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ABSTRACT

Introduction: Rare myocarditis and pericarditis
cases have occurred in coronavirus disease 2019
(COVID-19) messenger RNA (mRNA) vaccine

recipients. Troponin levels, a potential marker
of myocardial injury, were assessed in healthy
participants before and after BNT162b2
vaccination.
Methods: Vaccine-experienced 12- to 30-year-
olds in phase 3 crossover C4591031 Substudy B
(NCT04955626) who had two or three prior
BNT162b2 30-lg doses were randomized to
receive BNT162b2 30 lg followed by placebo, or
placebo followed by BNT162b2 30 lg, 1 month
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apart. A participant subset, previously unvacci-
nated against COVID-19, in the phase 3
C4591007 study (NCT04816643) received up to
three vaccinations (BNT162b2 10 lg or placebo
[5- to 11-year-olds]) or open-label BNT162b2
30 lg (12- to 15-year-olds). Blood samples col-
lected pre-vaccination, 4 days post-vaccination,
and 1-month post-vaccination (C4591031 Sub-
study B only) were analyzed. Frequencies of
elevated troponin I levels (male,[ 35 ng/l;
female,[ 17 ng/l) were assessed.
Results: Percentages of 12- to 30-year-olds
(n = 1485) in C4591031 Substudy B with ele-
vated troponin levels following BNT162b2 or
placebo receipt were 0.5% and 0.8% before
vaccination, 0.7% and 1.0% at day 4, and 0.7%
and 0.5% at 1 month, respectively. In Study
C4591007 (n = 1265), elevated troponin I levels
were observed in 0.2, 0.4, and 0.2% of 5- to
11-year-old BNT162b2 recipients at baseline
and 4 days post-dose 2 and 3, respectively; cor-
responding values in 12- to 15-year-olds were
0.4, 0.4, and 0.7%. No 5- to 11-year-old placebo
recipients had elevated troponin levels. No
myocarditis or pericarditis cases or deaths were
reported.
Conclusions: Among 5- to \30-year-olds in
both studies, troponin levels were rarely ele-
vated (B 1.0%) and similar before and post-
vaccination; troponin levels were also similar
between BNT162b2 and placebo in 12- to
30-year-old and 5- to 11-year-old recipients in
the respective studies. No myocarditis or peri-
carditis cases were reported. These findings did
not provide evidence that BNT162b2 causes
troponin elevations. No utility of routine mea-
surement of troponin levels in asymptomatic
BNT162b2 recipients was identified.

Keywords: BNT162b2; Clinical trials; COVID-
19; Myocarditis; Pericarditis; Safety; Troponin I;
Vaccines

Key Summary Points

Why carry out this study?

Rare cases of myocarditis and pericarditis
have occurred in coronavirus disease 2019
(COVID-19) messenger RNA (mRNA)
vaccine recipients; however, these are not
well-characterized phenomena, and the
underlying pathogenesis and risk factors
for myocarditis and pericarditis are not
well elucidated.

Serum troponin I levels, as a potential
marker of myocardial injury, were assessed
in healthy 5- to 30-year-old participants in
two clinical trials before and after
BNT162b2 vaccination.

What has been learned from the study?

Percentages of participants with elevated
troponin I levels were similar before and
after vaccination and between BNT162b2
and placebo recipients; across both
clinical trials, percentages of 5- to 30-year-
olds (46.6% of whom were males) with
elevated troponin I levels before and after
the investigated BNT162b2 doses
were B 1.0%.

These findings did not provide evidence
that BNT162b2 vaccination causes
troponin elevations, a potential indicator
of subclinical myocarditis or pericarditis;
therefore, no utility of routine
measurement of troponin levels in
asymptomatic BNT162b2 recipients was
identified.
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INTRODUCTION

Myocarditis and pericarditis are inflammatory
diseases that typically present as a chest pain
syndrome [1–3]. Although the extent of injury
following myocarditis and pericarditis is highly
variable, more severe injury to the myocardium
or pericardial sac, albeit rare, can lead to heart
failure, arrhythmias, pericardial tamponade,
constrictive pericarditis, cardiac arrest, or sud-
den death [1–3].

While the prevalence of myocarditis and
pericarditis has been reported to be 22 and 28
cases per 100,000, respectively, these are
thought to underestimate the true burden of
these conditions [2, 3]. Myocarditis and peri-
carditis have been caused by drug or vaccine
hypersensitivity, autoimmunity, or are viral in
origin [2, 3], and abnormal electrocardiogram
(ECG), echocardiogram, or troponin findings
consistent with myocarditis with no cardiac
symptoms have been reported in association
with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection [4–6]. How-
ever, subclinical myocarditis (i.e., without
cardiac symptoms) is not a well-characterized
phenomenon, and a widely accepted definition
is lacking.

Rare symptomatic myocarditis and peri-
carditis cases have been reported following
immunization with messenger RNA (mRNA)
coronavirus disease 2019 (COVID-19) vaccines
(e.g., 17.7 cases per million second mRNA
COVID-19 vaccine doses administered in US
adolescents and 22.6 cases per million doses in a
meta-analysis of data from[290 million mRNA
COVID-19 vaccine doses) [7–10]. Typically,
these have occurred more often in young males,
after the second dose, and within days after
vaccination [7, 9–12]. These events are generally
mild, and often self-limiting, but deaths have
been reported [7, 11, 13].

Differential diagnosis of myocarditis or peri-
carditis can be challenging because of the range
of manifestations [3]. Definitive myocarditis
diagnosis has required histologic or immuno-
histologic confirmation of an endomyocardial
biopsy or other heart specimen (e.g., from
autopsy) [1]. Because of their invasiveness,

biopsies are rarely obtained, and myocarditis
diagnosis is usually based on a compatible
clinical scenario in tandem with biomarker and
imaging studies [1].

Serum biomarkers of cardiac injury, such as
troponin I, which is part of a complex of regu-
latory proteins in striated muscle, are used
clinically for suspected myocarditis cases [1, 14].
Troponin I elevations provide evidence of cell
degradation, allowing identification of dam-
aged cardiac tissue, such as myocardial necrosis
associated with myocarditis [14, 15]. Notably,
troponin levels may also be elevated in associ-
ation with other cardiac and noncardiac pro-
cesses and conditions, including stress, exercise,
rhabdomyolysis, and autoimmunity [14–16].

To further characterize the safety profile after
receipt of the COVID-19 mRNA BNT162b2
vaccine, including potential risk of myocarditis
and pericarditis, here we report additional
findings from two phase 3 clinical trials in 5- to
30-year-olds. This article is based on previously
conducted studies and does not contain any
new studies with human participants or animals
performed by any of the authors.

METHODS

Study Designs and Participants

The first study (C4591031 Substudy B) was a
crossover study in healthy 12- to 30-year-olds
who had previously received two or three doses
of BNT162b2 30 lg, with the last dose admin-
istered C 4 months before randomization. Par-
ticipants were randomized at a 1:1 ratio to
receive either BNT162b2 followed by placebo
1 month later (i.e., Sequence 1 [BNT162b2 ?
placebo]) or placebo followed by BNT162b2
1 month later (i.e., Sequence 2 [placebo ?
BNT162b2]) (Fig. S1). Randomization was strat-
ified by age (i.e., 12–17, 18–24, and 25–30
years).

The second study (Study C4591007) is a
phase 1/2/3 clinical trial evaluating safety, tol-
erability, immunogenicity, and efficacy of
BNT162b2 in healthy children (NCT04816643).
Primary results and the design of the phase 2/3
portion of Study C4591007 in 5- to \ 12-year-
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old participants who received up to three doses
of BNT162b2 were reported previously [17, 18].
The current analysis reported here is from a
group of participants from Study C4591007
who were specifically enrolled for the purpose
of troponin I testing. Participants 5–11 years old
were initially randomized 2:1 to receive two
study vaccinations (BNT162b2 10 lg or placebo)
with a third dose of open-label BNT162b2 10 lg
later added. Participants 12–15 years old
received three study vaccinations of open-label
BNT162b2 30 lg. Open-label BNT162b2 30 lg
was administered because the vaccine had pre-
viously received emergency use authorization
(EUA) in this age group [19]. The BNT162b2
dose levels administered were based on age at
time of administration of the specific vaccine
dose.

Eligibility criteria for both studies are sum-
marized in the Supplementary Material; nota-
bly, no specific cardiac inclusions or exclusions
were included in either study.

Ethical Approval

Both studies were conducted in accordance
with the protocols and consensus ethical prin-
ciples derived from international guidelines,
including the Declaration of Helsinki and
Council for International Organizations of
Medical Sciences International Ethical Guide-
lines, applicable International Council for Har-
monisation of Technical Requirements for
Pharmaceuticals for Human Use good clinical
practice guidelines, and other applicable laws
and regulations, including privacy laws. Partic-
ipants or their legally authorized representatives
provided informed consent, and participant
assent if applicable, for enrollment in the stud-
ies. A listing of Independent Ethics Committees
or Institutional Review Boards is provided in the
Supplementary Material.

Interventions and Blinding

In C4591031 Substudy B, BNT162b2 30 lg and
placebo (0.9% sodium chloride [NaCl] for
injection) were administered intramuscularly. In
Study C4591007, 5- to\12-year-old participants

received BNT162b2 10 lg or placebo (0.9% NaCl
for injection) intramuscularly, and 12- to 15-year-
old participants received open-label BNT162b2
30 lg intramuscularly.

In both studies, study staff receiving, storing,
dispensing, preparing, and administering the
study interventions were unblinded. All other
study and site personnel (apart from those who
received open-label BNT162b2 in Study
C4591007), including the investigator, investi-
gator staff, and participants, were blinded to
study intervention assignments. Individuals
who evaluated participant safety were blinded.

Assessments and Endpoints

In both studies, troponin I assessments were
conducted to evaluate whether elevated troponin
I levels (as assessed by frequency of elevated
measurements), potentially indicative of sub-
clinical myocarditis, occurred after BNT162b2
vaccination. Blood samples were collected for
troponin testing. In Study C4591031 Substudy B,
samples were obtained before each vaccination,
4 days after each vaccination, and 1 month after
the second vaccination. Details on the timing for
assessment of troponin I levels in Study C4591007
are further clarified in the Supplementary
Material.

Samples were analyzed using the Abbott
ARCHITECT STAT High Sensitivity Troponin-I
assay. An elevated troponin I result was defined
as[35 ng/l in males and[17 ng/l in females.
These values were established as the 99th per-
centile cutoff in a reference range study con-
ducted by the assay manufacturer in healthy 21-
to 75-year-olds [20]. Troponin I levels were also
assessed according to age group, sex, and tro-
ponin value range.

In both studies, confirmed myocarditis or
pericarditis diagnoses after vaccination were
defined as adverse events (AEs) of special inter-
est (AESIs). Any participant reporting acute
chest pain, shortness of breath, palpitations, or
any other symptoms potentially indicative of
myocarditis or pericarditis within 4 weeks after
study vaccination was to be evaluated for pos-
sible myocarditis or pericarditis, preferably by a
cardiologist. In addition to clinical evaluation,
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an ECG and troponin level measurement (be-
sides protocol-specified measurements des-
cribed previously) were to be performed,
followed by cardiac imaging (echocardiogram
and/or cardiac magnetic resonance imaging
[MRI]) if myocarditis or pericarditis was sus-
pected based on initial evaluation.

Safety evaluations in C4591031 Substudy B
reported here also included frequency of local
reactions and systemic events occurring up to
7 days after vaccination.

Statistics

C4591031 Substudy B (Participants 12–30
Years of Age)
Analyses were conducted in the safety popula-
tion, which included all participants who
received C 1 dose of study intervention. Anal-
ysis of troponin I levels was limited to partici-
pants with valid and determinate troponin I
results from the blood sample collected within
the protocol-defined window at each visit after
vaccination.

All objectives are descriptive. Statistics for
categorical variables included percentages and
95% confidence intervals (CIs) where applica-
ble. Exact 95% CIs for binary endpoints for each
group were computed using the Clopper–Pear-
son method, and for between-group compar-
isons of binary endpoints, the 95% CI for the
between-group difference in proportions was
calculated using the Miettinen and Nurminen
method. For within-group comparison of binary
endpoints, the two-sided 95% CI for the differ-
ence in percentages was calculated using the
adjusted Wald interval.

Study C4591007 (Participants 5–15 Years
of Age)
All objectives are descriptive. Counts and per-
centages of participants with elevated troponin
I levels at baseline and after each dose of vac-
cine with the associated Clopper–Pearson 95%
CIs are provided.

RESULTS

Participants

C4591031 Substudy B (Participants 12–30
Years Old)
The study was conducted at sites in Germany,
South Africa, and the United States from
December 20, 2021, to November 29, 2022.
Participant disposition is summarized in
Fig. 1A; 1485 participants received study inter-
vention and comprised the safety population
(Sequence 1 [BNT162b2 ? placebo], n = 753;
Sequence 2 [placebo ? BNT162b2], n = 732).

Demographic characteristics in the two vac-
cine sequence groups were balanced (Table 1).
Overall, 40.7% of participants were male, 66.3%
White, 21.1% Black, and 78.9% non-Hispanic/
non-Latino. Median time between the last prior
dose of BNT162b2 (received before the study)
and the first study vaccination was 8.9 months;
22.4% of participants were obese (C 16 years
old, 24.5%; 12–15 years old, 13.5%). Medical
history included myocardial infarction in one
participant, occurring before study enrollment;
two participants with a history of obesity had a
medical history of fatty liver disease.

Study C4591007 (Participants 5–15 Years Old)
This portion of the study was conducted at sites
in Mexico, Spain, and the United States from
October 2021 to December 2023. Disposition of
5- to \ 12-year-old participants is summarized
in Fig. 1B. The safety population of 5- to\ 12-
year-old participants included 778 (BNT162b2
10 lg, n = 518; placebo, n = 260) of the 784
randomized participants; six randomized par-
ticipants did not receive study vaccination and
were excluded from the safety population. In
accordance with protocol allowance and
because of the two-dose primary series EUA for
BNT162b2 10 lg for 5- to\ 12-year-olds, par-
ticipants who originally received placebo were
unblinded and offered the opportunity to
receive BNT162b2. Therefore, percentages of
participants who received placebo declined
from the first to second dose (99.6–42.1%), with
no participants receiving placebo as dose 3.
Eleven participants in the BNT162b2 group
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Fig. 1 Disposition of participants in a C4591031 Sub-
study B (12–30 years of age), b in Study C4591007
(5–\ 12 years of age), and c in Study C4591007
(12–15 years of age). aTwo participants (0.1%) were
randomized to Sequence 2 (placebo ? BNT162b2) in
error and were withdrawn from the study before receiving
the study vaccine. bOne participant randomized to
Sequence 1 (BNT162b2 ? placebo) received BNT162b2
instead of placebo for their second vaccination. cOne
participant received BNT162b2 10 lg as dose 1 because of
a dosing error, and BNT162b2 30 lg was received for

dose 2 and dose 3. In C4591031 Substudy B, participants
received BNT162b2 at the 30-lg dose level. In Study
C4591007, the decrease in the number of participants who
received placebo as dose 2 and with no participants
receiving placebo as dose 3 is a result of the emergency use
authorization. In Study C4591007, 149 participants were
unblinded after the first vaccination, 110 were unblinded
after the second vaccination, and one participant was not
unblinded but lost to follow-up after the first vaccination
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Table 1 Participant demographic and clinical characteristics

C4591031 Substudy B (12–30 years of age)

Characteristic Sequence 1
(BNT162b2 ? placebo)
(N = 753)

Sequence 2
(placebo ? BNT162b2)
(N = 732)

Male, n (%) 319 (42.4) 285 (38.9)

Race or ethnicity, n (%)

White 491 (65.2) 493 (67.3)

Black 159 (21.1) 155 (21.2)

Asian 61 (8.1) 58 (7.9)

American Indian or Alaska Native 4 (0.5) 6 (0.8)

Native Hawaiian or other Pacific Islander 1 (0.1) 1 (0.1)

Multiracial 24 (3.2) 12 (1.6)

Not reported 13 (1.7) 7 (1.0)

Hispanic/Latino 152 (20.2) 150 (20.5)

Age at first study vaccination, years

Mean (SD) 21.4 (5.29) 21.4 (5.38)

Median (range) 22 (12–31) 22 (12–31)

12–17 years 233 (30.9) 228 (31.1)

18–24 years 256 (34.0) 252 (34.4)

25–30 years 264 (35.1) 252 (34.4)

Time between first study vaccination and last

BNT162b2 dose, months

Mean (SD) 9.5 (3.22) 9.4 (3.27)

Median (range) 9.0 (4–24) 8.9 (4–24)

BMI

Participants C 16 years old N = 600 N = 597

Underweight (\ 18.5 kg/m2) 28 (4.7) 45 (7.5)

Normal weight (18.5–24.9 kg/m2) 253 (42.2) 269 (45.1)

Overweight (25.0–29.9 kg/m2) 166 (27.7) 143 (24.0)

Obese (C 30.0 kg/m2) 153 (25.5) 140 (23.5)

Participants 12–15 years old N = 153 N = 135

Obesea 23 (15.0) 16 (11.9)
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Table 1 continued

Study C4591007 troponin group (5–15 years of age)

5– < 12 years of age 12–15 years of age

BNT162b2 10 lg (N = 518) Placebo (N = 260) BNT162b2 30 lg
(N = 487)

Male, n (%) 266 (51.4) 140 (53.8) 271 (55.6)

Race or ethnicity, n (%)

White 425 (82.0) 219 (84.2) 228 (46.8)

Black 19 (3.7) 11 (4.2) 40 (8.2)

American Indian or Alaska Native 1 (0.2) 1 (0.4) 209 (42.9)

Asian 49 (9.5) 16 (6.2) 4 (0.8)

Multiracial 23 (4.4) 13 (5.0) 1 (0.2)

Not reported 1 (0.2) 0 5 (1.0)

Hispanic/Latino 52 (10.0) 34 (13.1) 422 (86.7)

Country, n (%)

Mexico 0 0 353 (72.5)

Spain 0 0 1 (0.2)

United States 518 (100.0) 260 (100.0) 133 (27.3)

Age at vaccination, years

Mean (SD) 8.1 (1.88) 8.2 (1.90) 13.1 (1.09)

Median (range) 8 (5–11) 8 (5–11) 13 (12–15)

Baseline SARS-CoV-2 positive,b n (%) 77 (14.9) 37 (14.2) 432 (88.7)

Obese,a n (%) 54 (10.4) 25 (9.6) 104 (21.4)

Comorbidities,c n (%) 141 (27.2) 69 (26.5) 131 (26.9)

BMI body mass index, NAAT nucleic acid amplification test, SARS-CoV-2 severe acute respiratory syndrome coronavirus 2,
SD standard deviation
aBMI C 95th percentile from the growth chart (www.cdc.gov/growthcharts/html_charts/bmiagerev.htm)
bPositive N-binding antibody result at dose 1, positive NAAT result at dose 1, or medical history of COVID-19
cC 1 high-risk underlying condition, based on MMWR Morb Mortal Wkly Rep. 2020;69(32):1081–8 and CDC high-risk
underlying conditions list last updated 09FEB2023 and/or obesity (BMI C 95th percentile)
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were C 12 years old at the time of dose 3
administration and therefore received the age-
appropriate 30-lg dose level. Disposition of 12-
to 15-year-old participants who received open-
label BNT162b2 30 lg is summarized in Fig. 1C.
The safety population of 12- to 15-year-old
participants included 487 of the 507 assigned
participants; one participant did not receive
study vaccination and 19 participants’ par-
ent/guardian did not provide compliant
informed consent; these participants were
therefore excluded from the safety population.

Demographic characteristics of 5- to\ 12-
year-old participants are shown in Table 1 and
were balanced across the BNT162b2 and

placebo groups. Overall, 52.2% of 5- to\ 12-
year-old participants were male, 82.8% White,
88.9% non-Hispanic/non-Latino, 14.7% SARS-
CoV-2 positive at baseline, and 10.2% obese.
Demographic characteristics of 12- to 15-year-
old participants are also shown in Table 1.
Overall, 55.6% of 12- to 15-year-old participants
were male, 46.8% White, 86.7% Hispanic/
Latino, and 21.4% obese. In contrast to 5- to
\ 12-year-old participants, most participants in
this age group were SARS-CoV-2positive at
baseline (88.7 vs. 14.7%), reflecting the longer
duration of enrollment for 12- to 15-year-old
participants encompassing the period when
Omicron sublineages were predominant.

Fig. 2 Participants a 12–30 years of age in C4591031
Substudy B and b 5–15 years of age in Study C4591007
with elevated troponin I levels. Elevated troponin I levels

were defined as[ 35 ng/l in male participants and[
17 ng/l in female participants
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Troponin I Levels

C4591031 Substudy B (Participants 12–30
Years Old)
The data after BNT162b2 or placebo administra-
tion were summarized by combining data
from participants in Sequence 1 (BNT162b2 ?
placebo) and Sequence 2 (placebo ? BNT162b2),
thereby providing the overall number of ele-
vated troponin I results in each group (results by
vaccine sequence are provided in Table S1).
Before receipt of BNT162b2 or placebo, seven
(0.5%) and 11 (0.8%) participants, respectively,
had elevated troponin I results (Fig. 2A). At
4 days after receipt of BNT162b2 or placebo,
nine (0.7%) and 14 (1.0%) participants,

respectively, had elevated troponin I results,
and the difference in the percentage of partici-
pants with elevated troponin I results between
the BNT162b2 and placebo groups was -0.5%
(95% CI -1.1%, 0.2%). One month after receipt
of BNT162b2 or placebo, nine (0.7%) and seven
(0.5%) participants, respectively, had elevated
troponin I results; the difference in the per-
centage of participants with elevated troponin I
results between the BNT162b2 and placebo
groups was 0.2% (95% CI -0.3%, 0.7%).

Percentages of elevated troponin I results
after receipt of BNT162b2 and after receipt of
placebo were similar across age groups and by
sex at all time points (Fig. 3). After receipt of
BNT162b2 or placebo, percentages of elevated
troponin I results were generally higher in

Fig. 3 Participants in C4591031 Substudy B (12–30 years
of age) with elevated troponin I levels by a age group and
b sex. The exact two-sided 95% confidence interval (CI)

was based on the Clopper–Pearson method. Data by
troponin I level are summarized in Fig. S2
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younger compared with older age groups and in
males compared with females. Additionally,
there were similar percentages of participants
with elevated troponin I results before and after
receipt of BNT162b2 or placebo (Table S2).
Results by troponin value range are summarized
in Fig. S2.

Study C4591007 (Participants 5–15 Years Old)
Four 5- to \ 12-year-old participants had ele-
vated troponin I levels at any measured time
point, all of whom received BNT162b2. One
female participant (0.2%; 95% CI 0.0, 1.1) who
received BNT162b2 10 lg had an elevated tro-
ponin value range of[17–35 ng/ml at baseline
(Fig. 2B). This participant did not have subse-
quent elevated troponin I levels after dose 2 or
3. At 4 days after dose 2 of BNT162b2 10 lg, two
participants (0.4%; 95% CI 0.0, 1.4) had ele-
vated levels (1 male, troponin value range
of[ 200 ng/ml; 1 female, troponin value range
of[ 17–35 ng/ml); neither had elevated levels
at baseline nor reported symptoms of potential
myocarditis or pericarditis, and additional tro-
ponin I levels are not available for these par-
ticipants because neither received dose 3 (1
withdrew from study and 1 lost to follow-up).
At 4 days after dose 3 of BNT162b2 10 lg, one
male participant (0.2%; 95% CI 0.0, 1.3) had an
elevated troponin I level (troponin value
range[50–100 ng/ml); this participant did not
have elevated levels at the other time points. No
participant in the placebo group had an ele-
vated troponin I result.

Seven 12 to 15-year-old participants who
received open-label BNT162b2 30 lg had ele-
vated troponin I results and none reported
symptoms of potential myocarditis or peri-
carditis. Two male participants (0.4%; 95% CI
0.0, 1.5) had an elevated troponin I value range
of[ 50–100 ng/ml at baseline, with no further
elevated levels at the other time points (Fig. 2B).
At 4 days after dose 2, two participants (0.4%;
95% CI 0.1, 1.5) had elevated levels (1 male,
troponin value range[35–50 ng/ml; 1 female,
troponin value range[ 17–35 ng/ml); neither
had elevated levels at the other time points. At
4 days after dose 3, three participants (0.7%;
95% CI 0.1, 2.1) had elevated levels (1 male,
troponin value range[ 35–50 ng/ml; 1 male,

troponin value range[ 50–100 ng/ml; 1 female,
troponin value range[ 35–50 ng/ml); none had
elevated levels at the other time points. Results
by sex and troponin value range are provided in
Table S3.

Adverse Events

C4591031 Substudy B (Participants 12–30
Years Old)
No clinical cases of myocarditis or pericarditis
were reported. AESIs reported in participants
after receiving BNT162b2 30 lg included
COVID-19 (8 [0.6%]), dyspnea (2 [0.1%]), chest
pain (2 [0.1%]), tachycardia (1 [\ 0.1%]), and
chest discomfort (1 [\0.1%]; Table S4). AESIs
reported in participants after receiving placebo
included COVID-19 (2 [0.1%]) and chest dis-
comfort (1 [\ 0.1%]).

Seven participants (4 after receipt of
BNT162b2; 3 after receipt of placebo) under-
went evaluation for potential myocarditis or
pericarditis based on protocol-defined symp-
toms (i.e., acute chest pain, shortness of breath,
palpitations, or any other symptoms potentially
indicative of myocarditis or pericarditis) in the
4 weeks after vaccination. Following investiga-
tions including troponin (I and T) levels, ECG,
echocardiogram, and cardiac MRI, none were
determined to be myocarditis or pericarditis. Of
these seven participants, four (1 after receipt of
BNT162b2 30 lg; 3 after receipt of placebo) had
normal troponin results that were assessed by a
local laboratory. Troponin results for the other
three participants were not reported.

One participant experienced chest discom-
fort and dyspnea on the same day of BNT162b2
vaccination that were assessed by the investi-
gator as related to study vaccination, with an
abnormal ECG (heart rate 109 bpm; ST eleva-
tion) the next day. The echocardiogram and
cardiac MRI were normal. Both events were
reported as resolved after 2 days. The protocol-
specified day 4 troponin level made available at
the end of the study was 53.2 ng/l (prevaccina-
tion level was\3.5 ng/l).

Frequencies of local reactions and systemic
events were consistent with that reported in
other clinical trials assessing additional
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BNT162b2 doses. No new safety or tolerability
signals were identified.

Study C4591007 (Participants 5–15 Years Old)
No 5- to\12-year-old or 12- to 15-year-old
participants in the troponin group with ele-
vated troponin I levels at baseline or after vac-
cination reported symptoms of potential
myocarditis or pericarditis. Six participants (2
male; 4 female) reported symptoms within
4 weeks after a dose of vaccine that prompted
evaluation for potential myocarditis or peri-
carditis. These participants reported chest pain
(n = 5), shortness of breath (n = 3), and palpi-
tations (n = 3); symptoms resolved in all par-
ticipants. Three of the six participants had
troponin evaluations and four of the six par-
ticipants had ECG performed; all results were
normal. One of the six participants had cardiac
MRI performed with abnormal results (i.e.,
peribronchial parahilar linear interstitial opaci-
ties suggestive of reactive airway disease/viral
infection) but no cardiac abnormalities repor-
ted. No confirmed myocarditis or pericarditis
cases were observed in either age group.

DISCUSSION

Randomized controlled trials and ongoing real-
world surveillance support the favorable safety
and tolerability profile of COVID-19 mRNA
vaccines, including BNT162b2, among children,
adolescents, and adults [9, 17–19, 21, 22].
However, rare cases of myocarditis and peri-
carditis have occurred following receipt of
mRNA vaccines while an increased risk of
myocarditis and pericarditis has not been con-
firmed to date with other COVID-19 vaccine
platforms [7, 8]. In an analysis of US surveil-
lance data reported to the Vaccine Adverse
Event Reporting System (VAERS; a passive vac-
cine safety surveillance system) up to May 2022
among the[32 million BNT162b2 vaccine
doses administered to 12- to 17-year-olds, there
were 20,240 AEs reported in this age group and
17.7 cases of myocarditis per million second
doses administered, with 90% of cases occurring
in males and 77% fully recovered at the time of
reporting [9]. In another report from the US

Centers for Disease Control and Prevention of
VAERS data to October 2022 on booster doses
with either the bivalent Omicron BA.4/BA.5
BNT162b2 or bivalent mRNA-1273 vaccine, at
which time 22.6 million doses (bivalent
BNT162b2, 14.4 million doses in C 12-year-
olds; bivalent mRNA-1273, 8.2 million doses
in C 18-year-olds) were administered, 5542 AEs
(bivalent BNT162b2, n = 2928; bivalent mRNA-
1273, n = 2615) were reported among those
12 years and older who received a bivalent
booster, among which there were five reports of
myocarditis (bivalent BNT162b2, n = 3; bivalent
mRNA-1273, n = 2) and four of pericarditis (bi-
valent BNT162b2, n = 1; bivalent mRNA-1273,
n = 3); three and four of these reports of
myocarditis and pericarditis, respectively, were
confirmed by medical review [23]. Additionally,
in a meta-analysis comparing the incidence of
myocarditis and pericarditis following COVID-
19 vaccine receipt to that of receipt of non-
COVID-19 vaccines, the risk in the general
population after COVID-19 vaccination was low
(18.2 cases [95% CI 10.9, 30.3] per million vac-
cine doses) and did not differ significantly to
the risk in individuals who received vaccines
against other diseases (56.0 cases [95% CI 10.7,
293.7] per million vaccine doses) [10]. These
surveillance data and meta-analysis indicate
that the occurrence of reported myocarditis and
pericarditis cases following mRNA COVID-19
vaccination is extremely rare, which has impli-
cations for the ability to detect cases in typical
clinical trial population sizes.

Reported cases of symptomatic myocarditis
and pericarditis following COVID-19 mRNA
vaccination have occurred more often in young
males, after the second vaccine dose, and soon
after vaccination [7, 10–12]. These events are
generally mild and often self-limiting [7, 11];
however, serious outcomes, including fatalities,
have occurred [13]. These are not well-charac-
terized phenomena, and underlying pathogen-
esis and risk factors for myocarditis and
pericarditis are not well elucidated. Therefore,
further characterization of markers potentially
associated with clinical or subclinical injury to
better inform potential pathogenesis and risk
factors for myocarditis and pericarditis follow-
ing mRNA COVID-19 vaccination is critical.
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Here we report safety findings from two
clinical trials in 5- to 30-year-olds who had
BNT162b2 vaccination. In the C4591031 Sub-
study B of 12- to 30-year-old participants who
had received two or three previous doses of
BNT162b2 30 lg, similar percentages of partici-
pants with elevated troponin I levels before and
after receipt of a further dose of BNT162b2 or
placebo were observed, and no myocarditis or
pericarditis cases were reported. In this study,
there was no evidence that observed elevations
in troponin I were risks for development of
myocarditis and pericarditis in younger males
and females after receipt of a third or fourth
BNT162b2 30-lg dose. Similarly, in Study
C4591007 of 5- to 15-year-old participants who
received up to three study vaccinations
(BNT162b2 10 lg or placebo [5–11-year-olds]) or
open-label BNT162b2 30 lg (12–15-year-olds),
the percentage of participants with elevated
troponin I levels at baseline and after receipt of
BNT162b2 dose 2 and dose 3 at the age-appro-
priate dose level was\1%, and there were no
myocarditis or pericarditis cases.

Notably, the definition of elevated troponin
I values in these clinical studies was based on
values established in an adult population. In
pediatric populations, evidence-based reference
standards for troponin I testing are lacking, and
few studies have evaluated performance of the
assay used in our trials in healthy children and
adolescents. The limited available data suggest
that age-specific variation in the 99th percentile
of troponin I exists, declining from 166.3 ng/l
(cord blood) in term infants, to 30.9 ng/l
(serum) in children 1–18 years old, and 41.3 ng/
l (plasma) in adolescents 10–18 years old
[24–26]. Additional data are needed to establish
robust pediatric reference intervals and to
ensure appropriate interpretation of assay-
specific troponin I values in children and
adolescents.

We found that some participants had eleva-
tions of troponin I levels at baseline. Limita-
tions regarding use of troponin I elevations as a
marker of subclinical myocarditis or pericarditis
should be noted. For instance, other cardiac and
noncardiac conditions may be accompanied by
elevated troponin I, including stress, exercise,
and autoimmunity [14–16]. Additionally,

because troponin I has both cytosolic and
structural distributions, troponin increases can
be seen in true myocardial injury (i.e., myocyte
necrosis) and may also result from transient
leakage from the cytosolic pool [27]. Potential
analytical errors or assay interference should
also be considered when interpreting the clini-
cal relevance of troponin I elevations [28–30].

Other limitations of these studies should be
noted. Real-world surveillance data support the
rarity of myocarditis and pericarditis cases fol-
lowing COVID-19 mRNA vaccination; there-
fore, it is not feasible to power clinical trials to
detect these cases and serum troponin I eleva-
tions were used as a marker of potential cardiac
injury, which is consistent with clinical rec-
ommendations [1]. It is also recommended that
diagnosis of myocarditis is typically based on a
compatible clinical scenario with biomarker
and imaging studies [1]. In our studies, any
participant reporting clinical symptoms poten-
tially indicative of myocarditis or pericarditis
within 4 weeks after study vaccination was to be
clinically evaluated, and ECG and further tro-
ponin level measurement were to be performed,
followed by cardiac imaging if myocarditis or
pericarditis was suspected based on the initial
clinical, ECG, and troponin evaluation. The
timing of ECG and cardiac imaging assessments
relative to symptom onset is important in
ensuring an accurate assessment and may have
varied.

In conclusion, in a clinical trial of 12- to
30-year-olds, no clinically significant differ-
ences in percentages of participants with ele-
vated troponin I levels before and after
BNT162b2 or placebo were observed. Across two
clinical trials, the percentages of 5- to 30-year-
old participants with elevated troponin I levels
before and after the investigated doses of
BNT162b2 were B 1.0%, and there were no
confirmed myocarditis or pericarditis cases.
Additionally, across the full age spectrum under
study, elevated troponin results were also
observed in placebo recipients and at baseline
for BNT162b2 and placebo recipients. These
findings did not provide evidence that
BNT162b2 vaccination causes troponin eleva-
tions, a potential indicator of subclinical
myocarditis or pericarditis. The findings do not
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provide convincing support that routine tro-
ponin measurements help identify subclinical
myocarditis or pericarditis cases in asymp-
tomatic BNT162b2 recipients. It is anticipated
that continued safety data surveillance follow-
ing COVID-19 mRNA vaccine administration,
including those targeting more contemporary
circulating variants, will enable further charac-
terization of postvaccination myocarditis and
pericarditis events.
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