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Introduction: Although myocarditis after anti-SARS-CoV-2 vaccination is
increasingly recognized, we have little data regarding the course of the disease
and, consequently, the imaging findings, including the tissue-specific features.
The purpose of this study is to describe the clinical, immunological, and
cardiac magnetic resonance (CMR) features of myocarditis after COVID-19
immunization in the acute phase and during follow-up. We aimed to compare
the trajectory of the disease to myocarditis cases unrelated to COVID-19.

Methods: We assembled a CMR-based registry of potentially COVID-19
vaccination-related myocarditis cases. All patients who experienced
new-onset chest pain and troponin elevation after COVID-19 vaccination and
imaging confirming the clinical suspicion of acute myocarditis were enrolled
in our study. Participants underwent routine laboratory testing and testing
of their humoral and cellular immune response to COVID-19 vaccination.
Clinical and CMR follow-up was performed after 3-6 months. We included
two separate, sex- and age-matched control groups: (1) individuals with
myocarditis unrelated to COVID-19 infection or vaccination confirmed by
CMR and (2) volunteers with similar immunological exposure to SARS-CoV-2
compared to our group of interest (no difference in the number of doses,
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types and the time since anti-SARS-CoV-2 vaccination and no difference in
anti-nucleocapsid levels).

Results: We report 16 CMR-confirmed cases of myocarditis presenting
(mean £ SD) 4 + 2 days after administration of the anti-SARS-CoV-2 vaccine
(male patients, 22 + 7 years), frequently with predisposing factors such as
immune-mediated disease and previous myocarditis. We found that 75%
received mRNA vaccines, and 25% received vector vaccines. During follow-up,
CMR metrics depicting myocardial injury, including oedema and necrosis,
decreased or completely disappeared. There was no difference regarding
the CMR metrics between myocarditis after immunization and myocarditis
unrelated to COVID-19. We found an increased T-cell response among
myocarditis patients compared to matched controls (p < 0.01), while there
was no difference in the humoral immune response.

Conclusion: In our cohort, myocarditis occurred after both mRNA and vector
anti-SARS-CoV-2 vaccination, frequently in individuals with predisposing
factors. Upon follow-up, the myocardial injury had healed. Notably, an
amplified cellular immune response was found in acute myocarditis cases

occurring 4 days after COVID-19 vaccination.

myocarditis, SARS-CoV-2 immunization, cardiovascular magnetic resonance,
immunological response, vaccination, inflammation

Introduction

Increasing evidence links coronavirus disease 2019
(COVID-19) vaccination to rare cases of myocarditis and
myopericarditis, primarily in the young adult (1) and adolescent
(2) male population (3, 4). The connection between novel
mRNA vaccines and these cases has been made. However,
earlier data show that post-vaccination myocarditis may occur
after a variety of vaccinations, including the smallpox vaccine
that contains live virus (5).

Cardiac magnetic resonance (CMR) imaging is the method
of choice for noninvasive visualization of myocardial injury
(6-8). Case reports and case series demonstrated the role
of CMR in the confirmation of myocarditis after anti-
SARS-CoV-2 immunization. Importantly, these cases describe
vaccine-induced myocarditis associated with mRNA vaccines,
particularly after the second dose of the BNT162b2 mRNA-
Pfizer-BioNTech and mRNA-1273-Moderna vaccines (9-12).
An extensive cohort study from Israel based on hospital
reporting systems described clinical follow-up data, but
measures of cardiac function were not available (13). Therefore,
we have little data regarding the course of the disease and,
consequently, the CMR findings, including the tissue-specific
features of myocarditis.

The underlying mechanism of the evolution of vaccination-
related myocarditis is largely unclear. The proposed concepts
include triggering of preexisting immune pathways and
accelerated innate immunogenic reactions (4). Previously, it was
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also suspected that spike reactive mimicry might also play a
role; however, this hypothesis has since been refuted by Marram
et al. (14). However, these are primarily theoretical notions, as
the immune response of myocarditis patients after COVID-19
vaccination has not been described (4).

The purpose of this study was to describe the clinical,
CMR imaging and immunological features of different types of
myocarditis after COVID-19 immunization in the acute phase
and during follow-up. Second, we aimed to illustrate the features
of myocarditis potentially linked to the COVID-19 vaccine in the
context of myocarditis cases where vaccination or any contact
with COVID-19 disease did not occur. Third, we describe
the immunological response to COVID-19 immunization in
patients with myocarditis and matched controls.

Methods
Study population

This is a retrospective CMR-based registry of myocarditis
cases following COVID-19 immunization. We contacted all
Hungarian institutions performing CMR scans (n = 19) between
December 2020 and September 2021. All participants must
exhibit the following inclusion criteria, to be admitted to
the study: (1) COVID-19 vaccination not more than 21 days
before the acute presentation; (2) presence of one or more
of the following symptoms: new-onset chest pain, dyspnea,
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Visual abstract. We compared the CMR findings of myocarditis patients after COVID-19 vaccination (middle) to those of patients with
myocarditis unrelated to COVID-19 immunization or infection (left). We did not find a difference between the groups in the acute (upper
images) or follow-up (lower images) scans, but the myocardial injury improved. We compared the immune response of myocarditis patients
after COVID-19 vaccination to COVID-19 immunization status-matched controls (right). There was no difference regarding the humoral
immune response. In contrast, the cellular immune response was amplified in the myocarditis group.

or palpitation or syncope; (3) troponin elevation as per the
local laboratory; and (4) CMR imaging confirming the clinical
suspicion of acute myocarditis. Based on our criteria, four
centers reported myocarditis cases after COVID-19 vaccination.

Study protocol

All participants completed a questionnaire regarding their
acute symptoms and previous medical history, including
their history of cardiovascular and immunological diseases.
Cardiac biomarker levels, laboratory test results and 12-
lead ECG results were recorded. Echocardiography and CMR
examination were performed. Immunological tests were carried
out in all acquiescent participants. Symptomatic patients (e.g.,
ongoing chest pain) were admitted to intensive/coronary
care units (ICU/CCU) with continuous bedside monitoring.
Asymptomatic patients with elevated cardiac troponin or
patients discharged from ICU/CCU to general wards were
monitored using telemetry. Follow-up examinations and CMR
scans were carried out 3-6 months after the acute presentation in
patients who consented. The study design is shown on Figure 1.

Ethical approval

Ethical approval was obtained from the National Public
Health Center under the ethical standards laid out in the

1964 Declaration of Helsinki and its later amendments.
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1V/2568-1/2021/EKU. All participants or their legal guardian
gave their written informed consent for the analysis.

Myocarditis comparator group

We included a group of myocarditis patients confirmed
by CMR to illustrate the potential similarities and differences
from the myocarditis patients after COVID-19 vaccination.
The CMR comparator group was sex- and age-matched,
retrospectively selected from the Semmelweis University CMR
database according to the following criteria: (1) troponin
elevation, (2) CMR examination confirming acute myocarditis
was completed <2 weeks after the acute presentation, (3)
CMR examination before the first reported case of SARS-
CoV-2 infection in Hungary (2020.03.04.) OR negative PCR
excluding the infection, and (4) follow-up CMR was carried
out between 3 and 6 months after the acute scan. All control
CMR scans were performed using a Siemens Magnetom Aera
1.5T scanner. A comprehensive CMR protocol was carried
out, including cine movies, T2-weighted spectral presaturation
with inversion recovery (SPIR), T2 mapping using T2-prep
balanced steady-state free precession (b-SSFP), T1 mapping
using long-T1 5(3)3 and short-T1 5(3)3 modified look-locker
inversion recovery (MOLLI) and late gadolinium enhancement
(LGE) imaging. Functional evaluation was performed using b-
SSFP cine sequences in four-chamber, two-chamber, and three-
chamber long-axis views and a short-axis stack from the cardiac
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base to apex with full coverage of the left ventricle and right
ventricle. None of the myocarditis patients had a history of
immune checkpoint inhibitor treatment.

CMR protocol

Overall, four Hungarian centers reported myocarditis cases
after SARS-CoV-2 vaccination. CMR scans were performed on
1.5T scanners (Siemens Magnetom Aera, Siemens Magnetom
Amira, GE SIGNA Voyager, Phillips Ingenia). The CMR
protocol had to include the following sequences regardless of
the institution: cine sequence covering the whole heart for
functional assessment, T2 weighted images or T1 mapping
depicting myocardial oedema and LGE or T1 mapping showing
necrosis or fibrosis. The protocol of the acute and control CMR
scans was similar in most cases, although we accepted control
CMR scans without T2-weighted images. If a control CMR scan
was not possible in the original institution, the participant was
offered a CMR scan slot at the Semmelweis University Heart
and Vascular Center (n = 2). Mapping sequences were available
from 3 institutions (n = 13/16). LGE images were acquired
using segmented inversion recovery sequences 10-15 min after
administration of an intravenous bolus of gadolinium-based
contrast agent (gadobutrol in 0.15 ml/kg, or gadoteric acid
in 0.4 ml/kg) at a rate of 2-3 ml/s through an antecubital
intravenous line. The inversion time was adjusted to provide
optimal suppression of normal myocardium.

CMR analysis

CMR scans were collected in raw DICOM format, and
all post-processing analyses were conducted in a core CMR
laboratory using the Medis Suite Software (Medis Medical
Imaging Software, The Netherlands) to minimize observer-
related variance. LV and RV volumes, function and mass
were calculated from the SA stack using artificial intelligence-
based automated contour detection (autoQ module) with
manual adjustments if necessary. Short-axis LGE images were
contoured manually, and then the LGE mass and LGE% were
quantified using the 55D technique with manual adjustments
if required in the Medis QMass module. Myocardial native
T1 and T2 relaxation times were consequently measured in
the midventricular or basal septum (15) (if the midventricular
images were technically inadequate for analysis) of the
myocardium using motion-corrected images. One further ROI
was manually drawn to the affected area guided by visual
inspection (15). The comparison regarding mapping values
was carried out in participants who underwent their CMR
examination and at Semmelweis University Heart and Vascular
Center (n =9). Elevated T1 and T2 values were defined based on
sequence-specific cut-offs of 2 standard deviations (SDs) above
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TABLE 1 Baseline characteristics.

Age, years 2247
Sex, male % 16 (100)
BMI 26+ 4
SARS-CoV-2 vaccine type n, (%)

mRNA

- Pfizer (BNT162b2 mRNA-Pfizer- BioNTech) 10 (62.5)

- Moderna (mRNA-1273-Moderna) 2(12.5)
Vector vaccine

- Sputnik V (Gam-COVID-Vac) 4 (25)
SARS-CoV-2 vaccine dose n, (%)

- First dose 2 (12.5)

- Second dose 13 (81.2)

- Third dose 1(6.2)
First complaint after vaccination, days 1.8+ 1.6
Chest pain after vaccination, days 38+£19
Previous SARS-CoV-2 infection yes, n % 2(12.5)
Previous myocarditis yes, n % 2(12.5)
Positive immunological history 4(25)

- Crohn’s disease, n % 1(6.2)

- Asthma, n % 1(6.2)

- Psoriasis, n % 1(6.2)

- Allergy, n % 1(6.2)
Cardiovascular risk factors

- Hypertension, n % 2 (12.5)

- Diabetes, n % 0(0)

- Smoking, n % 4(25)

- Obesity, n % 3(18.8)
Intense physical activity after vaccination 4(25)

- Sport activity 3(18.8)

- Physically demanding job 1(6.2)
Elevated troponin level n, % 16 (100)
CKMB (U/L) Cut-off: > 25 U/L 31 [26, 62]
C-reactive protein (mg/L) Cut-off: > 5 mg/L 23 [13,43]
NTproBNP (pg/ml) Cut-off: > 125 pg/ml 351 [223,677]
Thrombocyte count (Giga/L) Normal range: 150-400 Giga/L 214 [199, 229]
White blood cell count (Giga/L) Normal range: 4.0-10.0 Giga/L 7.9[5.7,9.5]
Eosinophil count (Giga/L) Cut-off: >0.5 Giga/L 0.10 [0.07, 0.17]

Baseline characteristics.
CKMB, Creatine kinase-MB; NTproBNP, N-terminal pro B-type natriuretic peptide;
SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2.

the respective means of the healthy male controls (T1: 1,000 ms,
T2: 49 ms).

Acute myocarditis was defined as per the modified Lake
Louise criteria (LLC) (7). Specifically, at least two positive
main LLC criteria in corresponding locations were necessary
for the diagnosis. At least one positive criteria for oedema
visualization (T2-weighted images, T2 mapping or T1 mapping)
and at least one positive criteria for necrosis visualization
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(LGE or T1 mapping). The interpretation of CMR scans was
standardized: the presence and pattern of myocardial oedema
and LGE was visually defined independently by two EACVI
certified observers (VH EACVI level 3-certified CMR specialists
with more than 15 years of experience in CMR reporting and
LS completed her EACVT written certification and has 3.5 years
of experience reporting CMR). In case of disagreement between
the observers, a third level 3 EACVI-certified CMR specialist
(AT) with more than 15 years of experience in CMR reporting
was consulted for consensus. Non-ischaemic LGE was defined as
midmyocardial and/or subepicardial myocardial LGE confirmed
in two perpendicular views.

Control group for immunological studies

The immune response of the study participants was
compared with that of 23 sex- and age-matched controls
from the Semmelweis University database. Subjects included in
the control group were comparable to the myocarditis group
regarding the doses and type of anti-SARS-CoV-2 vaccine
they received and the time elapsed since their vaccination.
We objectively quantified SARS-CoV-2 exposure using anti-
nucleocapsid protein levels, which showed no difference
between myocarditis patients after COVID-19 vaccination and
controls. This matching step was crucial, as more participants
reported previous SARS-CoV-2 infection in the control group
than in the myocarditis group.

Laboratory protocol

Participants underwent routine laboratory testing for
biomarkers including troponin, CKMB, CRP, white blood
cell count, and eosinophil cell count. Antinuclear antibodies
(ANAs), extractable nuclear antigen antibodies (ENAs),
(ANCAs)
serum immunoglobulin (IgG, IgM, IgA) levels were also

antineutrophil  cytoplasmic  antibodies and
measured from myocarditis samples (n = 10). A subgroup
of myocarditis patients after COVID-19 vaccination (n
23)

underwent an evaluation of humoral and cellular immune

= 12) and all immunization-matched controls (n =

responses at Semmelweis University. The immunology
protocol and their interpretation were standardized to allow
meaningful comparisons. Enzyme immunoassay providing
semiquantitative in vitro determination of human antibodies
of the immunoglobulin class IgG and IgM against modified
nucleocapsid protein (NCP) of SARS-CoV-2 in serum or
plasma has been obtained (referred to in the text as NCP-IgG
and NCP-IgM). The results are given as a ratio (extinction
of the sample/extinction of calibrator). The results below
0.8 are considered negative, the results equal to or above

0.8 and below 1.1 are considered borderline, and the results
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equal to or above 1.1 are considered positive due to the test
description. SARS-CoV-2-specific antibodies (referred to in
the text as S1 Ig) were analyzed using an Elecsys Anti-SARS-
CoV-2S immunoassay (Roche Diagnostics International Ltd,
Switzerland) on a Cobas e6000 machine. The test detects
antibodies specific to the SARS-CoV-2 spike (S) protein
receptor-binding domain (RBD) in human serum and plasma.
The method uses electrochemiluminescence to quantitatively
determine antibodies based on the double-antigen sandwich
principle. The test cut-off was >0.8 as per the manufacturer.
The detailed immunoglobulin response was determined
using the ELISA test, and the sample dilution was performed
manually; further steps were carried out automatically using
an Elite Lite (DAS, Italy) device. We will refer to the IgG
and IgA immunoglobulins recognizing the S1 domain of
the spike protein determined by ELISA as SP1 IgG and IgA
for transparency. We quantified immunoglobulin levels in a
quantitative (SP1 IgG) or semiquantitative (SP1 IgA) manner
(16). The T-cell response was assessed via the QuantiFERON
SARS-CoV-2
described in detail elsewhere (17). In short, this assay consists
of three antigen tubes, SARS-CoV-2 Agl, Ag2 and Ag3, that
use a combination of proprietary antigen peptides specific

assay, an interferon-gamma release assay

to SARS-CoV-2 to stimulate lymphocytes involved in cell-
mediated immunity in heparinized whole blood. The Agl tube
contains CD4+ epitopes derived from the S1 subunit RBD of
the spike protein. The Ag2 tube contains CD4+ and CD8+
epitopes from the S1 and S2 subunits of the spike protein. The
Ag3 tube consists of CD4+ and CD8+ epitopes from S1 and S2
and immunodominant CD8+ epitopes derived from the whole
SARS-CoV-2 genome.

Data management and statistical analysis

Statistical analysis and data visualization were performed
using MedCalc software V.18.11 (Belgium) and RStudio
(Version 1.3.1.093, RFoundation, Austria). The Shapiro-Wilk
test was applied to test the normality of our data. Continuous
variables showing a normal distribution are presented as the
mean and SD, and those showing a non-normal distribution
are reported as medians and IQRs. Categorical variables are
presented as frequencies and percentages. Acute and follow-up
examinations were compared using paired sample t tests and
Wilcoxon tests. We applied analysis of covariance (ANCOVA) to
formally test the difference between the trajectory of myocarditis
after SARS-CoV-2 vaccination and myocarditis unrelated to
COVID-19. Chi tests were applied to compare the distributions
of categorical data. Comparisons between the immunological
response of myocarditis patients after SARS-CoV-2 vaccine
and the comparator group were conducted using independent
samples ¢ tests and Mann-Whitney U tests as appropriate.
Associations were assessed using Spearman’s rank correlation
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Recurrent myocarditis in a young male patient after the second dose of anti-COVID-19 vector vaccine. Our patient had prior myocarditis in
2019. At the time, he presented with chest pain preceded by gastrointestinal infection and fever. He had elevated troponin levels, and the CT
coronary angiogram was negative. The acute CMR showed patchy subepicardial oedema and late gadolinium enhancement (LGE) (orange
arrows). Three months later, on his follow-up scan, the oedema disappeared, and the LGE shrank. In 2021, the patient experienced fever and
recurrent chest pain 2 days after the second dose of the COVID-19 vaccine. His acute CMR imaging showed LGE in a similar pattern as during
the first acute myocarditis episode. Notably, signs of myocardial injury resolved on the follow-up scan.

analyses. Probability values were two-sided, and p values of
<0.05 were considered significant. All data are available on
reasonable request.

Results

Description of clinical characteristics

A total of four centers reported 16 CMR-confirmed cases of
myocarditis following SARS-CoV-2 immunization, with chest
pain presenting a mean of 4 £+ 2 days after vaccination.
Patient characteristics are included in Table 1. All of them
were young (five were <18 years, mean age 22 =+ 7 years,
between 13 and 36 years) male patients and generally presented
after their second dose of COVID-19 immunization (13, 81%).
Most of them received mRNA vaccines (75%), while 25%
presented with myocarditis after receiving a vector vaccine.
Three patients reported prior SARS-CoV-2 infection, and
one of them developed acute myocarditis after the first
dose of vaccine. Two participants had acute myocarditis in
their previous medical history confirmed by CMR imaging
(Figure 2). In these cases, the time elapsed from the prior
myocarditis to vaccination was 2 and 4 years, respectively.
Four patients reported immune-mediated diseases, including
Crohn’s disease, psoriasis, asthma and allergies. None of the
patients received systemic corticosteroid therapy. Overall, four
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TABLE 2 Peak troponin value for myocarditis patients after COVID-19
vaccination.

Caseno Cardiac troponin type Local cut-off Peak value
1 hs troponin T (ng/L) >14ng/L 1,159
2 hs troponin T (ng/L) >14 ng/L 1,007
3 hs troponin T (ng/L) >14 ng/L 376
4 hs troponin T (ng/L) >14 ng/L 1,366
5 hs troponin T (ng/L) >14 ng/L 3,018
6 hs troponin T (ng/L) >14 ng/L 144
7 hs troponin I (pg/ml) >19 gp/ml 11,907
8 hs troponin I (jug/L) >0.0198 pug/L 4.067
9 hs troponin T (ng/L) >14ng/L 2,136
10 hs troponin T (ng/L) >14ng/L 212
11 hs Troponin I (pg/ml) >34.2 pg/ml 7,665
12 hs troponin T (ng/L) >14 ng/L 220
13 hs troponin T (ng/L) >14 ng/L 2,431
14 Troponin I (ng/L) >19 ng/L 4,047
15 hs troponin I (pg/L) >30 gp/ml 3,976
16 hs troponin T (ng/L) >14 ng/L 228

Maximal troponin values for each participants is reported according to the local
laboratory. hs, high-sensitive.

participants reported intensive physical activity directly after
vaccination (intensive sport activity, heavy physical labor), and
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FIGURE 3

Diffuse acute myocarditis after the second dose of
anti-COVID-19 mRNA vaccine in a young athlete. CMR images
show the acute (upper images) and follow-up (lower images)
scans of a young, highly trained athlete (national team member).
The first CMR scan confirmed acute myocarditis with diffuse
involvement of the myocardium, with elevated T2 and T1
mapping and diffuse myocardial oedema. The left ventricular
ejection fraction (LVEF) was mildly decreased, and global
longitudinal (GLS) strain was decreased during the acute scan.
The follow-up scan revealed the normalization of T2 and T1
mapping values and left ventricular systolic function. The LVEDVi
decreased. No LGE was present. The patient was prohibited
from participation in sports activity for the first 3 months, and
then he gradually returned to sports activity. Currently, the
athlete performs a high level of sports activity and does not
report recurrent or persisting symptoms.

one individual noted heavy alcohol consumption following
immunization. The first systemic symptoms (fever, shivering)
developed within 2 days, and chest pain presented a mean
of 4 days after vaccination in all patients. ECG alterations
were documented in seven patients (ST elevation in 6, negative
T wave in 1). The initial troponin level was elevated in all
study participants (Table 2), and we frequently noted CKMB,
CRP and proBNP elevation as well. The white blood cell
count, eosinophil count, and other markers remained in the
normal range. During the acute phase, there were no heart
failure symptoms, syncope, or documented sustained brady-
or tachyarrhythmias.
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CMR features of acute myocarditis after
COVID-19 immunization

CMR was performed on average 4 £ 2 days (between 1
and 8 days) after the onset of acute chest pain. The majority
of the cases showed a localized pattern of myocarditis, mainly
affecting the lateral wall of the left ventricle with signs of subepi-
midmyocardial oedema and necrosis (Figure 2). In one case, we
found diffuse myocarditis with elevated T2, T1 and ECV values
(Figure 3) caused by the mRNA vaccine. The left ventricular
ejection fraction (LVEF) was in the normal range for most
cases, except for two patients whose LVEF was mildly decreased
(46 and 47%). Notably, these two patients had no previous
history of acute myocarditis. There was no definitive pericardial
involvement in any patients.

Clinical status and CMR changes during
follow-up

During our follow-up, one patient experienced a recurrent
episode of acute myocarditis (3 months after the vaccine),
preceded by gastrointestinal infection. Other patients did not
report symptom recurrence. The hs Troponin T (6[4, 7] ng/L),
CKMB (2[2, 11] U/L), CRP (2[1, 3] mg/L) and proBNP
(29(12,49] pg/ml) values returned to the normal range. Follow-
up CMR was carried out 112 £ 27 days after the baseline scan
(n = 14). We found that the LVEF marginally increased upon
follow-up, and LVEDVi slightly decreased, both remaining in
the normal range (Table 3). Elevated T2 values depicting local
oedema in the affected area were resolved. The native T1 value
and ECV measured in the affected area also decreased; however,
ECV remained slightly elevated. The LGE area shrank in all
participants and disappeared completely in 31% (4/13) of cases.
The highly trained athlete in whom all signs of acute myocarditis
disappeared on follow-up (Figure 3) was able to gradually return
to sports activity. He restarted exercising 3 months ago and did
not experience recurrent or persisting symptoms.

Myocarditis after SARS-CoV-2
immunization vs. myocarditis unrelated
to COVID-19

The considering the effect of both follow-up time and
myocarditis group, the ANCOVA test showed no difference
between the trajectory of cardiac volumes, function, mass,
oedema and LGE between myocarditis patients immunization
and age- and sex-matched myocarditis patients unrelated to
COVID-19 vaccination or infection (male patients, 22 4= 7 vs.
23 & 6 years). Notably, we found a marginal difference between
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TABLE 3 Comparison between acute and follow-up CMR scans of myocarditis patients after COVID-19 vaccination.

Acute myocarditis after
COVID-19 vaccination

Follow-up myocarditis after
COVID-19 vaccination

Acute vs. follow-up CMR, myocarditis
after COVID-19 vaccination

(n=16) (n=14) (P values)

Elapsed time, days 442 112 4+27 NA

LVEE % 58+6 603 0.042
LVEDVi, ml/m? 87 £13 83+9 0.046
LVSVi, ml/m? 50+ 7 50 £ 6 0.961
LVMi, g 53+ 10 51+7 0.228
GLS, % —20.5[-22.5, —19] —21[-22, —20] 0.083
RVEE % 58+4 57+5 0.559
RVEDVi, ml/m? 83+10 84+9 0.722
RVSVi, ml/m? 48+6 48+6 0.489
T1 mapping septal, ms 966 [951, 1,016] 957 [950, 965] 0.578
T1 mapping affected area, ms 1,056 [1,038, 1,113] 976 [953.5, 1,018] 0.031
T2 mapping septal, ms 43 [43, 44] 43 [42, 43] 0.375
T2 mapping affected area, ms 51 [50, 55] 44 (43, 47.5] 0.016
ECV septal, % 26 [24, 28] 25.5[23.5,27.5] 0.125
ECV affected area,% 38 [35,41.5] 30.5 (28, 35] 0.016
LGEg 63, 10] 205, 4] 0.001
LGE % 7(3,12] 3[1,4] 0.001

Comparison between acute and follow-up CMR scans myocarditis after COVID-19 immunization. Continuous variables showing a normal distribution are presented as the mean and
standard deviations (£ SD), and those showing a non-normal distribution are reported as medians and interquartile ranges [IQRs]. Acute and follow-up examinations were compared

using paired sample t tests and Wilcoxon tests.

CMR, cardiac magnetic resonance; ECV, extracellular volume; EDVi, left ventricular end diastolic volume index; EF, ejection fraction; ESVi, end systolic volume index; GLS, global
longitudinal strain; Mi, mass index; NA, not applicable; LGE, late gadolinium enhancement; LV, left ventricular; RV, right ventricular; SVi, left ventricular stroke volume index.

T1 mapping (Table 4). Figure 4 illustrates the trajectory of CMR
metrics between acute and follow-up scans in the both groups.

Assessment of the immunological
response

Markers of the SARS-CoV-2 immune response were
obtained for 12 patients. The test was performed a mean of
109 and 86 days after the first and second doses, respectively.
Similarly, immunological testing was ascertained for the control
group at a mean of 108 and 81 days after the first and second
doses of anti-SARS-CoV-2 vaccine. The main difference between
myocarditis patients and the comparator population was in
terms of their history of previous SARS-CoV-2 infection (25
vs. 91%); however, anti-NCP (IgG, IgM) testing showed no
difference between the two groups. There was no significant
difference in the humoral immune response of myocarditis
patients after SARS-CoV-2 immunization and those of sex-
and age-matched controls (male patients, 22 + 7 vs. 22 £
6 years) (Table5). In contrast, we found an increased T-
cell response in myocarditis patients compared to controls (P
< 0.01). We found that S1 IgG and IgA values negatively
correlated with the time elapsed since the first vaccination
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(Supplementary Figure 1). Markers of the humoral immune
response showed higher values after the mRNA vaccine than
after the vector vaccine. At the same time, there was no
difference regarding the cellular immune response between the
two groups (Supplementary Table 1).

Notably, there was no difference in the immune response
of myocarditis patients with or without predisposing factors
(Supplementary Table 2).

Finally, there was no correlation between the humoral
immune response (S Ig, SP1 IgG, SP1 IgA) and LVEF. In
contrast, we found that the T-cell response parameters showed
a negative correlation with the marker of systolic function
(Figure 5).

Discussion

Summary of findings

The present data confirm and extend previous observations
regarding the association of COVID-19 vaccination with
myocarditis. This study of myocarditis patients after COVID-
19 immunization confirmed by CMR makes the following
contributions. First, in a cohort of acute myocarditis presenting
a mean of 4 days after COVID-19 vaccination, we found
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TABLE 4 Assessment of the trajectory of myocarditis patients after
SARS-CoV-2 immunization and myocarditis patients unrelated to
COVID-19 immunization or infection over the acute phase and
follow-up using analysis of covariance.

CMR metricss Effects ANCOVA test
p
LVEE % Group 0.476
Group:Time 0.613
Time 0.013
LVEDVi, ml/m2 Group 0.752
Group:Time 0.445
Time 0.044
LVSVi, ml/m2 Group 0.954
Group:Time 0.599
Time 0.641
LVMi, g Group 0.676
Group:Time 0.548
Time 0.051
GLS, % Group 0.318
Group:Time 0.812
Time 0.102
RVEE % Group 0.701
Group:Time 0.384
Time 0.924
RVEDVi, ml/m2 Group 0.435
Group:Time 0.501
Time 0.253
RVSVi, ml/m2 Group 0.601
Group:Time 0.795
Time 0.527
T1 mapping septal Group 0.171
Group:Time 0.382
Time 0.002
T1 mapping affected area Group 0.513
Group:Time 0.04
Time <0.001
T2 mapping septal Group 0.278
Group:Time 0.741
Time 0.075
T2 mapping affected area Group 0.467
Group:Time 0.175
Time <0.001
ECV septal Group 0.041
Group:Time 0.852
Time 0.112
ECYV affected area Group 0.035
Group:Time 0.92
Time <0.001
LGEg Group 0.32
Group:Time 0.554
(Continued)
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TABLE 4 (Continued)

CMR metricss Effects ANCOVA test
P
Time <0.001
LGE % Group 0.164
Group:Time 0.438
Time <0.001

Analysis of covariance (ANCOVA) test results are shown for each CMR metrics, taking
into account the effect of the patient group (myocarditis patients after SARS-CoV-2
vaccination vs. myocarditis not linked to SARS-CoV-2 infection) and time of the CMR
scan (acute vs. follow-up CMR scan) and the combination of these effects. Models are
unadjusted.

CMR, cardiac magnetic resonance; ECV; extracellular volume; EDVi, left ventricular
end diastolic volume index; EF, ejection fraction; ESVi, end systolic volume index; GLS,
global longitudinal strain; Mi, mass index; LGE, late gadolinium enhancement; LV, left
ventricular; RV, right ventricular; SVi, left ventricular stroke volume index.

that 75% had received mRNA vaccines and 25% vector
vaccines. Second, on the follow-up visit, a mean of 112 days
after the acute presentation, CMR abnormalities depicting
myocardial injury, decreased, or completely disappeared. Third,
there was no apparent difference regarding CMR metrics
between myocarditis cases potentially associated with COVID-
19 vaccination and myocarditis unrelated to COVID-19. Finally,
we found an increased T-cell response among myocarditis
patients after vaccination compared to matched controls.

Comparison with existing literature

Our patients invariably presented with fever followed by
chest pain and elevated troponin levels, typically 2-4 days
after the second dose of the COVID-19 vaccine. This finding
is consistent with previous reports (1, 12, 18). There was
no evidence of ongoing SARS-CoV-2 infection or other viral
infection in any of the participants. While most of our patients
presented after the mRNA vaccine, similar to what studies from
the US and Israel found (1, 13), 25% of all cases presented
after receiving the Sputnik V vaccine. In Hungary, ~40% of
the population between the ages of 16 and 35 received a vector
anti-SARS-CoV-2 vaccine (19), suggesting that myocarditis after
COVID-19 vaccine might be less skewed toward mRNA vaccines
than previously reported (20). Notably, at the time of our study,
only the Pfizer-BioNTech vaccine was authorized to immunize
the adolescent population (n = 5 in our cohort), who seem
to be more prone to this adverse effect (4). This might limit
meaningful comparison of the risk of myocarditis associated
with different COVID-19 vaccines. Interestingly, a study based
on the Vaccine Adverse Events Reporting System (VAERS)
already cautioned against using mRNA vaccines among those
with a higher risk for myocarditis and encourages vector
vaccines as a safer alternative (20). However, a passive reporting
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FIGURE 4
CMR metrics of myocarditis patients after SARS-CoV-2 immunization and myocarditis patients unrelated to COVID-19 immunization or
infection over the acute phase and follow-up scan. Graphs show the trajectory of CMR metrics between the acute (T1) and follow-up (T2) CMR
scans in myocarditis patients after SARS-CoV-2 immunization (in blue) and myocarditis patients unrelated to COVID-19 infection or vaccination
(in green). CMR, cardiac magnetic resonance; ECV, extracellular volume; EDVi, left ventricular end diastolic volume index; EF, ejection fraction;
ESVi, end systolic volume index; GLS, global longitudinal strain; Mi, mass index; LGE, late gadolinium enhancement; LV, left ventricular; RV, right
ventricular; SVi, left ventricular stroke volume index.

system such as VAERS is prone to over- or underreporting
based on the knowledge and attention of the reporters (5).
Therefore, it should be used as a hypothesis-generating or event
detection system (5, 21). Moreover, participants in our study
received Gam-COVID-Vac (two doses required) as opposed to
the Janssen vaccine (one dose required), which is approved by
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the Food and Drug Administration for use in the US and is
therefore reported in the VAERS.

There are several aspects of the history of our patients that
are worth noting. Twenty-five percent of our patients reported
two individuals

immune-mediated diseases. Furthermore,

reported prior acute myocarditis, and one experienced
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TABLE 5 Immune response in myocarditis patients after COVID-19 immunization vs. age-, sex- and COVID-19 immunization-matched controls.

Myocarditis patients after
COVID-19 vaccination

Age- sex- and P
immunization-

(n=12) matched controls
(n=23)

Age, years 22+7 22+£6 0.924
Sex, male % 12 (100) 23 (100) NA
Time from the first dose of vaccine to test, days 109 £+ 57 108 58 0.983
Time form the second dose of vaccine to test, days 86 + 60 81455 0.907
COVID-19 vaccine
- mRNA vaccine n (%) 8 (67%) 18 (78%) 0.814
- vector vaccine n (%) 4 (33%) 5(22%)
Test after the second dose of COVID-19 vaccine, yes (1 %) 10 (83%) 18 (86%) 0.432
Previous SARS-CoV-2 infection, yes n (%) 3 (25%) 21 (91%) <0.001
Time from previous SARS-CoV-2 infection, days 224 + 66 284 +73 0.206
Anti-SARS-CoV-2 NCP-IgG (Ratio*) Cutoff: > 1.1 0.24[0.13, 0.49] 0.32[0.21, 1.23] 0.198
Anti-SARS-CoV-2 NCP-IgM (Ratio*) Cutoff: > 1.1 0.31 [0.24, 0.48] 0.33[0.18, 0.66] 0.715
S11Ig (U/ml) Cutoff: > 0.8 U/ml 10265.5 [2,232, 38327.5] 9,167 [3948.5, 20,050] 0.881
SP11gG (RU/ml) Cutoff: = 11 RU/ml 1155.5 [284, 1,656] 627 (283, 1537.5] 0.505
SP1IgA (Ratio*) Cutoff: > 1.1 11[7,11] 716.5,10] 0.095
Agl - S1 CD4+ (IU/ml) Cutoff: > 0.15 1.3[0.5, 4.5] 0.5 [0.2, 1.0] 0.002
Ag2 - S1 CD4+ CD8+ (IU/ml) Cutoff: > 0.15 2.0 [1.0,4.7] 0.6 0.2, 1.2] 0.008
Ag3 - S1 CD4+ CD8+, whole genome CD8+ (IU/ml) Cutoff: > 0.15 2.41.0,6.8] 0.8 [0.6, 1.5] <0.001

Immune response to myocarditis after COVID-19 vaccination vs. age-, sex- and COVID-19 immunization-matched controls. Continuous variables showing a normal distribution are

presented as the mean and standard deviations (4 SD), and those showing a non-normal distribution are reported as medians and interquartile ranges [IQRs]. Comparisons between

participant groups were conducted using independent samples t tests and Mann-Whitney U tests as appropriate.

*Ratio, extinction of the sample/extinction of calibrator; Ag, Antigen; CD, Cluster of differentiation; NA, Not applicable; NCP, Nucleocapsid protein; SARS-CoV-2, Severe acute respiratory

syndrome coronavirus 2; SP1, Spike protein 1.

recurrent myocarditis 3 months after vaccination. In the latter
case, acute myocarditis was linked to acute gastrointestinal
infection; thus, it seems unlikely that this event was associated
with vaccination. These findings might suggest a predisposing
immune system response, as described previously in the etiology
of acute myocarditis unrelated to vaccination (22). We did not
find a statistically significant difference between the immune
response of participants with predisposing factors and that of
those without predisposing factors; however, the limited number
of patients in each group precludes meaningful conclusions.
The male predominance of myocarditis after vaccination
and myocarditis unrelated to vaccination has been previously
described, and the cause is still unknown (23). One leading
hypothesis is based on sex hormone disparities. It has been
proven that there are differences in sex hormone receptor
expression on both immune cells and cardiac tissues (24).
The highest free testosterone levels have been described in
males aged 12-24 years (25). Moreover, testosterone has a
role in interleukin-10 upregulation and interferon-gamma
downregulation. However, the direct relationship between
testosterone levels and myocarditis has not been conclusively
proven. Finally, experimental data demonstrate that Y
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chromosome-associated genetic factors are also responsible
for the higher prevalence of myocarditis among males
(26). Vigorous sports activity can trigger the onset of acute
myocarditis and should be avoided during ongoing infection
(22, 27); this might also be applicable after immunization,
especially among young males. Five individuals reported
possible acute triggers in our cohort: vigorous physical activity
(n = 4) and heavy alcohol consumption (n = 1) immediately
after immunization. In summary, our current findings
suggest that the combined effect of genetic predisposition,
hormonal factors and acute triggers may contribute to the
pathomechanism of myocarditis after COVID-19 vaccination.
Several case reports have provided a visual account of
myocarditis after COVID-19 immunization using CMR imaging
(28-31), and this is the first study to show the improvement of
myocardial injury. Moreover, for context, we provided a control
group of myocarditis unrelated to the COVID-19 vaccine
or SARS-CoV-2 infection. In our study, the most frequent
localization of LGE was the lateral wall of the left ventricle
in both myocarditis patients after COVID-19 vaccination and
patients with myocarditis unrelated to COVID-19 infection or
vaccination. This suggests that based on the CMR image, it
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FIGURE 5
Correlation matrix showing the associations between
SARS-CoV-2 immune response and LVEF. Positive correlations
are shown in blue, and negative correlations are shown in red.
Ag, Antigen; CD, Cluster of differentiation; SARS-CoV-2, Severe
acute respiratory syndrome coronavirus 2; SP1, Spike protein 1;
*p < 0.05; **p < 0.001.

is impossible to distinguish myocarditis cases post-vaccination
from viral myocarditis. Our finding is in line with the recent
report from Fronza et al. (32). CMR is a crucial diagnostic tool
for myocardial injury. However, clarifying the disease etiology
requires a holistic approach, taking into account the patients
history, symptoms and potential predisposing factors.

It has been shown, that acute myocarditis can heal or
completely resolve over time (33), and our results support the
notion that this is also true for cases potentially linked to
the COVID-19 vaccine. We found that T2 mapping returned
to the normal range on follow-up for all patients. Moreover,
T1 mapping, ECV, and LGE decreased. Data suggest that
LGE on the acute CMR scan is not equal to irreversible
myocardial damage but the result of myocardial inflammation
that can decrease over time and suggests a better prognosis
over more extended follow-up periods. Additionally, none of
the participants had extensive (>20%) LGE during follow-up,
which is also considered a better prognostic marker (27). We
found a slight improvement in LVEF during follow-up. Whilst
the betterment of GLS values were not significant in our study,
as expected based on the literature (34), the overall trend of GLS
also suggested a marginal improvement over time when looking
at individual data points.

In addition to the production of SARS-CoV-2-specific
antibodies, COVID infection also leads to the generation
of specific CD4+4 and CD8+ cells (35). Increasing evidence
supports the essential role of the T-cell-mediated response
to SARS-CoV-2 infection; the COVID-specific T-cell response
is associated with less severe disease (36, 37). Thereafter, to
obtain a comprehensive view regarding the COVID-specific
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adaptive immune response, it is essential to measure specific
antibodies and CD4+ and CD8+- cells from the same individual.
Our current data indicate a substantially accelerated COVID-
specific T-cell-mediated immune response in the myocarditis
group compared to the age-, sex-, and vaccination status-
adjusted control population. It is noteworthy that a larger
proportion of controls than myocarditis patients had previously
had COVID infections.

The rapid onset of symptoms after vaccination is an
intriguing phenomenon and might be connected with immune
response-mediated pathomechanisms. Reports all over the globe
agree that myocarditis starts ~2-4 days after vaccination.
Although data regarding long-term immunity are scarce, it
seems that a T-cell response is sustained for several months after
infection and appears to be more prolonged than the antibody
response. It has also been suggested that the T-cell response to
different COVID-19 vaccines differs among age groups (17).

While we believe that acute myocarditis after COVID-19
vaccination is an important cardiovascular adverse effect that
may occur after both mRNA and vector vaccines, this should
not overshadow the ample evidence that clearly supports the
effectiveness of vaccines (38, 39). The question also arose if
young patients with COVID-19 are more likely to develop
acute myocarditis or other adverse events than individuals
after SARS-CoV-2 immunization. The most serious of which
is the multisystem inflammatory syndrome in children (MIS-
C). Recent evidence from France suggests that COVID-19
vaccination is associated with lower MIS-C incidence among
adolescents (40). Moreover, in a new report by Zambrano
et al. critically ill MIS-C patients requiring life support, all
were unvaccinated, reinforcing the COVID-19 vaccination
recommendation for eligible children (41). Therefore, there is
an urgent need for an international consensus recommendation
regarding an immunization protocol for those who experienced
acute myocarditis after their COVID-19 vaccine.

Limitations

The main limitation of our study is the small sample size,
which is mainly due to the rare occurrence of myocarditis after
COVID-19 vaccination. Although we contacted all Hungarian
centers reporting CMR, we could not avoid referral bias to
CMR by clinicians. Mapping sequences were available in three
institutes out of four. Similarly to other reports of myocarditis
after COVID-19 vaccination, we report myocarditis cases of
young, male patients. This prevents generalizability of our
results to the female or older male population. In the institute
where the parametric T2 mapping sequence was not available,
oedema was characterized by T2-weighted black blood images
alone. Mapping sequences were compared only among those
participants who were scanned at the Semmelweis University
Heart and Vascular Center (using a Siemens Magnetom Aera
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1.5T scanner) to avoid inter scanner variability. Importantly,
our myocarditis control group’s history was provided by the
referring physician. The control group for the immunological
studies did not undergo CMR examination.

Conclusions

In this cohort of myocarditis patients after COVID-19
immunization confirmed by CMR, we found that acute
myocarditis can occur after mRNA and vector vaccines,
predominantly in individuals with predisposing factors. Upon
mid-term follow-up, myocarditis showed improvements
in CMR markers, including the LVEF and tissue-specific
alterations. The T-cell response was more prominent among
after COVID-19 vaccination than

myocarditis patients

matched controls.
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