to
increase the robustness of our findings. The NCO analysis makes
the strong assumption that time-varying confounding is identical
between the true outcome and the NCO, which is unlikely to be
true. Consequently, the NCO results should be interpreted while
keeping this uncertainty in mind. However, as the NCO and QBA
results point in the same direction, this would not change our
main conclusion.

Conclusion

To conclude, the SCRI design is relatively unaffected by time-
varying unmeasured confounding with regard to the association
of COVID-19 vaccination and risk of myocarditis, but replication
of our findings for other safety signals would strengthen this
conclusion.

Acknowledgements

The negative control analyses were presented at Interna-
tional Conference on Pharmaco-Epidemiology (ICPE) 2023,
presentation held on August 28, 2023 in Halifax, Canada and
WEON 2023, presentation held on June 22, 2023 in Rotterdam,
the Netherlands.

Supplementary material

Supplementary material is available at American Journal of Epidemi-
ology online.

Funding

This project received support from the European Medicines
Agency under the Framework service contract EMA/2018/23/PE.

Conflict of interest

A.S. is employed by LSHTM on a fellowship sponsored by GSK.
I.D. owns shares in and reports research grants from GSK, and
research grants from AstraZeneca, both unrelated to the current
work.FV,, C.A.B.,and E.S. are salaried employees at Fundaci6 Insti-
tut Universitari per a la recerca a I’Atencié Primaria de Salut Jordi
Gol i Gurina (IDIAPJGol), which receives institutional research
funding from public and private partners, pharmaceutical
companies and regulatory agencies, administered by IDIAPJGol.
M.CJM.S. is head of a department that conducts studies for
the European Medicines Agency, the European Commission,
and medicine manufacturers, all according to the ENCePP
code of conduct. M.CJM.S. does not hold personal financial
relationships with the companies. C.E.D. is a salaried employee
of University Medical Center Utrecht, the Netherlands, which
receives institutional research funding from pharmaceutical
companies and regulatory agencies, and is involved only in
research projects funded by regulatory authorities. R.G. and
D.M. are employees of ARS Tuscany, which reports funding from
the Innovative Medicines Initiative, RTI, PHARMO, University of
Southern Denmark, University of Utrecht, Eli Lilly, Pfizer, Novartis,
AstraZeneca, Galapagos, and LeoPharma, for studies unrelated
to the current work, and conducted in compliance with the


https://academic.oup.com/aje/article-lookup/doi/10.1093/aje/kwae172#supplementary-data

218 |

ENCePP code of conduct. The other authors declare no conflicts
of interest.

Disclaimer

The research leading to these results was conducted as part of
the activities of the EU PE&PV (Pharmacoepidemiology and Phar-
macovigilance) Research Network, which is a public academic
partnership coordinated by the Utrecht University, The Nether-
lands, in collaboration with the Vaccine Monitoring Collaboration
for Europe network (VAC4EU). Scientific work for this project was
coordinated by the University Medical Center Utrecht. The project
has received support from the European Medicines Agency under
the Framework service contract nr EMA/2018/23/PE. The content
of this paper expresses the opinion of the authors and may not be
understood or quoted as being made on behalf of or reflecting
the position of the European Medicines Agency or one of its
committees or working parties.

Data availability

The SCRI analysis code is openly available (https://github.com/
VAC4EU/CVM).

References

1. Baker MA, Lieu TA, Li L, et al. A vaccine study design selec-
tion framework for the postlicensure rapid immunization
safety monitoring program. Am J Epidemiol. 2015;181(8):608-618.
https://doi.org/10.1093/aje/kwu322

2. Whitaker HJ, Farrington CP, Spiessens B, et al. Tutorial in
biostatistics: the self-controlled case series method. Stat Med.
2006;25(10):1768-1797. https://doi.org/10.1002/sim.2302

3. Petersen I, Douglas I, Whitaker H. Self controlled case series
methods: an alternative to standard epidemiological study
designs. BMJ. 2016;354:14515. https://doi.org/10.1136/bmj.i4515

4. Zheng Y-Y, Ma Y-T, Zhang J-Y, et al. COVID-19 and the cardio-
vascular system. Nat Rev Cardiol. 2020;17(5):259-260. https://doi.
0rg/10.1038/541569-020-0360-5

5. Butt AA, Dargham SR, Tang P, et al. COVID-19 disease severity in
persons infected with the omicron variant compared with the
Delta variant in Qatar. J Glob Health. 2022;12:05032. https://doi.
0rg/10.7189/jogh.12.05032

6. Mayr FB, Talisa VB, Castro AD, et al. COVID-19 disease sever-
ity in US veterans infected during Omicron and Delta variant
predominant periods. Nat Commun. 2022;13(1):3647. https://doi.
0rg/10.1038/s41467-022-31402-4

7. Groenwold RH. Falsification end points for observational
studies. JAMA. 2013;309(17):1769-1770. https://doi.org/10.1001/
jama.2013.3089

8. Lipsitch M, Tchetgen Tchetgen E, Cohen T. Negative controls: a
tool for detecting confounding and bias in observational studies.
Epidemiology. 2010;21(3):383-388. https://doi.org/10.1097/EDE.O
b013e3181d61eeb

9. Prasad V,Jena AB. Prespecified falsification end points: can they
validate true observational associations? JAMA. 2013;309(3):
241-242. https://doi.org/10.1001/jama.2012.96867

10. Uddin MJ, Groenwold RH, Ali MS, et al. Methods to control
for unmeasured confounding in pharmacoepidemiology: an
overview. Int J Clin Pharmacol. 2016;38(3):714-723. https://doi.
0rg/10.1007/511096-016-0299-0

American Journal of Epidemiology, 2025, Volume 194, Number 1

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Schneeweiss S. Sensitivity analysis and external adjustment
for unmeasured confounders in epidemiologic database studies
of therapeutics. Pharmacoepidemiol Drug Saf. 2006;15(5):291-303.
https://doi.org/10.1002/pds.1200

VanderWeele TJ, Ding P. Sensitivity analysis in observa-
tional research: introducing the E-value. Ann Intern Med.
2017;167(4):268-274. https://doi.org/10.7326/M16-2607

Lash TL, Fox MP, MacLehose RF, et al. Good practices for quanti-
tative bias analysis. Int ] Epidemiol. 2014;43(6):1969-1985. https://
doi.org/10.1093/ije/dyu149

Groenwold RHH, Nelson DB, Nichol KL, et al. Sensitivity analyses
to estimate the potential impact of unmeasured confounding
in causal research. IntJ Epidemiol. 2009;39(1):107-117. https://doi.
org/10.1093/ije/dyp332

Sjolander A, Greenland S. Are E-values too optimistic or too
pessimistic? Both and neither! Int ] Epidemiol. 2022;51(2):355-363.
https://doi.org/10.1093/ije/dyac018

Schuemie MJ, Arshad F, Pratt N, et al. Vaccine safety surveillance
using routinely collected healthcare data—an empirical evalua-
tion of epidemiological designs. Front Pharmacol. 2022;13:893484.
https://doi.org/10.3389/fphar.2022.893484

Euopean Medicines Agency. Comirnaty and Spikevax: possible
link to very rare cases of myocarditis and pericarditis 2021.
Updated July 9, 2021. https://www.ema.europa.eu/en/news/
comirnaty-spikevax-possible-link-very-rare-cases-myocarditis-
pericarditis

Bots SH, Riera-Arnau J, Belitser SV, et al. Myocarditis and peri-
carditis associated with SARS-CoV-2 vaccines: a population-
based descriptive cohort and a nested self-controlled risk
interval study using electronic health care data from four
European countries. Front Pharmacol. 2022;13:1038043. https://
doi.org/10.3389/fphar.2022.1038043

Dodd C, Gini R, Sturkenboom M, et al. Report on Existing
Common Data Models and Proposals for ConcePTION (D7.5).
Zenodo. 2020. Accessed May 31, 2023. https://doi.org/10.5281/
zenodo.5829417

Willame C, Dodd C, Duran CE, et al. Background rates of
41 adverse events of special interest for COVID-19 vaccines
in 10 European healthcare databases - an ACCESS cohort
study. Vaccine. 2023;41(1):251-262. https://doi.org/10.1016/j.
vaccine.2022.11.031

Ryan PB, Schuemie MJ, Welebob E, et al. Defining a refer-
ence set to support methodological research in drug safety.
Drug Saf. 2013;36(suppl 1):33-47. https://doi.org/10.1007/s40264-
013-0097-8

Weldeselassie YG, Whitaker H, Farrington CP. SCCS: the self-
controlled case series method, version 1.6. 2022. https://cran.r-
project.org/package=SCCS

Balduzzi S, Rucker G, Schwarzer G. How to perform a
meta-analysis with R: a practical tutorial. Evid Based Ment
Health. 2019;22(4):153-160. https://doi.org/10.1136/ebmental-
2019-300117

Barda N, Dagan N, Ben-Shlomo Y, et al. Safety of the
BNT162b2 mRNA Covid-19 vaccine in a nationwide setting.
N Engl ] Med. 2021;385(12):1078-1090. https://doi.org/10.1056/
NEJMo0a2110475

Stowe J, Miller E, Andrews N, et al. Risk of myocarditis
and pericarditis after a COVID-19 mRNA vaccine booster and
after COVID-19 in those with and without prior SARS-CoV-
2 infection: a self-controlled case series analysis in England.
PLoS Med. 2023;20(6):e1004245. https://doi.org/10.1371/journal.
pmed.1004245


https://github.com/VAC4EU/CVM
https://github.com/VAC4EU/CVM
https://github.com/VAC4EU/CVM
https://github.com/VAC4EU/CVM
https://github.com/VAC4EU/CVM
https://github.com/VAC4EU/CVM
https://doi.org/10.1093/aje/kwu322
https://doi.org/10.1093/aje/kwu322
https://doi.org/10.1093/aje/kwu322
https://doi.org/10.1093/aje/kwu322
https://doi.org/10.1093/aje/kwu322
https://doi.org/10.1002/sim.2302
https://doi.org/10.1002/sim.2302
https://doi.org/10.1002/sim.2302
https://doi.org/10.1002/sim.2302
https://doi.org/10.1136/bmj.i4515
https://doi.org/10.1136/bmj.i4515
https://doi.org/10.1136/bmj.i4515
https://doi.org/10.1136/bmj.i4515
https://doi.org/10.1136/bmj.i4515
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.7189/jogh.12.05032
https://doi.org/10.7189/jogh.12.05032
https://doi.org/10.7189/jogh.12.05032
https://doi.org/10.7189/jogh.12.05032
https://doi.org/10.1038/s41467-022-31402-4
https://doi.org/10.1038/s41467-022-31402-4
https://doi.org/10.1038/s41467-022-31402-4
https://doi.org/10.1038/s41467-022-31402-4
https://doi.org/10.1001/jama.2013.3089
https://doi.org/10.1001/jama.2013.3089
https://doi.org/10.1001/jama.2013.3089
https://doi.org/10.1001/jama.2013.3089
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1097/EDE.0b013e3181d61eeb
https://doi.org/10.1001/jama.2012.96867
https://doi.org/10.1001/jama.2012.96867
https://doi.org/10.1001/jama.2012.96867
https://doi.org/10.1001/jama.2012.96867
https://doi.org/10.1007/s11096-016-0299-0
https://doi.org/10.1007/s11096-016-0299-0
https://doi.org/10.1007/s11096-016-0299-0
https://doi.org/10.1007/s11096-016-0299-0
https://doi.org/10.1002/pds.1200
https://doi.org/10.1002/pds.1200
https://doi.org/10.1002/pds.1200
https://doi.org/10.1002/pds.1200
https://doi.org/10.7326/M16-2607
https://doi.org/10.7326/M16-2607
https://doi.org/10.7326/M16-2607
https://doi.org/10.7326/M16-2607
https://doi.org/10.1093/ije/dyu149
https://doi.org/10.1093/ije/dyu149
https://doi.org/10.1093/ije/dyu149
https://doi.org/10.1093/ije/dyu149
https://doi.org/10.1093/ije/dyu149
https://doi.org/10.1093/ije/dyp332
https://doi.org/10.1093/ije/dyp332
https://doi.org/10.1093/ije/dyp332
https://doi.org/10.1093/ije/dyp332
https://doi.org/10.1093/ije/dyp332
https://doi.org/10.1093/ije/dyac018
https://doi.org/10.1093/ije/dyac018
https://doi.org/10.1093/ije/dyac018
https://doi.org/10.1093/ije/dyac018
https://doi.org/10.1093/ije/dyac018
https://doi.org/10.3389/fphar.2022.893484
https://doi.org/10.3389/fphar.2022.893484
https://doi.org/10.3389/fphar.2022.893484
https://doi.org/10.3389/fphar.2022.893484
https://www.ema.europa.eu/en/news/comirnaty-spikevax-possible-link-very-rare-cases-myocarditis-pericarditis
https://doi.org/10.3389/fphar.2022.1038043
https://doi.org/10.3389/fphar.2022.1038043
https://doi.org/10.3389/fphar.2022.1038043
https://doi.org/10.3389/fphar.2022.1038043
https://doi.org/10.5281/zenodo.5829417
https://doi.org/10.5281/zenodo.5829417
https://doi.org/10.5281/zenodo.5829417
https://doi.org/10.5281/zenodo.5829417
https://doi.org/10.1016/j.vaccine.2022.11.031
https://doi.org/10.1016/j.vaccine.2022.11.031
https://doi.org/10.1016/j.vaccine.2022.11.031
https://doi.org/10.1016/j.vaccine.2022.11.031
https://doi.org/10.1016/j.vaccine.2022.11.031
https://doi.org/10.1007/s40264-013-0097-8
https://cran.r-project.org/package=SCCS
https://cran.r-project.org/package=SCCS
https://cran.r-project.org/package=SCCS
https://cran.r-project.org/package=SCCS
https://cran.r-project.org/package=SCCS
https://cran.r-project.org/package=SCCS
https://cran.r-project.org/package=SCCS
https://doi.org/10.1136/ebmental-2019-300117
https://doi.org/10.1056/NEJMoa2110475
https://doi.org/10.1056/NEJMoa2110475
https://doi.org/10.1056/NEJMoa2110475
https://doi.org/10.1056/NEJMoa2110475
https://doi.org/10.1371/journal.pmed.1004245
https://doi.org/10.1371/journal.pmed.1004245
https://doi.org/10.1371/journal.pmed.1004245
https://doi.org/10.1371/journal.pmed.1004245
https://doi.org/10.1371/journal.pmed.1004245

26. Bozkurt B, Kamat I, Hotez PJ. Myocarditis with COVID-19

27.

mRNA vaccines. Circulation. 2021;144(6):471-484. https://doi.
org/10.1161/CIRCULATIONAHA.121.056135

Boehmer TK, Kompaniyets L, Lavery AM, et al. Associa-
tion between COVID-19 and myocarditis using hospital-based

American Journal of Epidemiology, 2025, Volume 194, Number 1 |

28.

219

MMWR Morb Mortal WEkly Rep. 2021;70(35):1228-1232. https://doi.
org/10.15585/mmwr.mm7035e5

Murk W, Gierada M, Fralick M, et al. Diagnosis-wide
analysis of COVID-19 complications: an exposure-crossover
study. CMAJ. 2021;193(1):E10-E18. https://doi.org/10.1503/cmaj.

administrative data—United States, March 2020-January 2021. 201686

© The Author(s) 2024. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of Public Health. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

American Journal of Epidemiology, 2025, 194, 208-219

https://doi.org/10.1093/aje/kwae172

Practice of Epidemiology


https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.1161/CIRCULATIONAHA.121.056135
https://doi.org/10.15585/mmwr.mm7035e5
https://doi.org/10.15585/mmwr.mm7035e5
https://doi.org/10.15585/mmwr.mm7035e5
https://doi.org/10.15585/mmwr.mm7035e5
https://doi.org/10.15585/mmwr.mm7035e5
https://doi.org/10.15585/mmwr.mm7035e5
https://doi.org/10.1503/cmaj.201686
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/aje/kwae172

	 Applying two approaches to detect unmeasured confounding due to time-varying variables in a self-controlled risk interval design evaluating COVID-19 vaccine safety signals, using myocarditis as a case example
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Acknowledgements
	Supplementary material
	Funding
	Conflict of interest
	Disclaimer
	Data availability


