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Myocarditis (MYO) is a relatively uncommon inflammatory disease that involves the heart
muscle. It can be a very severe disease as it can lead to the development of acute or chronic
heart failure and, in a not marginal number of cases, to death. Most of the cases are
diagnosed in healthy people younger than 30 years of age. Moreover, males are affected
about twice as much as females. Viruses are among the most common causes of MYO, but
how viral infection can lead to MYO development is not precisely defined. After COVID-19
pandemic declaration, incidence rate of MYO has significantly increased worldwide because
of the SARS-CoV-2 infection. After the introduction of anti-COVID-19 vaccines, reports of
post-immunizationMYO have emerged, suggesting that a further cause of MYO together with
the SARS-CoV-2 infection could increase the risk of heart damage during pandemic. Main
aim of this study is to discuss present knowledge regarding etiopathogenesis and clinical
findings of MYO associated with COVID-19 vaccine administration andwhether the risk of this
adverse events can modify the initially suggested recommendation for the use of COVID-19
vaccines in pediatric age. Literature analysis showed that MYO is an adverse event that can
follow the COVID-19 immunization with mRNA vaccines in few persons, particularly young
adults, adolescents, and older children. It is generally amild disease that should not modify the
present recommendations for immunization with the authorized COVID-19 mRNA vaccines.
Despite this, further studies are needed to evaluate presently undefined aspects of MYO
development after COVID-19 vaccine administration and reduce the risk of development of
this kind of vaccine complication. Together with a better definition of the true incidence of
MYO and the exact role of the various factors in conditioning incidence variations, it is essential
to establish long-term evolution of acute COVID-19 related MYO.
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INTRODUCTION

Myocarditis (MYO), a condition frequently associated with
pericarditis causing the so called myopericarditis, is an
inflammatory disease that involves the heart muscle (1). It can
be a very severe disease as it can lead to the development of acute
or chronic heart failure and, in a not marginal number of cases,
to death. MYO can affect anyone, including young adults,
children and infants. Most of the cases are diagnosed in
healthy people younger than 30 years of age. Moreover, males
are affected about twice as much as females (1). Autoimmune,
neoplastic, metabolic risk factors and specific drug use have been
associated with MYO development (1). However, viruses are
among the most common causes of MYO, with cardiotropic
viruses, such as adenoviruses and enteroviruses, the most
frequently identified agents (2–7). Moreover, cases associated
with infection due to herpesvirus 6, human immunodeficiency
virus, and respiratory syncytial virus have been reported (8).

How viral infection can lead to MYO development is not
precisely defined. It is supposed that viruses can cause a direct
myocardial injury and an exacerbated and uncontrolled immune
response, despite leading to the clearance of the virus-infected
myocytes, can play a fundamental role in causing a further
increase in myocardial injury or necrosis (9). Although the
true incidence of this disease is not known as several acute
cases are subclinical and are not diagnosed (10), MYO is
considered a relat ively uncommon disease. Several
epidemiological studies enrolling hospitalized MYO cases
before COVID-19 pandemic development have shown that the
global incidence of this disease was approximately 1–10 cases per
100,000 people per year (11), with the highest values in
adolescents and young adults (12). However, in 2020 after
COVID-19 pandemic declaration, incidence rate of MYO has
significantly increased worldwide (13). The main factor for this
increase has been identified in the SARS-CoV-2 infection itself.
Data collected in hospitalized adult patients with COVID-19
have shown that cardiac problems including simple elevation of
cardiac markers could be detected in up to 30% of cases and that
even higher prevalence of signs of heart damage could be
identified in patients with previous heart disease (14–17). A
study carried out in the USA in which hospital-based
administration data were used and incidence of MYO in 2019
and 2020 was compared showed that the occurrence of MYOwas
42.3% (95% confidence interval [CI] 14.1–17.2) higher after
pandemic declaration than before (18). During March 2020–
January 2021,the risk for MYO was 0.146% among patients
diagnosed with COVID-19 and 0.009% among patients
without, leading to the conclusion that the mean risk for MYO
in patients with COVID-19 was nearly 16 times higher, with the
highest values in children, older adults, and males. Risk ratios
ranged from approximately 7.0 for patients aged 16–39 years to
>30.0 for patients aged <16 years or ≥75 years. However, after the
introduction of anti-COVID-19 vaccines, despite the lack of an
observed risk from preauthorization clinical trials’ data (19–21),
several reports of post-immunization MYO have emerged,
suggesting that a further cause of MYO together with the
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SARS-CoV-2 infection could increase the risk of heart
inflammation during pandemic.

Main aim of this review is to discuss present knowledge
regarding etiopathogenesis and clinical findings of MYO
associated with COVID-19 vaccine administration and whether
the risk of this adverse events can modify the initially suggested
recommendation for the use of COVID-19 vaccines in pediatric
age. The literature search was performed on the PubMed
database, with a selection of English-language articles
published from 2020. Key search terms were: “myocarditis” OR
“myopericarditis” AND “COVID-19 vaccine” OR “COVID-19
vaccination” AND “children” OR “adolescent” OR “pediatric”
OR “paediatric” were used.
COVID-19 VACCINES AND MYOCARDITIS

Available studies, despite with significant differences, indicate
that in the general population the risk of MYO development after
COVID-19 vaccine administration exists, but it is lower than that
due to SARS-CoV-2 infection, although higher than that
reported in healthy patients before the pandemic (14–21).
Unfortunately, studies that have monitored MYO development
after COVID-19 vaccination cannot be compared as they
significantly differ for several factors, including the different
criteria used to define MYO. Endomyocardial biopsy, that is
the most reliable method to diagnose MYO through the evidence
of an inflammatory cell infiltration with or without
corresponding myocardial damage was not performed in most
of suspected MYO cases, and hyperdiagnosis or hypodiagnosis
can be supposed. Moreover, characteristics of vaccinated subjects
significantly differ from study to study for type of administered
vaccine, sex and age of vaccinated subjects, and length of follow-
up after immunization. This can explain why absolute values of
incidence, time of development of heart manifestations, role of
age and sex in favoring MYO have been differently reported in
the various studies. However, all researches agree that MYO
development is strictly related to the use of mRNA vaccines and
seems to occur more frequently in association with the Moderna
mRNA-1273 vaccine rather than after the Pfizer-BioNTech
BNT162b2 vaccine (22–24). Moreover, MYO has been
systematically reported significantly more frequently after the
second vaccine dose in males and in people younger than 30
years of age (22–24). Finally, it was generally diagnosed early
after immunization, within the first week both after the first and
the second vaccine dose (22–24). The importance of mRNA
vaccines as cause of MYO is clearly evidenced by a great number
of case reports, several retrospective studies and by a case-control
study analyzing carditis risk associated with 2 different COVID-
19 vaccine technologies (12, 22–27). In most of the cases, only
mRNA vaccines were found associated with MYO development.
Moreover, although retrospective evaluations of adverse events
following COVID-19 vaccine administration have reported
MYO even after Vaxzevria, the adenoviral vector vaccine made
by AstraZeneca, cases were not reported more frequently than
June 2022 | Volume 13 | Article 915580
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the background rate (28). Finally, a study comparing risk of
MYO in people aged 12 years or older receiving the Pfizer-
BioNTech vaccine or the inactivated CoronaVAC vaccine
showed that subjects receiving the mRNA vaccine had higher
odds of carditis (adjusted odds ratio [aOR] 3.57; 95% CI 1.93-
6.60] than unvaccinated persons, whereas no true association
with MYO could be demonstrated for those vaccinated with
CoronaVac (29).

The USA Vaccine Safety Datalink analysis has calculated that
the adjusted rate ratio (aRR) of MYO/pericarditis development
in the period 1-21 days after immunization with one of the two
mRNA vaccines authorized for emergency use was 1.72 (30).
Significantly higher values (aRR 12.61; 95% CI 5.27 – 34.47) were
found when only the 18–39-year-old subjects were studied (30).
However, when the two vaccines were considered separately, it
was shown that in the group of patients aged 18-39 years who
had received two vaccine doses the number of excess cases of
MYO in the risk period was 5.7 for the Pfizer vaccine and 12.8 for
the Moderna vaccine. Higher rates of MYO/pericarditis
following Moderna preparation were also reported in Canada
and in UK (31, 32). In Canada, it was evidenced that rates of
MYO/pericarditis after dose 2 of vaccines were 28.2 per million
with Moderna vaccine and 8.7 per million after Pfizer vaccine
(31). In the UK, the overall reporting rate of all suspected MYO,
including non-vaccine attributable causes, during the period in
which mRNA vaccines were administered was 9 per million
doses of Pfizer/BioNTech vaccine and 17 per million doses of
Moderna vaccine (32).

Regarding general characteristics of vaccine associated MYO,
a series of examples can support the overmentioned conclusions.
A study carried out in Israel in which 136 cases with definite or
probable MYO fol lowing Pfizer-BioNTech vacc ine
administration were analyzed, showed that 19 (14.0%) of the
patients were diagnosed after the first and 117 (86%) after the
second vaccine dose (33). Moreover, among them 91% were
males and 76% aged <30 years. Finally, compared with the
expected incidence, the incidence ratio of vaccine-associated
MYO was 5.34 (95% CI, 4.48 to 6.40), with the highest values
after the second dose in males’ recipients between the ages of 16
and 19 years (13.60; 95% CI, 9.30 - 19.20). The main risk window
was the first week after the second dose. Similar data were
collected in the second study carried out in Israel (34). In this
case, the estimated incidence per million persons who had
received at least one dose of the Pfizer-BioNTech vaccine was
21.3 cases (95% CI, 15.6 – 27.0), with the highest values (106.9
cases per million persons; 95% CI, 69.3 – 144.6) in male patients
aged 16 - 29 years. The data collected through the Vaccine
Adverse Event Reporting System (VAERS) of the USA further
confirmed these findings (34). In this study characteristics of
1626 cases of MYO reported during the period between
December 2020 and August 2021 when 192,405,448 persons
received 354,100,845 mRNA-based COVID-19 vaccine doses
were analyzed (35). It was shown the 82% of the cases
occurred after the second dose, the median age of patients was
21 years, the median time to symptom onset 2 days, and males
were 82% of the total. In detail, after the second dose the rates of
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MYO were highest in adolescent males aged 12 to 15 years (70.7
per million doses of the Pfizer-BioNTech), in adolescent males
aged 16 to 17 years (105.9 per million doses of the BNT162b2
vaccine), and in young men aged 18 to 24 years (52.4 and 56.3
per million doses of the Pfizer-BioNTech vaccine and the
Moderna vaccine, respectively) (35).

Recently collected data have increased information regarding
risk of MYO in younger subjects confirming what has been
previously reported for older children and adolescents and
suggesting that the risk of MYO in children aged 5-11 years
could be significantly lower than that reported in older subjects.
The analysis of the reports to VAERS of MYO after Pfizer-
BioNTech vaccination in children and adolescents aged 5–11,
12–15, and 16-17 years confirmed that even in these age groups
vaccine related MYO is more common among males and occurs
more frequently in the first days after the second vaccine dose.
Regarding incidence, the analysis of the data collected up to
December 19, 2021, regarding a total of 37,810,998 Pfizer-
BioNTech vaccine doses (8,674,378 in children 5-11 years old
and 18,707,169 in children 12-15 years old) has shown that rates
of MYO were not substantially different, although slightly lower,
from those collected in previous studies, at least for subjects older
than 12 years of age (36). In particular, in adolescents aged 16-17
years incidence of MYO per million of given doses within 7 days
from immunization were in males 6.1 and 70.2 after the first and
the second dose, whereas they were 0.0 and 7.6 in females,
respectively. In children aged 12-15 years, estimations were 4.8
and 45.7 for males and 1.0 and 3.8 for females. Finally, in
children aged 5-11 years, values were 0.0 and 4.3 for males
whereas, due to the low number of collected cases, in females it
was possible to calculate only the incidence after the second dose
that was estimated to be 2 (36).
MECHANISMS OF MRNA VACCINE-
INDUCED MYOCARDITIS

To date, the causative relationship between COVID-19 mRNA
vaccine administration and MYO development is supported only
by the close temporal correlation between the 2 events. No
pathophysiological mechanism capable of explaining the
reason why these vaccines cause heart damage has been
definitively ascertained. However, several pathogenetic factors
have been suggested, although it cannot be excluded that, at least
in some patients, the development of MYO is totally independent
from vaccine administration (37). Table 1 summarizes the main
pathogenetic mechanisms associated with the development of
MYO after vaccination with COVID-19 mRNA vaccines.

Development of MYO generally occurs within a week from
vaccine administration. MYO is part of the clinical manifestation
of COVID-19 which has an incubation period of few days. This
means that a number of MYO cases seen in proximity of
COVID-19 immunization could be due to an undiagnosed
SARS-CoV-2 infection occurring in the same period. Among
the supposed pathogenetic factors, the most accredited is the one
June 2022 | Volume 13 | Article 915580
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that considers that the mRNA of the vaccines could act as an
antigen causing, particularly in genetically susceptible subjects,
an abnormal response of the innate and adaptive immune
system, with the activation of natural killer lymphocytes,
macrophages, and a massive cytokine release leading to a
massive damage of the heart tissue. This supposition seems
supported by the evidence that in a patient with clinical and
cardiac magnetic resonance imaging (MRI) features consistent
with MYO after the second mRNA vaccine administration
elevated plasma levels of some immunological mediators
(interleukin 1 beta receptor antagonist, interleukin 5, and
interleukin 16) were observed (38). Moreover, this supposition
could explain why Moderna vaccine that contains a greater
amount of mRNA than the Pfizer vaccine, is associated with a
higher inceidence of MYO. Contrary to this hypothesis is,
however, the evidence that damage due to the abnormal
immune response was never seen in other organs in which the
uptake of mRNA was demonstrated (39). Moreover, it cannot be
excluded that MYO following COVID-19 mRNA vaccines is
secondary to the superimposition of the vaccination on the
immune response formed earlier as a result of the disease. The
importance of repeated exposure to coronavirus antigens seems
indirectly confirmed by the fact that MYO is frequently
diagnosed after a second vaccine dose. However, recently
collected data regarding the development of multisystem
inflammatory syndrome in children (MIS-C) after COVID-19
Pfizer-BioNTech vaccine administration seem to indicate that
the risk of an abnormal immune response as cause of vaccine-
related MYO is unlikely (40). In a surveillance program for MIS-
C monitoring in the USA, it was reported that the rate of MIS-C
after mRNA vaccine administration was extremely rare and
significantly lower than that found in children infected by
SARS-CoV-2, for whom an abnormal immune response is
considered one of the most likely pathogenetic options (41). It
was shown that, among the 21,335,331 individuals aged 12–20
years that, as of August 31, 2021, had received one or more doses
of a COVID-19 vaccine, only 21 individuals had a syndrome that
could be classified as MIS-C. Rate was 1.0 case per million
vaccinated subjects, compared to 224 per million in children
aged 11–15 years and 164 per million in those aged 16–20 years
among those infected by SARS-CoV-2. Moreover, 15 MIS-C
cases (71%) had evidence of SARS-CoV-2 infection casting
doubts about attribution. A second potential mechanism could
be represented by the molecular mimicry between the spike
Frontiers in Immunology | www.frontiersin.org 4
protein of SARS-CoV-2 and similar cardiac protein sequences
such as a-myosin, a structural component of cells involved in
heart muscle contraction (42). Antibodies directed against the
spike protein could react with heart autoantigens and cause
MYO. However, although autoantibodies have been reported in
patients with MYO, their causative role has never been
demonstrated (43). Finally, a role could be played by sex
hormones. Testosterone and estrogens exert opposite effects on
the immune system activity. Testosterone increases the cellular
immune response favoring the pro-inflammatory effect, whereas
estrogens inhibit pro-inflammatory T cells resulting in a decrease
in cell-mediated responses (44). It seems possible that males have
a natural predisposition to inflammation development, and this
could explain why COVID-19 vaccine related MYO is, as all the
MYO cases, regardless of their origin, more common in males
than in females.
CLINICAL CHARACTERISTICS AND
OUTCOME OF MYOCARDITIS
ASSOCIATED WITH COVID-19
MRNA VACCINATION

Acute clinical manifestations of MYO associated with mRNA
vaccine administration are quite like those reported after a viral
infection, including SARS-CoV-2 infection (35). The most
common symptoms are chest pain, pressure or discomfort,
palpi tat ions , shortness of breath and non-specific
manifestations such as fatigue. Signs suggesting MYO are
tachycardias, arrythmias and, in severe cases, signs of cardiac
failure (35). Table 2 describes the main characteristics of MYO
associated with COVID-19 mRNA vaccines.

The diagnosis of MYO is challenging because the signs and
symptoms previously reported not specific and other diseases
can have, especially in younger children and the elderly, similar
clinical picture. The diagnosis of certainty requires the
histological definition of myocardial damage after cardiac
biopsy. This procedure is invasive and only rarely performed.
Instead, a set of evaluations is used that add up the most
common clinical symptoms with the results of some laboratory
tests, ultrasound, and cardiac magnetic resonance. The most
followed definition of MYO is that provided by the Centers for
Diseases Control and Prevention (CDC) of the USA (37). In this
TABLE 1 | Main pathogenetic mechanisms associated with the development of myocarditis after vaccination with COVID-19 mRNA vaccines.

Possible pathogenesis Possible mechanism

mRNA vaccines as antigens causing, particularly in genetically susceptible
subjects, an abnormal response of the innate and acquired immune system
Superimposition of the vaccination on the immune response formed earlier as a
result of the disease

Activation of natural killer lymphocytes, macrophages, and a massive cytokine
release leading to a massive damage of the heart tissue
Excessive immune response for the addition of the immune response to previous
SARS-CoV-2 infection to immune response to mRNA vaccine

Molecular mimicry between the spike protein of SARS-CoV-2 and similar cardiac
protein sequences such as a-myosin, a structural component of cells involved in
heart muscle contraction

Antibodies directed against the spike protein react with heart autoantigens

Testosterone and estrogens exert opposite effects on the immune system activity. Testosterone increases the cellular immune response favoring the pro-inflammatory
effect, whereas estrogens inhibit pro-inflammatory T cells resulting in a decrease in
cell-mediated responses
June 2022 | Volume 13 | Article 915580
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case, MYO can be considered confirmed in presence of >1
among: a) chest pain/pressure/discomfort, b) dyspnea/
shortness of breath/pain with breathing; c) palpitations; d)
syncope or, in infants and children <12 years of age in
presence of > 2 of irritability, vomiting, poor feeding, and
tachypnea; e) lethargy associated with at least 1 between
histopathologic confirmation of MYO or MRI findings
consistent with myocarditis in the presence of troponin level
above upper limit. A case is defined probable when clinical
criteria previously reported are observed and > 1 finding
among: a) troponin level above upper limit of normal; b)
abnormal electrocardiogram or rhythm monitoring findings
consistent with myocarditis (ST-segment or T-wave
abnormalities; paroxysmal or sustained atrial, supraventricular,
or ventricular arrhythmias; atrioventricular nodal conduction
delays or intraventricular conduction defects; abnormal cardiac
function or wall motion abnormalities on echocardiogram); d)
MRI findings consistent with myocarditis. However, diagnosis of
MYO remains complex and this clearly evidences why data
regarding COVID-19 vaccine related MYO significantly vary
between studies and true incidence remains undefined.

Regarding clinical evolution and prognosis of MYO following
COVID-19 vaccines, available data seem to indicate that, in the
short time and at least in patients aged >12 years, MYO is mainly
a mild disease that tends to solve in a few days with marginal
pharmacological support (35). Signs and symptoms are generally
mild and rapidly solving regardless of the type of mRNA vaccine.
Moreover, development of clinical manifestations is generally
earlier as it occurs within few days after immunization compared
to several days or weeks in case of viral infection so allowing a
prompter therapeutic approach when needed. Unfortunately, no
conclusion can be drawn for children aged 5-11 years. Vaccines
for these subjects have been licensed for emergency use only very
recently and the total number of MYO cases available for
evaluation is too small to assure a valid analysis. No
conclusion can also be drawn for long-term prognosis because
the short follow-up time of patients, regardless of their age.
Frontiers in Immunology | www.frontiersin.org 5
The generally favorable course is shown by the data collected
in the USA between December 2020 and August 2021 in 192 405
448 individuals older than 12 years of age. Among the 817
persons younger than 30 years of age who developed MYO, it
was shown that although chest pain, pressure or discomfort were
reported in 89% of the cases, more relevant clinical
manifestations, such as dyspnea and shortness of breath, were
evidenced in only 30% (35). A significant decrease of the left
ventricular ejection fraction (<50%) was demonstrated in only
12%. The same proportion of patients was considered severe
enough to require treatment with immunoglobulin and
glucocorticoids. Vasoactive medications and intubation or
mechanical ventilation were used in only 12 and 2 patients,
respectively. No case required heart transplant, extracorporeal
membrane oxygenation, or a ventricular assist device. No case of
death was reported. Resolution of signs and symptoms generally
occurred within few days allowing a fast discharge from the
hospital. These findings were confirmed by the recent CDC
analysis of VAER data concerning younger children. Among
the 224 patients aged 12-15 years with known outcomes, 208
(92%) recovered from symptoms at time of report and 16 (8%)
mostly reported improved or resolved symptoms although
ongoing physical restrictions or were still under investigation.
Data regarding the 12 MYO cases diagnosed in children aged 5-
11 years indicate that 8 recovered from symptoms at time of
report and 4 were still recovering (36).

All these findings clearly evidence that COVID-19 related
MYO is less severe that MYO due to other causes. In viral MYO,
although more than 80% of patients spontaneously recover, there
is a significant risk of death or heart transplantation in the first
year after diagnosis (45). Data collected in adolescents have
shown that up to 6% can require a heart transplant or result in
mortality (10). Specifically, for MYO developed in COVID-19
patients, a systematic review of 41 studies detailing the clinical
course of 42 cases revealed that about 38% of them needed
vasopressor assistance and 22% required inotropic support.
Moreover, five patients required each intubation and
TABLE 2 | Main characteristics of myocarditis associated with COVID-19 mRNA vaccines.

Parameter Characteristic

Onset Within a week from vaccine administration
Signs and
symptoms

Chest pain/pressure/discomfort; dyspnea/shortness of breath/pain with breathing; palpitations; syncope; in younger children, irritability, vomiting, poor
feeding, and lethargy can occur

Diagnosis histological definition of myocardial damage after cardiac biopsy
MRI findings consistent with myocarditis

Other
findings

Troponin level above upper limit

Abnormal electrocardiogram or rhythm monitoring findings (ST-segment or T-wave abnormalities; paroxysmal or sustained atrial, supraventricular, or
ventricular arrhythmias; atrioventricular nodal conduction delays or intraventricular conduction defects
On echocardiogram, abnormal cardiac function or wall motion abnormalities

Clinical
evolution

Mainly a mild disease that tends to solve in a few days with marginal pharmacological support

Prognosis Favorable in short-term
Treatment No data on long-term prognosis

Control of arrythmias. Use of intravenous inotropic drugs when low cardiac output is demonstrated. Milrinone is the first choice as epinephrine and
dopamine are generally prescribed to patients with hypotension and cardiogenic shock because these drugs have more chronotropic and arrhythmogenic
potential.
June 2022 | Volume 13 | Article 915580
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mechanical ventilation, four patients were supported by
extracorporeal membrane oxygenation and eight died (46).

Despite the general good prognosis of MYO following
COVID-19 vaccines, in children recently immunized that
present signs and symptoms suggesting MYO should be
referred to a pediatric cardiological center. Approach to
suspected COVID-19 vaccine-related MYO is not substantially
different from that followed for viral MYOs. Diagnosis should be
supported by the use of traditional markers of cardiomyocyte
lysis , including creatine kinase MB and troponins,
electrocardiography, echocardiography and cardiac magnetic
resonance. When possible, cardiac biopsy that can definitively
confirm MYO should be performed. As arrhythmias are
associated with a poor early outcome, in the early phase of
MYO, monitoring for atrial or ventricular arrhythmias is
essential. Low cardiac output should be treated promptly with
intravenous administration of inotropic drugs, starting from
milrinone. Epinephrine and dopamine are generally prescribed
to patients with hypotension and cardiogenic shock because
these drugs have more chronotropic and arrhythmogenic
potential. Oral therapy should be initiated once the patient is
beyond the acute stage of illness and shows persistent systolic
dysfunction or heart failure (47). However, due to the milder
clinical course compared to classic MYO and MIS-C MYO,
strong pharmacologic support is only rarely required in
patients with COVID-19 vaccine-related MYO. Use of non-
steroidal anti-inflammatory drugs, immune globulin (IVIG),
and steroids is not common (48) and remains controversial
(49). A pediatric study comparing drug use in patients with viral
MYO, MIS-C MYO and vaccine-related MYO has shown that
intravenous immunoglobulin (IVIG) and steroids were
frequently used in patients with classic MYO and MIS-C MYO
but in only one and in none of the 9 patients with previous
COVID-19 immunization (50). Vasopressors were most often
used in patients with traditional viral MYO (42%) or MIS‐C
MYO (52%) and rarely used in vaccine‐related MYO (22%),
although this difference was not statistically significant.
MYOCARDITIS AND RISK-BENEFIT
ANALYSIS OF COVID-19 VACCINE USE

The evidence that, particularly in young adults, adolescents and
older children, there is a possible risk of MYO after COVID-19
mRNA vaccine administration has raised a wide debate
regarding the use of COVID-19 mRNA vaccines in these
subjects. Theoretically, use of vaccine becomes mandatory if
the advantage of the vaccine-induced protection against severe
disease is greater than the risk of severe adverse events, including
MYO. Unfortunately, a reliable risk-benefit analysis weighing
protection against severe disease versus risks of vaccine-induced
MYO is presently not possible as several factors essential for the
analysis continue to change or are not definitively established.

Examples that follow can clearly evidence present limitations.
Incidence rate of MYO, importance of age and underlying
Frontiers in Immunology | www.frontiersin.org 6
condition of the vaccinated person, type and efficacy of
vaccines, and the number of administered vaccine doses should
be carefully considered. However, as previously highlighted, true
incidence of MYO is not definitively established. In some
epidemiological studies MYO and pericarditis are considered a
single disease, whereas in other studies cases with pericarditis
alone are excluded. Moreover, role of age in conditioning risk of
MYO development is not precisely defined. For children 5-11-
year-old available data seem to indicate that the risk of MYO is
marginal, and this could lead to conclude that for these children
no problem of vaccine administration exists. However, the total
number of vaccinated cases among which MYO incidence has
been evaluated seems too small to allow definitive conclusions.

Protection induced by mRNA vaccines differs according to
the virus variant. Protection against symptomatic infection due
to the Delta SARS-CoV-2 variant offered by 2 doses of the Pfizer-
BioNTech vaccine was found quite similar to that shown against
the Alpha variant (51). On the contrary, vaccine effectiveness
against Omicron variant has been reported lower than for Delta
(51). Obviously, protection against MYO can significantly vary
(52). The dose of mRNA vaccine included in vaccine authorized
for children 5-11-year-old is lower than included in the vaccine
authorized for older subjects. This could influence risk of MYO.
Impact of booster doses on MYO incidence is unknown. Starting
from these limitations, debatable are the conclusions reached in a
study in which a stratified risk-benefit analysis offirst and second
doses of Pfizer-BioNTech vaccine in children 12–17-year-old by
health status and history of SARS-CoV-2 infection was
performed (53). The authors concluded that two doses of
immunization was favorable only in girls with an underlying
severe disease without previous infection. In boys with prior
infection without comorbidities, even one dose carried more
risks than benefits. However, this study has some limitations,
first the fact that the calculated incidence of MYO after dose 2,
higher than those reported in the already cited CDC evaluation,
makes the benefit of vaccine very low or inexistent. Lacking
reliable analysis, it should be considered that MYO following
COVID-19 immunization is generally a rare and mild disease
that, despite almost always hospitalized, tends to solve in few
days. Moreover, it must be highlighted that importance of child
vaccination for prevention of severe disease is much more
important than previously thought. Children and adolescents
can have a severe disease and cases of MIS-C are the best example
in this regard. Moreover, immunization of these people can
significantly reduce SAR-CoV-2 circulation and limit COVID-19
cases among vulnerable people. Finally, vaccine protection of
older children and adolescents can reduce school absence
limiting educational and social problems already emerged
during lockdown, including long COVID (54, 55) .
Consequently, as long as the circulation of SARS-CoV-2
remains high and there are variants towards which the current
vaccines are only partially effective, it seems necessary that the
recommendations proposed by the CDC and followed by most
health authorities around the world are maintained. In this
regard, the decision of the health authorities of some countries
(Norway, Taiwan and Hong Kong) that suspended the
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administration to adolescents of the second vaccine dose cannot
be followed (56). All the children should receive 2 doses of the
vaccine. A booster dose should be given to all the subjects 12-
year-old and older. Considering the higher risk of MYO in
subjects receiving the Moderna vaccine, Pfizer-BioNTech
vaccine should be preferred, although there is no full
agreement between the regulatory authorities of the different
countries. In the USA, on May 20, 2022, only the Pfizer-
BioNTech vaccine is authorized for children aged 5-11 years
(57), whereas in the European Union (58) and in Canada (59)
both the mRNA vaccines are authorized, although with slight
differences. The Pfizer-BioNTech vaccine can be administered to
children older than 5 years of age, whereas the Moderna vaccine
is presently approved for use in individuals 6 years and older.
Attention must be, however, played to children aged 5-11 years
for whom true incidence of MYO is not precisely defined. In
these subjects, UK recommendation suggesting the use of a two-
dose schedule with the second dose of vaccine at an interval of 12
weeks could be followed. The longer interval in this age group
reflects the strong evidence of high levels of protection against
severe disease from the first dose, and the fact that countries with
longer schedules (eight to twelve weeks) may have a lower rate of
MYO after the second dose (60). In subjects that have
experienced MYO/pericarditis after the first or the second
vaccine dose, testing for evaluation of prior exposure to
COVID-19 should be performed. If test is positive, it is likely
that they are protected, and further doses should be avoided. If
negative, further doses should be considered only after several
weeks when detailed evaluation of heart function assures that the
previous complication can be considered totally solved.
However, all the subjects with a history of documented
Frontiers in Immunology | www.frontiersin.org 7
vaccine-related MYO must be followed for several years in
order to diagnose early and adequately treat any unanticipated
long-term complications.
CONCLUSIONS

MYO is an adverse event that can follow the COVID-19
immunization with mRNA vaccines in few persons,
particularly young adults, adolescents, and older children. It is
generally a mild disease that should not modify the present
recommendations for immunization with the authorized
COVID-19 mRNA vaccines. Despite this, further studies are
needed to evaluate presently undefined aspects of MYO
development after COVID-19 vaccine administration and
reduce the risk of development of this kind of vaccine
complication. Together with a better definition of the true
incidence of MYO and the exact role of the various factors in
conditioning incidence variations, it is essential to establish long-
term evolution of acute COVID-19 related MYO.
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Pérez J, et al. Immunogenicity and Reactogenicity of BNT162b2 Booster in
ChAdOx1-S-Primed Participants (CombiVacS.: A Multicentre, Openlabel,
Randomised, Controlled, Phase 2 Trial. Lancet (2021) 398:121–30.
doi: 10.1016/S0140-6736(21)01420-3

21. Dionne A, Sperotto F, Chamberlain S, Baker AL, Powell AJ, Prakash A, et al.
Association of Myocarditis With BNT162b2 Messenger RNA COVID-19
Vaccine in a Case Series of Children. JAMA Cardiol (2021) 6:1446–50. doi:
10.1001/jamacardio.2021.3471

22. Kim HW, Jenista ER, Wendell DC, Azevedo CF, Campbell MJ, Darty SN, et al.
Patients With Acute Myocarditis Following mRNA COVID-19 Vaccination.
JAMA Cardiol (2021) 6:1196–201. doi: 10.1001/jamacardio.2021.2828

23. Abu Mouch S, Roguin A, Hellou E, Ishai A, Shoshan U, Mahamid L, et al.
Myocarditis Following COVID-19 mRNA Vaccination. Vaccine (2021)
39:3790–3. doi: 10.1016/j.vaccine.2021.05.087

24. Rosner CM, Genovese L, Tehrani BN, Atkins M, Bakhshi H, Chaudhri S, et al.
Myocarditis Temporally Associated With COVID-19 Vaccination.
Circulation (2021) 144:502–5. doi: 10.1161/CIRCULATIONAHA.121.055891

25. Larson KF, Ammirati E, Adler ED, Cooper LTJr, Hong KN, Saponara G, et al.
Myocarditis After BNT162b2 and mRNA-1273 Vaccination. Circulation
(2021) 144:506–8. doi: 10.1161/CIRCULATIONAHA.121.055913

26. Marshall M, Ferguson ID, Lewis P, Jaggi P, Gagliardo C, Collins JS, et al.
Symptomatic Acute Myocarditis in 7 Adolescents After Pfizer-BioNTech
COVID-19 Vaccination. Pediatrics (2021) 148:e2021052478. doi: 10.1542/
peds.2021-052478

27. Snapiri O, Rosenberg Danziger C, Shirman N, Weissbach A, Lowenthal A,
Ayalon I, et al. Transient Cardiac Injury in Adolescents Receiving the
BNT162b2 mRNA COVID-19 Vaccine. Pediatr Infect Dis J (2021) 40:e360–
3. doi: 10.1097/INF.0000000000003235

28. Australian Government. Guidance on Myocarditis and Pericarditis After
mRNA COVID-19 Vaccines. Available at: https://www.health.gov.au/sites/
default/files/documents/2021/12/covid-19-vaccination-guidance-on-
myocarditis-and-pericarditis-after-mrna-covid-19-vaccines_0.pdf (Accessed
February 28, 2022).

29. Lai FTT, Li X, Peng K, Huang L, Ip P, Tong X, et al. Carditis After COVID-19
Vaccination With a Messenger RNA Vaccine and an Inactivated Virus
Vaccine: A Case-Control Study. Ann Intern Med (2022) 175:362–70. doi:
10.7326/M21-3700

30. Klein N. Myocarditis Analyses in the Vaccine Safety Datalink: Rapid Cycle
Analyses and “Head-To-Head” Product Comparisons . Available at: https://
www.health.gov.au/sites/default/files/documents/2021/12/covid-19-
vaccination-guidance-on-myocarditis-and-pericarditis-after-mrna-covid-19-
vaccines_0.pdf (Accessed February 28, 2022).

31. Public Health Ontario. Enhanced Epidemiological Summary, in: Myocarditis
and Pericarditis Following Vaccination With COVID-19 mRNA Vaccines in
Ontario: December 13, 2020 to August 7, 2021 . Available at: https://www.
publichealthontario.ca/-/media/documents/ncov/epi/covid-19-myocarditis-
pericarditis-vaccines-epi.pdf?sc_lang=en (Accessed February 28, 2022).

32. Medicines and Healthcare Regulatory Agency. Coronavirus Vaccine - Weekly
Summary of Yellow Card Reporting (2021). Available at: https://www.gov.uk/
Frontiers in Immunology | www.frontiersin.org 8
government/publications/coronavirus-covid-19-vaccine-adversereactions/
coronavirus-vaccine-summary-of-yellow-card-reporting (Accessed February
28, 2022).

33. Mevorach D, Anis E, Cedar N, Bromberg M, Haas EJ, Nadir E, et al.
Myocarditis After BNT162b2 mRNA Vaccine Against Covid-19 in Israel. N
Engl J Med (2021) 385:2140–9. doi: 10.1056/NEJMoa2109730

34. Witberg G, Barda N, Hoss S, Richter I, WiessmanM, Aviv Y, et al. Myocarditis
After Covid-19 Vaccination in a Large Health Care Organization. N Engl J
Med (2021) 385:2132–9. doi: 10.1056/NEJMoa2110737

35. Oster ME, Shay DK, Su JR, Gee J, Creech CB, Broder KR, et al. Myocarditis
Cases Reported After mRNA-Based COVID-19 Vaccination in the US From
December 2020 to August 2021. JAMA (2022) 327:331–40. doi: 10.1001/
jama.2021.24110

36. Su JR. COVID-19 Vaccine Safety Updates: Primary Series in Children and
Adolescents Ages 5–11 and 12–15 Years, and Booster Doses in Adolescents Ages
16–24 Years . Available at: https://www.cdc.gov/vaccines/acip/meetings/
downloads/slides-2022-01-05/02-COVID-Su-508.pdf (Accessed February 28,
2022).

37. Parra-Lucares A, Toro L, Weitz-Muñoz S, Ramos C. Cardiomyopathy
Associated With Anti-SARS-CoV-2 Vaccination: What Do We Know?
Viruses (2021) 13:2493. doi: 10.3390/v13122493

38. Muthukumar A, Narasimhan M, Li QZ, Mahimainathan L, Hitto I, Fuda F,
et al. In-Depth Evaluation of a Case of Presumed Myocarditis After the
Second Dose of COVID-19 mRNA Vaccine. Circulation (2021) 144:487–98.
doi: 10.1161/CIRCULATIONAHA.121.056038

39. Heymans S, Cooper LT. Myocarditis After COVID-19 mRNA Vaccination:
Clinical Observations and Potential Mechanisms. Nat Rev Cardiol (2022)
19:75–7. doi: 10.1038/s41569-021-00662-w

40. Yousaf AR, Cortese MM, Taylor AW, Broder KR, Oster ME, Wong JM, et al.
Reported Cases of Multisystem Inflammatory Syndrome in Children Aged 12-
20 Years in the USA Who Received a COVID-19 Vaccine, December, 2020,
Through August, 2021: A Surveillance Investigation. Lancet Child Adolesc
Health (2022) 22:S2352–4642. doi: 10.1016/S2352-4642(22.00028-1

41. Esposito S, Principi N. Multisystem Inflammatory Syndrome in Children
Related to SARS-CoV-2. Paediatr Drugs (2021) 23:119–29. doi: 10.1007/
s40272-020-00435-x

42. Vojdani A, Kharrazian D. Potential Antigenic Cross-Reactivity Between
SARS-CoV-2 and Human Tissue With a Possible Link to an Increase in
Autoimmune Diseases. Clin Immunol (2020) 217:108480. doi: 10.1016/
j.clim.2020.108480

43. Caforio AL, Mahon NJ, Tona F, McKenna WJ. Circulating Cardiac
Autoantibodies in Dilated Cardiomyopathy and Myocarditis: Pathogenetic
and Clinical Significance. Eur J Heart Fail (2002) 4:411–7. doi: 10.1016/S1388-
9842(02)00010-7

44. Kumar N, Zuo Y, Yalavarthi S, Hunker KL, Knight JS, Kanthi Y, et al. SARS-
CoV-2 Spike Protein S1-Mediated Endothelial Injury and Pro-Inflammatory
State Is Amplified by Dihydrotestosterone and Prevented by Mineralocorticoid
Antagonism. Viruses (2021) 13:2209. doi: 10.3390/v13112209

45. Greulich S, Seitz A, Müller KAL, Grün S, Ong P, Ebadi N, et al. Predictors of
Mortality in Patients With Biopsy-Proven Viral Myocarditis: 10-Year
Outcome Data. J Am Heart Assoc (2020) 9:e015351. doi: 10.1161/
JAHA.119.015351

46. Rathore SS, Rojas GA, Sondhi M, Pothuru S, Pydi R, Kancherla N, et al.
Myocarditis Associated With Covid-19 Disease: A Systematic Review of
Published Case Reports and Case Series. Int J Clin Pract (2021) 75:e14470.
doi: 10.1111/ijcp.14470
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