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Over 10 million doses of COVID-19 vaccines based on RNA technology, viral vectors, recombinant protein, and inactivated virus have been
administered worldwide. Although generally very safe, post-vaccine myocarditis can result from adaptive humoral and cellular, cardiac-specific
inflammation within days and weeks of vaccination. Rates of vaccine-associated myocarditis vary by age and sex with the highest rates in males
between 12 and 39 years. The clinical course is generally mild with rare cases of left ventricular dysfunction, heart failure and arrhythmias.
Mild cases are likely underdiagnosed as cardiac magnetic resonance imaging (CMR) is not commonly performed even in suspected cases and
not at all in asymptomatic and mildly symptomatic patients. Hospitalization of symptomatic patients with electrocardiographic changes and
increased plasma troponin levels is considered necessary in the acute phase to monitor for arrhythmias and potential decline in left ventricular
function. In addition to evaluation for symptoms, electrocardiographic changes and elevated troponin levels, CMR is the best non-invasive
diagnostic tool with endomyocardial biopsy being restricted to severe cases with heart failure and/or arrhythmias. The management beyond
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guideline-directed treatment of heart failure and arrhythmias includes non-specific measures to control pain.
Anti-inflammatory drugs such as non-steroidal anti-inflammatory drugs, and corticosteroids have been used in
more severe cases, with only anecdotal evidence for their effectiveness. In all age groups studied, the overall risks
of SARS-CoV-2 infection-related hospitalization and death are hugely greater than the risks from post-vaccine
myocarditis. This consensus statement serves as a practical resource for physicians in their clinical practice, to
understand, diagnose, and manage affected patients. Furthermore, it is intended to stimulate research in this area.
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Overview on incidence, diagnosis, and therapy in vaccine related myocarditis.
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Introduction
The rapid spread of coronavirus 2019 (COVID-19), which over-
whelmed healthcare systems around the world within weeks,
required the rapid development and introduction of novel meth-
ods of disease prevention and treatment. Vaccines using a broad
range of different technologies have been developed with an
unprecedented speed, were tested in large randomized clinical
trials and utilized broadly once Emergency Use Authorization had
been granted to reduce the spread of the infection with the goal
of achieving immunity across the entire population. Indeed, as
of this day, more than 10 billion doses have been administered
worldwide.1

While many praised the efficiency with which these novel
vaccines have been developed, a considerable percentage of
the population remained skeptical, as the concept and mecha-
nisms of some of the most commonly used COVID-19 vaccines,
in particular those using RNA technology, are rather distinct
from classic vaccines using better known platforms. These con-
cerns have been further amplified by a surge of reports of
vaccine-related complications after the most commonly used vac-
cine types against severe acute respiratory syndrome coronavirus ..
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. 2 (SARS-CoV-2) such as adenovirus-based and mRNA-based

vaccines.2–12

One of the most discussed complications affecting the heart is
myocarditis and/or pericarditis. The goal of the current review
article is to provide clinicians and scientists with an objective
and comprehensive overview of the data regarding the clini-
cal presentation, diagnosis, pathophysiology and management of
myocarditis following the most widely utilized COVID-19 vaccines
(Graphical Abstract). Furthermore, the incidence of COVID-19
vaccine-related myocarditis is compared with most recent data of
COVID-19 infection-induced myocarditis. Further, this is brought
into perspective with the expected background incidence of the
condition collected during years prior to the pandemic.

One of the main goals of this article is to objectively report
potential adverse outcomes after vaccination as this is crucial to
raise awareness amongst physicians and scientists by providing
robust data on the prevalence, incidence and clinical presen-
tation of patients with this potential complication. Phenotypic
characterization of the clinical presentation of vaccine-related
myocarditis is also important to identify affected patients early
and provide timely therapy where required. This is relevant, as
myocarditis can lead to severe arrhythmias and is one of the most

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



COVID-19 vaccination-related myocarditis 3

common causes of sudden cardiac death in young adults based
on autopsy studies.13 Furthermore, insight into vaccine-associated
myocarditis may help to potentially identify markers for those who
will develop this adverse event and to improve the development
the next generation of vaccines.

Epidemiology of vaccine-related
myocarditis
Until recently, vaccine-associated myocarditis has been reported
in the literature as a very rare adverse event predominantly in
the context of live attenuated smallpox vaccine and has only been
described in case reports for other vaccines.14 The implementa-
tion of the COVID-19 vaccine using novel medical technology (i.e.
RNA-based vaccines) into phase 3 trials and their clinical imple-
mentation was followed by population-based tracking of outcomes
and complication rates. For example, the United States deployed
the passive reporting Vaccine Adverse Event Reporting System
(VAERS) that tracked outcomes in about 200 million individuals,
and similar systems are in place in numerous other countries, in
particular the United Kingdom and Israel. Using information from
this large database, it was quickly recognized that there was a low,
but consistent rate of patients presenting with post-vaccination
myocarditis and/or pericarditis. For example, data obtained from
VAERS have shown that the incidence peaks in young males of
15–17 years with 105.9 cases per million doses administered and
identified the second dose as the highest risk compared to the
first dose.

Reporting bias
Several issues must be considered when evaluating the risk of
vaccine-induced myocarditis. First, there is a background risk of
myocarditis in the general population as well. It is well known that
this risk varies with time and geographic location, reflecting the
important, but not exclusive role played by the virus pandemic.
Second, the risk of the SARS-CoV-2 virus itself has to be con-
sidered.15 It was shown by the US Center for Disease Control
and Prevention (CDC) that infection with SARS-CoV-2 increases
the risk of myocarditis by 16-fold from 9 cases per 100 000
to 150 cases per 100 000.16 Third, another crucial issue when
considering the prevalence and incidence of vaccine-associated
myocarditis is the fact that the disease presents across a spectrum
of severity and symptomatology. Thus, the available data primarily
reflect detection of myocarditis in those with more than minimally
symptomatic disease and as such the true extent of myocarditis
related to mRNA vaccination against SARS-CoV-2 is unknown as it
would require systematic evaluation by electrocardiogram (ECG),
troponin and cardiac magnetic resonance imaging (CMR) and/or
endomyocardial biopsy (EMB) data in a much larger population of
individuals receiving the vaccine. While CMR is a gold-standard
method to detect myocarditis non-invasively, it does not provide
a definitive diagnosis of myocarditis. Given that there were no
control populations, the potential consequences of the vaccines
based on CMR may have been potentially overestimated. Having
a control population would be valuable in a study that investigates ..
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.. the effect of vaccines by CMR. Rather, the available data primarily
reflect the experience of populations eligible to receive vaccine,
who have access to care and diagnosis, and who have experienced
symptoms within days of receiving a vaccine that led to a physician
visit and a diagnostic work-up. In addition, there is a reporting bias
across time as popular media transmitted the concern regarding
myocarditis to the general public, increasing the probability that
patients with symptoms would seek care. As a result, the US
studies tend to primarily reflect passively reported cases gathered
through the VAERS, and other such mechanisms.17

Finally, not all health care, with a few exceptions (see below)
were well prepared for close monitoring of post-vaccination symp-
toms and complications.

Incidence estimates worldwide
Table 1 summarizes data on COVID-19 vaccine-related myocarditis
derived from population studies and clinical trials with a focus on
mRNA vaccines.7–9,18–25 It is worth mentioning that the age and sex
distribution of the cohorts as well as differences in diagnosing and
defining myocarditis and appropriate reporting do limit the com-
parability and data interpretation of such studies to an important
degree. Indeed, different criteria for the diagnosis of myocarditis
had been used, when those registries on vaccination-related
myocarditis were established in various parts of the world. Cur-
rently, efforts are underway to develop more uniform criteria for
the diagnosis of myocarditis to facilitate comparability and merging
of international data in a healthcare crisis such as the COVID-19
pandemic and to collaborate in research projects at a larger scale.

Furthermore, proving causality is a particular challenge. A best
effort was undertaken to choose studies that are comparable.
Population studies included data of several million individuals.
A pharmacovigilance study by the company Moderna® that is
currently in the preprint stage contains data on more than 151

million individuals. In this study, the incidence of vaccine-related
myocarditis was 0.95 per 100 000 individuals and was highest
in men aged 18–24 years, who had received two doses of the
vaccine.18 Similar to that study, young men have also been reported
in other population studies as a group at particular high risk,
especially after the second dose of an mRNA vaccine.7–9,19–21 A
recent head-to-head comparison of BNT162b2 and mRNA-1273
by the Vaccine Safety Datalink (part of a collaboration between the
CDC and integrated healthcare organizations) revealed modestly
higher risk for myocarditis and pericarditis after mRNA-1273 than
after BNT162b2.26 Similar findings were observed in a cohort study
of claims databases in the United States.27

A recent population study investigated the risk for myocardi-
tis in 12–15-year-old adolescents after receiving BNT162b2. Data
for the incidence of hospitalization for myocarditis between June
and October 2021 were collected by the Israeli Ministry of
Health (IMoH). The risk estimates of myocarditis after the sec-
ond dose among male recipients were 8.09 cases/100 000 and
among female recipients 0.69 cases/100 000. The risk of myocardi-
tis after receipt of the second vaccine among 12–15-year-old male
adolescents was estimated to be 1/12 361, but 1/144 439 among
female adolescents.28 When interpreting these data, it should be
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.. considered that myocarditis was not confirmed by EMB and that

only hospitalization records were acquired.

Incidence estimates in the United
Kingdom
Patone and colleagues29 investigated in the English National
Immunisation (NIMS) Database of COVID-19 the development
of myocarditis, pericarditis, or arrhythmias post-vaccination with
BNT162b2 mRNA (Pfizer-BioNTech®), ChAdOx1 adenovirus-
based vaccine (AstraZeneca®), or mRNA-1273 vaccine
(Moderna®). Since some patients in this study tested positive
for SARS-CoV-2 virus before or after the vaccine, causality is
difficult to exclusively attribute to the vaccine, particularly because
of the incubation time of the infection of around 5 days and the
fact that the immune response to the vaccine also requires a few
days. Indeed, some patients may have developed myocarditis due
to SARS-CoV-2 infection as they had received simultaneously the
vaccine.3 Overall, the authors concluded that there was a small
increase in risk of myocarditis within a week of receiving the first
dose of both adenovirus and mRNA vaccines and after the second
dose of mRNA vaccines, whilst the increase was much greater
after SARS-CoV-2 infection. Initial safety and efficacy studies
including more than 20000 participants did not detect any cases
of myocarditis post vaccine, likely due to the smaller sample size
and the rare occurrence of this adverse event.

Vaccine rollout and complications
in Israel
While clinical trials are the gold standard to estimate both vac-
cine efficacy and potential side effects of new medical technolo-
gies including vaccines, due to their size, they are inherently lim-
ited in their ability to detect rare side effects. Thus, continuous
post-marketing surveillance based on observational data is war-
ranted. Such surveillance enabled the IMoH to be the first to report
a possible link between myocarditis and mRNA SARS-CoV-2 vac-
cination in June 2021.30

Israel has been a global source of timely real-world evidence
on vaccine safety and effectiveness11,31,32 as its relatively central-
ized public healthcare system, with four integrated healthcare
payer-provider organizations, allowed very efficient vaccination
campaigns. For example, in less than 10 weeks, over half of the
Israeli population received the first vaccine dose.33 Israel was also
among the first countries in the world to mass-vaccinate its popu-
lation with third and fourth doses.

Importantly, the Israeli healthcare organizations maintain exten-
sive healthcare data repositories within electronic health records
(EHR) systems that have been implemented nationally over the last
two decades. As the Israeli healthcare organizations serve both
as insurers and health providers, their data repositories include
both claims data and EHR-based data of aspects of care.34 These
data repositories were augmented with centralized COVID-19
data reporting systems that were implemented early in the pan-
demic by the IMoH, including data on polymerase chain reaction

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



6 B. Heidecker et al.

(PCR) tests, COVID-19 hospitalization and mortality, and later
COVID-19 vaccination.

This unique setting of efficient vaccination campaigns and
integrated data repositories allowed identification and character-
ization of myocarditis side effects following the BNT162b2 mRNA
(Pfizer-BioNTech®) COVID-19 vaccine primarily used in Israel.
Vaccine safety monitoring has been coordinated by a national task
force, led by the IMoH. Individual reports from physicians and
individual patients on suspected adverse events were reported
to the IMoH. On 2 June 2021, the IMoH reported that through
this surveillance, 148 events of myocarditis temporally associated
with vaccination had been recorded and suggested a possible link
between the second vaccine dose and myocarditis, most notably
among males aged 16–30 years.

This finding was further verified in a large retrospective
vaccine-safety assessment, using a target trial approach to emu-
late a clinical trial with retrospective EHR data from Clalit -
Israel’s largest of four state-mandated health organizations.11

Over 800 000 vaccinated individuals aged 16 years and over were
matched with unvaccinated individuals based on an extensive set of
sociodemographic, geographic and health-related attributes. The
most potentially serious adverse event identified was myocarditis,
with 2.7 (95% confidence interval 1.0–4.6) excess cases per
100 000 vaccinated individuals aged 16 and over and occurring
more frequently among young males (Figure 1). This study also ..
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.. provided context for interpreting these vaccine safety findings, by

comparing over 170 000 SARS-CoV-2-infected (and unvaccinated)
individuals with uninfected matched controls. The infection was
associated with 11.0 (5.6–15.8) excess cases of myocarditis per
100 000 infected individuals.

Two assessments based on individual chart-review case adjudi-
cation shed further light on post-vaccination myocarditis incidence
and severity8,9 and confirmed myocarditis cases in excess mainly
among young males. The incidence per 100 000 vaccinated males
aged 16–29 years was estimated to be 10.7 (6.9–14.5) (Figure 1).8

Both studies found the vast majority of cases to be clinically mild.
Recent data released by the IMoH suggest that the rates of

myocarditis following the third dose of the BNT162b2 vaccine
were considerably lower than after the second dose in both sexes
and different age groups.35 Data on rates of myocarditis following
the fourth vaccine dose are still being collected. Of note, early
data further point to the possible benefit of increasing the interval
between the first and second mRNA vaccine doses in decreasing
the risk of myocarditis.36

Differences between vaccines
While both adenovirus-vectored and mRNA vaccines have been
associated with myocarditis and pericarditis, mRNA vaccines had
the highest incidence.19 Notably, in large population studies a

Figure 1 Risk of complications after COVID-19 vaccine versus with COVID-19 infection: data were obtained from a national study in Israel.
Each cohort consisted of more than 800 000 individuals. Relative risk for developing myocarditis after vaccine was 3.2, while it is 18.3 after
getting COVID-19. From Barda et al.11

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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highly discrepant male: female ratio with involvement of younger
individuals, and the higher incidence of myocarditis after the sec-
ond dose in comparison to the first or third doses was observed
worldwide. In addition, possibly due to the higher dose involved,
the Moderna vaccine has a higher incidence of post-vaccine
myocarditis compared to the Pfizer vaccine.

Overall, among 18- to 29-year olds in the US, an esti-
mated 22.4 excess cases per million after the second dose of
Pfizer-BioNTech® and 31.2 cases per million second doses after
Moderna® vaccine developed myocarditis. In Canada, using passive
surveillance reporting systems (CARFISS), among 18- to 29-year
olds the myocarditis and/or pericarditis reporting rates after a
second dose of Moderna® (140/million doses) was five times
higher than Pfizer (25/million doses).37 In a second Canadian
study using enhanced passive surveillance, among 18- to 29-year
olds the myocarditis and/or pericarditis reporting rate after a
second dose of Moderna® (300/million doses) was five times
higher than Pfizer (59/million doses).38 In the UK, using a pas-
sive reporting system, among persons 18–29 years of age, the
myocarditis and/or pericarditis reporting rate after a second dose
of Moderna® (71/million doses) was 2.5 times higher than Pfizer
(24/million doses). In a self-controlled case series of myocarditis
hospitalizations among males below 40 years old, events after a
second dose of Moderna® (101/million doses) were over eight
times higher than with Pfizer-BioNTech® (12/million doses).
Similarly, rates in Germany were>2 times higher after a second
dose of Moderna® (117 per million doses) compared to Pfizer
(47/million doses). In France among males 18–24 years of age,
that same rate was higher after Moderna® (139/million doses)
compared to Pfizer-BioNTech (43/million doses).

Table 2 illustrates cases of myocarditis for every million second
doses of mRNA vaccine administered among persons aged 5 years
and older. These are all cases reported in the VAERS and represent
cases verified to meet the case definition by provider interview
or medical record review. Male adolescents (age 16–17 years)
had the highest incidence of myocarditis (75.9 per million doses
administered) after receiving the second dose of an mRNA vaccine. ..
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. In the UK, as of 8 December 2021, there were 507 reports
of myocarditis and 365 reports of pericarditis following use
of the RNA-based Pfizer/BioNTech vaccine, 171 reports of
myocarditis and 198 reports of pericarditis following use of the
adeno-virus-based AstraZeneca vaccine, and 111 reports of
myocarditis and 63 reports of pericarditis following use of the
Moderna vaccine to the Medicines and Healthcare products Regu-
latory Agency (MHRA). However, many of these are self-reports,
and have not been confirmed by medical adjudication.39

Overall, we may conclude that the risk of myocarditis is signifi-
cantly higher after the second dose of an mRNA vaccine, higher in
males, and higher after COVID-19 infection compared to COVID
mRNA immunization. A possible explanation of the higher preva-
lence of such complication in young males may well be related to
their higher levels of androgens predisposing to a higher inflam-
matory and immune response, as also reported in animal models
of myocarditis.40 What remains unclear is whether the prognosis,
complications, or severity differ by aetiology.

COVID-19 myocarditis versus
post-vaccination myocarditis
The prevalence of mRNA vaccine-associated myocarditis must
also be related to the risk of myocarditis after COVID-19 infec-
tion. Recent data presented at the Advisory Committee on
Immunization Practices on 4 February 2022, derived from the
VAERS database, revealed 359 cases meeting a case definition
for myocarditis 0–7 days after vaccination through 13 January
2022, after 164 million administered doses of an mRNA vaccine
(Table 3).35

The CDC stated that the risk of myocarditis after infection with
COVID-19 was 146 cases per 100 000. The risk was noted to
be much higher for males, older adults (age>50 years) and chil-
dren under 16 years of age.16 In one study involving healthcare
organizations that cover a fifth of the US population, males aged
12–17 years developed myocarditis after COVID-19 at a rate of
about 450 cases per million infections.16 In males of the same age,

Table 2 VAERS Reporting Rates of Myocarditis (per million doses administered) after mRNA vaccine, days 0–7

Vaccine Age (years) Males Females
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Dose 1 Dose 2 Booster Dose 1 Dose 2 Booster
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pfizer 5–11 0.2 2.6 0 0.2 0.7 0
Pfizer 12–15 5.3 46.4 15.3 0.7 4.1 0
Pfizer 16–17 7.2 75.9 24.1 0 7.5 0
Either 18–24 4.2 38.9 9.9 0.6 4.0 0.6
Either 25–29 1.8 15.2 4.8 0.4 3.5 2.0
Either 30–39 1.9 7.5 1.8 0.6 0.9 0.6
Either 40–49 0.5 3.3 0.4 0.4 1.6 0.6
Either 50–64 0.5 0.7 0.4 0.6 0.5 0.1
Either ≥65 0.5 0.3 0.6 0.1 0.5 0.1

Either means either Pfizer or Moderna mRNA vaccine administered. Data as of 26 May 2022.
Bold numbers indicate rates that exceed calculated baseline rate in the population of 0.2–2.2 per million population.
Data presented at the Advisory Committee of the Immunization Practices Committee, June 2022.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



8 B. Heidecker et al.

Table 3 Prevented hospitalizations and excess
vaccination-related myocarditis cases with different
COVID-19 vaccines35

Age and sex groups Hospitalizations
prevented

Excess
vaccine-related
myocarditis cases

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

All 18–39 years old
mRNA-1273 vaccine
(Moderna®)

2982 33

BNT162b2 mRNA
(Pfizer-BioNTech®)

2820 24

Males 18–39 years old
mRNA-1273 vaccine
(Moderna®)

1903 68

BNT162b2 mRNA
(Pfizer-BioNTech®)

1799 47

after the second dose of mRNA vaccine, 67 cases of myocarditis
per million were detected. If myocarditis cases after the first and
second dose were added together, 77 cases per million resulted;
a rate almost six times lower than after COVID-19 infection.16

Another perspective point is a recent study that reported the
general effectiveness of the BNT162b2 vaccine in preventing hospi-
talization for severe COVID-19 by comparing a vaccinated cohort
versus unvaccinated.41 The effectiveness was reported to be 98%
against intensive care unit admission and 98% against COVID-19
requiring life support.41

Diagnosis
Clinical presentation of vaccine-related
myocarditis
Early detection of vaccine-related myocarditis is crucial to prevent
potential progression into a more severe clinical course, at a stage
when the disease process may still be reversible with appropriate
measures.42

Symptoms typically start within the first few days after admin-
istration of the second dose of a vaccine against SARS-CoV-243

(Table 4). Young males are at highest risk for developing myocarditis
after COVID-19 vaccination.44 Symptoms are generally mild and
non-specific and include chest pain or pressure which may be
respiratory-dependent, shortness of breath, palpitations, malaise,
general weakness and fatigue, as well as subfebrile to febrile
temperatures.45 On the other hand, some patients may be asymp-
tomatic,46,47 possibly those with limited pericardial involvement.

In contrast to virus-triggered or autoimmune myocardi-
tis,48 almost all patients who come to medical attention with
vaccine-related myocarditis present with chest pain (95–100%);
however, this may reflect a selection bias, reflecting the identifi-
cation of only symptomatic cases.47 Troponin levels are elevated
in most patients and peak between 48 and 72 h after symptom
onset.21 Inflammatory markers, e.g. C-reactive protein, may be
elevated, especially with concomitant pericarditis.46,47,49,50 Cardiac ..
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Table 4 Clinical characteristics of vaccination-related
myocarditis

Symptoms Signs
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chest pain or pressure,
may be
respiratory-dependent

Elevated troponins (peak between
48–72 h after symptom onset)

Shortness of breath C-reactive protein elevation
Palpitations Minor pericardial effusion on

transthoracic echocardiography
Malaise Cardiac inflammation on cardiac

magnetic resonance imaging
General weakness and

fatigue
Electrocardiographic changes (most

commonly subtle and non-specific):
Mild diffuse ST-segment changes
PQ segment depressions
Non-specific ST-segment changes
Sinus tachycardia
Supraventricular or ventricular

arrhythmias (very rare)
Subfebrile or febrile

temperatures
Clinical signs of heart failure and

severe arrhythmias are very rare

inflammation, however, is evident on CMR (see below) in most
patients.4,50,51 Minor pericardial effusion may be observed, but large
effusions are rare. ECG changes are most commonly non-specific
and subtle, such as mild diffuse ST-segment changes, PQ segment
depressions or non-specific ST-segment changes, similar to classic
myocarditis or myopericarditis (Figure 2). Commonly, patients
present with sinus tachycardia, while relevant supraventricular
or ventricular arrhythmias are very rare.52,53 Most patients with
vaccine-related myocarditis and pericarditis develop mild disease
without symptoms of heart failure or fatal arrhythmias.8,29,46

Outcomes are usually favourable.44 Nevertheless, there have
been only few reports in the literature of patients developing severe
chest pain, signs and symptoms of heart failure, and haemody-
namic instability.46,47 As with background myocarditis, cardiologists
must be highly vigilant for severe cases, as fulminant myocarditis
associated with lymphocytic, giant cell, and eosinophilic myocardi-
tis has now been reported at the case-report level, but in a very
limited number of cases.54,55 Such patients need early detection
and aggressive intervention (see ‘Management of vaccine-related
myocarditis’ section). Indeed, fulminant forms with severe dete-
rioration of contractile function, atrioventricular block, ventricu-
lar tachyarrhythmias and syncope, albeit rare, do occur. All these
instances may benefit from a morphologic characterization using
EMB (see ‘Indications for EMB’ section) as well as molecular studies
(PCR for the most common cardiotropic viruses; see ‘Pathology of
myocarditis following COVID-19 vs. COVID-19 vaccine’ section)
to define whether other infectious agents or mechanisms induc-
ing cardiac damage are operating. Indications for treatment with
antiviral agents, steroids and/or immunosuppressive therapy may
be appropriate in some cases.

A final and crucial consideration is whether myocarditis due
to vaccination or by the virus itself increases the long-term
risk of cardiac complications, notably the development of dilated

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



COVID-19 vaccination-related myocarditis 9

Figure 2 Twelve-lead electrocardiogram of a 24-year-old man who developed severe, stabbing chest pain radiating to both shoulders and
markedly elevated high-sensitivity troponin T levels (peak 635 ng/L) after receiving the BNT162b2 mRNA vaccine as a booster. There are
conduction abnormalities (aVL, III, aVF) and non-specific ST-segment changes in the precordial leads.

cardiomyopathy or heart failure with preserved ejection fraction.
At present no data support such evolution, but it therefore will
be crucial to conduct long-term follow-up studies of cohorts of
individuals who have had virus or vaccine-induced myocarditis.

Currently, there are no established risk factors to predict out-
comes. As in classic myocarditis, patients should be admitted and
monitored several days for acute arrhythmias. If patients are clini-
cally improving without evidence for deterioration of cardiac func-
tion or major arrhythmias, and troponin levels are decreasing, they
may be discharged. Importantly, according to current knowledge,
an unfavourable outcome appears very unusual in myocarditis fol-
lowing COVID-19 vaccination.

Cardiac magnetic resonance imaging
The diagnosis of myocarditis can be challenging, and a definitive
diagnosis requires histological confirmation via EMB56 (see below).
CMR offers the non-invasive assessment of cardiac pathologies
including myocarditis,45,57 pericarditis and embolic complications.
A position statement by the European Society of Cardiology
suggests a diagnosis of clinically suspected myocarditis in the
presence of clinical symptoms and at least one of four clinical
criteria, one of which is evidence of late gadolinium enhancement
(LGE) and/or oedema on CMR.58 In asymptomatic cases, at least
two clinical criteria are required. While CMR has good diagnostic
accuracy in ‘infarct-like’ myocarditis, presenting with chest pain,
fever, elevated cardiac enzymes, and ST-segment elevation on
ECG, its diagnostic accuracy appears to be limited in primarily
arrhythmic presentations.59 The International Consensus Group
on CMR Diagnosis of Myocarditis published an update of the
‘Lake Louise Criteria’ in 2018, which included oedema, LGE, T1-,
extracellular volume and T2-mapping techniques as alternative ..
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.. parameters of fibrosis and oedema, with one fibrosis and one

oedema criterion required for a CMR diagnosis of myocarditis.60

Cardiac magnetic resonance studies in patients who have recov-
ered from the acute phase of COVID-19 have reported widely
differing percentages of myocarditis after COVID-19 ranging from
0% to 60% of patients owing mostly to different diagnostic criteria
and patient selection.61 Indeed, a direct comparison of EMB and
CMR in patients post-COVID-19 revealed that only a minority of
patients fulfilled CMR criteria (updated Lake Louise Criteria) and
pathological findings on EMB.62

Reports of myocarditis after COVID-19 vaccination3,21,63,64 are
limited by different referral patterns and few clinical findings, and
often lacking EMB or CMR confirmation. Indeed, for myocarditis
or pericarditis post-COVID-19 vaccination, the recent published
large observational studies did not systematically incorporate
CMR.5,21 Therefore, the true number of asymptomatic myocardi-
tis and/or pericarditis cases after COVID-19 vaccination based on
CMR criteria is currently unknown. According to expert opinions
and single centre reports, very often mild abnormalities on CMR
are found in symptomatic vaccinated patients (Figures 3 and 4).65 In
contrast to COVID-19 vaccination, myocarditis after vaccination
against influenza appears exceedingly rare.66 If myocarditis is sus-
pected based on cardiac symptoms after vaccination with elevated
laboratory values including troponin and N-terminal pro-B-type
natriuretic peptide or wall motion abnormalities on echocardio-
graphy, the patient should undergo CMR and if indicated EMB
(Figure 5 and Table 5).60–62,67,68

Indications for endomyocardial biopsy
Although EMB is rarely indicated and performed in post-vaccine
myocarditis as its course is usually mild, more severe presentations

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 Cardiac magnetic resonance (CMR) images of a patient with signs of a myopericarditis after mRNA SARS-CoV-2 vaccination with
Spikevax (Moderna). Full description of this case can be found in Jahnke et al.65 One day after vaccination the patient complained about
chest pain and discomfort, shortness of breath, limited physical capacity and malaise. High-sensitivity troponin T was elevated up to 526 ng/L
(normal <14 ng/L). C-reactive protein, N-terminal pro-B-type natriuretic peptide, electrocardiogram, echocardiography, coronary angiogram
and computed tomography pulmonary angiography were normal. CMR was normal for function (including strain) (A), but demonstrated slight
pericardial effusion (red arrow in A). T2 weighted images indicated a regional oedema anterolateral/inferolateral (basal) with corresponding
elevated quantitative myocardial T2-mapping parameters up to 70 ms (normal up to 51 ms at 3 Tesla) (C, E – red arrows). Patchy subepicardial
late gadolinium enhancement (LGE) indicating inflammatory myocardial necrosis (G). Pericardial enhancement in the T2-weighted and LGE
images in corresponding locations indicated a pericardial involvement as well (C, E). The findings resolved at 4-month CMR follow-up (green
arrow in B, D, F, H).

may require EMB. It appears advisable to follow the posi-
tion statement of the European Society of Cardiology and
the scientific statement of the American Heart Association,
which were developed for general myocarditis.58,69 Stating that
a case-to-case evaluation is important, the above mentioned
societies consider EMB indicated in clinical scenarios as outlined in
Table 5.42

Standard EMB70 and particularly the left ventricular (LV)
approach71 whenever the right ventricle is structurally and func-
tionally normal, are critical for definitive diagnosis of myocarditis
and to provide information about its pathophysiology.

Specifically, the morpho-molecular characteristics of myocar-
dial inflammatory lesions may suggest the mechanism involved. In
that regard, the presence of eosinophils has been reported among
inflammatory infiltrates of the myocardium suggesting the possibil-
ity of a hypersensitivity reaction similar to what has been described
for other drugs including the smallpox vaccine.14,72–74 Moreover,
analysis of T- and B-cell subsets as well as the presence of giant cells
may all be helpful in analysing pathophysiology and clinical course.75

Pathology of myocarditis following
COVID-19 versus COVID-19 vaccine
Cardiotropic viruses, such as coxsackieviruses (Figure 6A), par-
vovirus B19 and some herpes viruses including human herpesvirus
6 and Epstein–Barr virus, have long been known to induce
myocarditis.58,76 Only recently, it has become apparent that ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. infections with coronaviruses including both SARS-CoV and
SARS-CoV-2 (Figure 6B,C) may induce myocarditis.77

A variety of pathological mechanisms have been implicated in the
induction of myocarditis in the course of SARS virus infections (see
also ‘Pathophysiology of vaccine-related myocarditis’ section).77–80

Our current understanding is mainly based on findings on EMB
and heart tissue samples obtained at autopsy. Immunohistochemi-
cal staining of myocardial tissue of patients who died of SARS-CoV
infection revealed a significant amount of CD68+ macrophages,
whereas infiltration by CD3+ T cells was minimal.81 Similar obser-
vations were reported among patients with SARS-CoV-2 infec-
tion.77,82,83 Whereas lymphocytic myocarditis was present in only
14% (n = 3) of patients who died with COVID-19, interstitial
macrophage infiltration was noted in 86% (n = 18) of cases.84

Despite the fact that in electron microscopy studies
SARS-CoV-2 viruses were visualized in endothelial cells,77 car-
diomyocytes15 and macrophages85 mostly in the early viremic
phase of the infection, it is not clear whether SARS-CoV-2 can
directly induce myocardial injury and, subsequently, inflammation.
A direct virus-mediated injury of any type was not substantiated
in 40 hearts of patients who died of COVID-19. Indeed, all hearts
exhibited evidence of both, pre-existing chronic and acute damage,
but only one heart showed signs of myocarditis.86 The causes of
myocardial damage in the context of SARS-CoV-2 infection may
be more likely multifactorial including systemic inflammation,
microembolization and hypoxaemia (for further details see online
supplementary Appendix S1 paragraph 1).

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 4 (A) Patient with signs of a myocarditis after mRNA SARS-CoV-2 vaccination with Comirnaty (Pfizer-BioNTech). Three days after
the second dose of the vaccine, the patient presented to the emergency room of a referring hospital with chest pain and discomfort, shortness
of breath, and decreased exercise capacity. High-sensitivity troponin T level was elevated at 380 ng/L; N-terminal pro-B-type natriuretic peptide
250 ng/L (<88). Cardiac magnetic resonance (CMR) demonstrated normal left and right ventricular ejection fraction (A, B), with reduced
global longitudinal strain. T2-weighted images indicated a regional oedema inferior/inferolateral (basal) (in D, E) with corresponding elevated
quantitative myocardial T2-mapping parameters (C) and corresponding subepicardial focal late gadolinium enhancement (F, G). (B) The findings
at baseline (indicated by red arrow) resolved almost completely (small epicardial fibrosis inferolateral basal) at 4-month CMR follow-up (second
figure – green arrow). Full description of this case can be found in Jahnke et al.65

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 5 Potential workflow for the use of advanced cardiac magnetic resonance (CMR) in patients post-vaccination and suspected
myo-/pericarditis. ECG, electrocardiogram; EMB, endomyocardial biopsy; NT-proBNP, N-terminal pro-B-type natriuretic peptide; TTE,
transthoracic echocardiography. Modified from Doeblin and Kelle61

Table 5 Recommendation for advanced diagnostic workup: endomyocardial biopsy and cardiac magnetic resonance
imaging

Endomyocardial biopsy Cardiac magnetic resonance imaging (CMR)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Acute myocarditis with acute heart failure or
cardiogenic shock

CMR scans should be performed for clinical indications according to recent publications
on the condition60,61,67

Acute myocarditis with ventricular arrhythmias
or high-degree atrioventricular block

Protocols should be adjusted to the clinical scenario, but generally should include
standard CINE imaging, T2 (e.g. STIR) oedema imaging, T2 mapping (e.g. T2-GraSE),
pre- and post-contrast T1 mapping (e.g. MOLLI), and late enhancement imaging (e.g.
mDIXON).62 If possible, strain analysis should be performed (based on feature
tracking or fSENC/ DENSE)

Acute myocarditis or chronic inflammation in
the context of peripheral eosinophilia

Vasodilator stress CMR with adenosine or regadenoson may be performed in patients
with suspected myocardial ischaemia (e.g. microvascular disease), but should be
avoided in the acute stage, particularly in more severe forms

Acute myocarditis or dilated cardiomyopathy
suspected as chronic inflammatory
cardiomyopathy with continuous/recurrent
release of inflammatory and cardiac markers

CMR image analysis and measurements should be performed using dedicated CMR
post-processing software68

When diagnosis has an impact on further
therapy

The definite CMR diagnosis of acute myocarditis should be based on the updated ‘Lake
Louise Criteria’ requiring findings of myocardial damage (non-ischaemic late
gadolinium enhancement) and oedema with a non-ischaemic pattern60

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 6 (A) In acute enteroviral myocarditis, myocyte necrosis in the presence of numerous CD3+ T cells and CD68+ macrophages
(32-year-old male). (B) Some patients with COVID-19 develop acute/subacute myocarditis (17-year-old female). (C) The majority of patients
develop low levels of T-cell infiltrates, but numerous macrophages (38-year-old male). Similar findings are observed in mRNA vaccinated
patients. Rare cases present with acute/subacute myocarditis (D, 37-year-old male) in endomyocardial biopsy, but most patients reveal mild
inflammation and suffer from pre-existing diseases such as hypertensive heart disease (E, 56-year-old male). All images magnification ×200.

In 97 male patients with clinically suspected myocarditis follow-
ing mRNA vaccination, 7 cases with acute lymphocytic myocarditis
(mean age: 34.1 years), one with acute eosinophilic myocarditis
(28 years of age) and 25 with a mild healing or chronic lymphocytic
myocarditis (mean age: 33.1 years), were diagnosed based on
EMB (Klingel K., unpublished data). In patients with myocarditis
following vaccination consistently more macrophages than T cells
were observed, similar to findings in patients with COVID-19
(Figure 6D,E). ..
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..
.. Pathophysiology of vaccine-related

myocarditis
It is important to note that the four most widely used vac-
cines in the West licensed by the regulatory authorities, i.e.
BioNTech/Pfizer® (BTN162b2/Comirnaty; EMA: 21.12Ambas.20),
Moderna® (mRNA-1273/ Spikevax; EMA: 6.1.21), as well
as the adenoviral vector-based vaccines of AstraZeneca®

(AZD1222/ChAdOx1-S/Vaxzevria; EMA: 29. 1.21) and Janssen®
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Figure 7 Potential molecular mechanisms for the development of myocarditis following vaccines against COVID-19. (A) COVID-19 vaccines
are developed from the modified SARS-CoV-2 Spike gene. The mRNA vaccines are introduced via lipid nanoparticles, while the adenoviral
vector-based vaccines deliver the Spike sequence as a codon-optimized DNA. (B) The mRNA can act as an antigen, so it can be recognized
by the immune system and activate specific responses of the adaptive immune system. Some of these responses are capable of activating
cardiotropic clones of T and B cells triggering cardiac inflammation. (C) Molecular mimicry between Spike glycoprotein and myosin heavy chain
or troponin C1, may trigger cross-reactivity between IgM antibodies against SARS-CoV-2 Spike glycoprotein and cardiac autoantigens and
potentially induce myocardial inflammation. (D) Development of SARS-CoV-2 vaccine myocarditis is associated with young men, suggesting a
role for sex hormones. Testosterone activates specific T helper cell responses, whereas oestrogen inhibits pro-inflammatory T-cell responses.
In addition, viral myocarditis is associated with genetic variants of genes encoding for different HLA factors and structural proteins of the heart.

(Ad26.COV2.S; EMA: 11.3.21), encode very similar forms of the
SARS-CoV-2 Spike glycoprotein.87 The proposed mechanisms
by which SARS-CoV-2 vaccines could induce myocarditis involve
activation of both innate and adaptive immune responses against
the SARS-CoV-2 Spike glycoprotein, but also the recognition
of the mRNA itself as an antigen by the immune system.88 As,
similar to viral myocarditis, SARS-CoV-2 post-vaccine myocarditis
occurs predominantly in young men, sex hormones may play a
role in genetically susceptible individuals (Figure 7).89,90 Indeed,
viral myocarditis has been associated with genetic variants in genes
encoding for different HLA factors, but also for structural proteins
of the heart.48

In the presence of already existing heart-specific autoimmunity,
vaccination can boost self-reactive T-cell responses and aggravate
preexisting autoimmune heart disease. Such patients are at risk
for the development of fulminant and potentially fatal myocarditis.
Accordingly, several case reports describe patients with fulminant
myocarditis, or distinct myocarditis phenotypes, such as giant cell
myocarditis.55,91,92

If this hypothesis would be confirmed, the formation of new
antigens from the haptenic activity of some components of
BNT162b2 mRNA (Pfizer-BioNTech®) toward cardiomyocyte ..
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.. macromolecules would be indicated and a likely positive response

to steroids be suggested (for further details see online supplemen-
tary Appendix S1 paragraph 2).

Management of vaccine-related
myocarditis
Heart failure and arrhythmias associated with a reaction to
COVID-19 vaccination should be treated with guideline-directed
therapies, in the first instance with heart failure drugs, i.e.
angiotensin-converting enzyme inhibitors or angiotensin
receptor–neprilysin inhibitors, beta-blockers, mineralocorti-
coid receptor antagonists, and sodium–glucose cotransporter
2 inhibitors93 (Table 6). Because most cases present with chest
pain, acute coronary syndromes should be excluded clinically
and in uncertain cases angiographically.74 Indeed, the majority of
mRNA-related myocarditis cases have normal or near normal
LV ejection fraction and symptoms resolve quickly.8 In the rare
cases of fulminant myocarditis, the American Heart Association
has given a class of recommendation 1 indication for EMB69 and
for pacemakers in case of higher-degree atrioventricular block.
Mechanical circulatory support and/or extracorporeal membrane
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Table 6 Management of vaccination-related
myocarditis

Clinical presentation Treatment
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chest pain • Exclude acute coronary syndrome
clinically or in uncertain cases
angiographically

Heart failure with
reduced ejection
fraction

• Angiotensin-converting enzyme
inhibitors or angiotensin
receptor–neprilysin inhibitors

• Beta-blockers
• Mineralocorticoid receptor

antagonists
• Sodium–glucose cotransporter 2

inhibitors
Arrhythmias • Guideline-directed therapy based on

the type of arrhythmia
Fulminant

cases/cardiogenic
shock (very rare)

• Corticosteroids for short duration
• Mechanical circulatory support

and/or extracorporeal membrane
oxygenation (class IIa) in left
ventricular dysfunction to unload
the left ventricle and provide
support as bridge to recovery

Higher-degree
atrioventricular block
(very rare)

• Pacemaker

oxygenation should be considered (class IIA) with LV dysfunction
to unload the left ventricle and provide support as a bridge to
recovery.94

Because the immunological mechanisms of cardiac injury after
COVID-19 vaccine are not well established, the relative risks and
benefits of adding anti-inflammatory treatments in this setting
are currently uncertain, although case reports suggest activation
of cellular immunity (see ‘Pathology of myocarditis following
COVID-19 vs. COVID-19 vaccine’ section).46,95 However, the
majority of reports do not include data if and what sort of
immunosuppressive therapies had been used. One approach
that balances the risks and possible benefits of immunosup-
pression in post-vaccine-related myocarditis is a selective use
of corticosteroids for a short duration in patients with severely
impaired LV function. Hajjo et al.96 proposed glucocorticoids as
preferred treatment based on system biology evidence from the
VAERS dataset. These would include the cases that present with
cardiogenic shock.97,98 Shared decision making with the patient
should be employed when discussing a possible second vaccina-
tion or booster dose. Furthermore, monitoring for long-term
sequalae is needed for those who develop post-acute sequelae of
SARS-CoV-2 (PASC) or ‘long COVID’ syndrome.99,100 As of today,
the epidemiology of PASC remains controversial in the litera-
ture101 and data on its association with vaccination are even more
scarce.

In addition to that, an increased risk for post-COVID-19 symp-
toms and conditions has been reported recently for children
and adolescents aged 0–17 years, including pulmonary embolism ..
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.. (adjusted hazard ratio 2.01), myocarditis and cardiomyopathy
(adjusted hazard ratio 1.99).102

With regard to when to return to sports activity, it is recom-
mended to follow the general recommendations as for myocardi-
tis, which have been updated in detail recently for COVID-19
myocarditis.103,104

Finally, with the advent of the Omicron variant associated with
a much milder clinical course, the risks and benefits of further vac-
cination should be discussed particularly with young male patients
who had a post-vaccination myocarditis after the first or second
dose, and/or a vaccine with a different platform (such as recombi-
nant S protein) may be an option. In that regard, NVX-CoV2373
(Novavax) COVID-19 vaccine is a recombinant Spike (rS) protein
nanoparticle vaccine for which an Emergency Use Authorization
has been issued by the Food and Drug Administration for primary
COVID-19 immunization of unvaccinated adults aged ≥18 years in
July 2022.105

Required further research
Despite the great strides made, there is still much to understand
and that should form the basis for future work.

Mechanistic insights
There is a need to better understand the mechanisms of cardiac
injury. Why and how precisely do SARS-CoV-2 vaccines cause
myocarditis? How does vaccine-related myo/pericarditis differ from
COVID-19 infection-related myocarditis? Are there parallels to
elevated cytokine levels harming various organs as it has been
observed in COVID-19 or septic patients? Who is at high risk and
why? Possibly, some patients may benefit from a lower dosage of
the vaccine or concomitant anti-inflammatory therapy as is rou-
tine with certain RNA therapeutics.106 Further research is urgently
needed to identify patients at risk for developing vaccine complica-
tions107 and to determine potential effective (pre-)medications that
would allow for a sufficient immune response to achieve immunity,
while preventing excessive immune reactions that may be involved
in vaccination-associated myocarditis.

Future work should also address, if there is a genetic suscepti-
bility, and why it is that mainly younger men are affected? Appro-
priately, there has been hesitation in undertaking an EMB in all
patients affected. Better models are therefore required to establish
the causal link as several different pathways are likely to have been
affected particularly in the absence of typical ‘control’ cohorts.

Risk profiling
As yet, we do not have a clear sense of the long-term implications
of post-vaccine myocarditis. Is there an increased arrhythmic risk
in particular? The experience from SARS-CoV-1 indicates the need
for concerted population-based, systematic national and interna-
tional level large long-term registries to determine the scale of the
problem and to determine what risk factors best predict long-term
adverse outcomes, so that there is appropriate targeting of those
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16 B. Heidecker et al.

at greatest risk. Ideally, these should include high-level imaging such
as CMR. Much of our current data is from selected countries and
we need to better understand the impact across a broader demo-
graphic of race, age and sex. The need for this missing data becomes
even more pertinent as the push for booster doses accelerates.

Management
There is as yet no consensus on how to manage patients presenting
acutely. Whilst guideline-driven therapy is the overriding mandate,
what form should this take and for how long? Secondly, many
patients have persistent symptoms yet do not exhibit significant LV
dysfunction, troponin rise or arrhythmia nor overt abnormalities
on CMR – thus, for those in primary care, this is a real challenge.
In those that have developed myocarditis after the first dose of the
vaccine, there needs to be more evidence on when they should
receive a second dose and importantly, with which agent?

Lessons for future pandemics
Once this pandemic has eased, it will be important to consider
how to improve vaccine development for future pandemics – what
mitigation steps are required and rather than a uniform approach
to all patients would a more nuanced approach have utility based
on risk profile, what type of vaccine and what dose to each patient?

Conclusions
COVID-19 vaccines are overall very safe. There is a low but con-
sistent, tangible rate of post-vaccination myocarditis and/or peri-
carditis identified in several national and international level studies.
Whilst there can be no room for complacency, fortunately, the
majority are mild and not associated with hospitalization or severe
complications. This risk has to be balanced against the much greater
risk of death, pulmonary, vascular, and cardiac complications by
the SARS-CoV-2 virus itself. Overall, the risk/benefit ratio hugely
remains in favour of vaccination for most classes of ages, especially
in older adults. This message is important for both the public and
policy makers. For the medical community, a key red flag is in iden-
tifying affected individuals (i.e. particularly young men) presenting
with chest pain, palpitations, or shortness of breath within 7 days of
the second dose of an mRNA vaccine. Management is largely sup-
portive for the majority of affected individuals, unless there is evi-
dence of heart failure or major arrhythmic episodes. Besides pain
management, guideline-driven therapy, potentially complemented
by a short course of corticosteroids may need to be considered.
Future work should focus on the mechanistic basis for myocarditis
and in identifying those at increased risk of adverse outcomes in
need of closer long-term monitoring.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article. ..
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