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AUTHOR'S SUMMARY

Vaccine-related myocarditis (VRM) is a rare but significant adverse event associated primarily
with mRNA vaccines against coronavirus disease 2019 (COVID-19). This review explores

the incidence, risk factors, clinical presentation, pathogenesis, management strategies,
and outcomes associated with COVID-19 VRM. The incidence of VRM is notably higher in
male adolescents and young adults, especially after the second dose of mRNA vaccines. The
pathogenesis appears to involve an immune-mediated process, but the precise mechanism
remains mostly unknown so far. Most studies have suggested that VRM is mild and self-
limiting, and responds well to conventional treatment. However, a recent nationwide

study in Korea warns that severe cases, including fulminant myocarditis or death, are not
uncommon in patients with COVID-19 VRM. This review also briefly addresses the critical
balance between the substantial benefits of COVID-19 vaccination and the rare risks of VRM
in the coming endemic era. It emphasizes the need for continued surveillance, research

to understand the underlying mechanisms, and strategies to mitigate risk. Filling these
knowledge gaps would be vital to refining vaccination recommendations and improving
patient care in the evolving COVID-19 pandemic landscape.

ABSTRACT

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 has led to a global health crisis with substantial mortality and morbidity. To
combat the COVID-19 pandemic, various vaccines have been developed, but unexpected
serious adverse events including vaccine-induced thrombotic thrombocytopenia, carditis,
and thromboembolic events have been reported and became a huddle for COVID-19
vaccination. Vaccine-related myocarditis (VRM) is a rare but significant adverse event
associated primarily with mRNA vaccines. This review explores the incidence, risk factors,
clinical presentation, pathogenesis, management strategies, and outcomes associated
with VRM. The incidence of VRM is notably higher in male adolescents and young adults,
especially after the second dose of mRNA vaccines. The pathogenesis appears to involve an
immune-mediated process, but the precise mechanism remains mostly unknown so far. Most
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studies have suggested that VRM is mild and self-limiting, and responds well to conventional
treatment. However, a recent nationwide study in Korea warns that severe cases, including
fulminant myocarditis or death, are not uncommon in patients with COVID-19 VRM. The
long-term cardiovascular consequences of VRM have not been well understood and warrant
further investigation. This review also briefly addresses the critical balance between the
substantial benefits of COVID-19 vaccination and the rare risks of VRM in the coming
endemic era. It emphasizes the need for continued surveillance, research to understand the
underlying mechanisms, and strategies to mitigate risk. Filling these knowledge gaps would
be vital to refining vaccination recommendations and improving patient care in the evolving
COVID-19 pandemic landscape.

Keywords: COVID-19; Vaccines; Myocarditis

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a highly contagious disease caused by the virus
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).Y It quickly spread worldwide
after the first case emerged in late 2019, posing a significant public health challenge due to its
high mortality and morbidity rates, as well as its substantial socio-economic cost.?

To prevent COVID-19, new vaccines against SARS-CoV-2 have been developed and are being
rapidly used worldwide.? The European Medicines Agency has authorized the use of the
first 4 vaccine preparations, including Oxford-AstraZeneca’s ChAdOx1, Johnson & Johnson’s
AD26.COV2-S, Pfizer’s BNT162b2, and Moderna’s mRNA-1273.9 ChAdOx1 and AD26.
COV2-S are adenoviral vaccines composed of recombinant adenovirus vectors that contains
a codon-optimized DNA encoding the spike protein of SARS-CoV-2. BNT162b2 and mRNA-
1273 vaccines are mRNA vaccines that consist of lipid nanoparticle envelope containing a
strand of nucleoside-modified mRNA encoding the viral spike protein of SARS-CoV-2. The
recombinant spike proteins stimulate the production of antibodies against SARS-CoV-2,
which in turn helps prevent COVID-19 by these increased antibodies.

While clinical trials have proven the safety of various COVID-19 vaccines with a large number
of subjects, challenges have emerged in the field. These include doubts about vaccine
effectiveness, vaccine hesitancy, and the emergence of immune-evading mutant viruses
following the introduction of novel vaccines.?

The primary cause of vaccine hesitancy is thought to be concerns about vaccine side effects.
Several COVID-19 vaccines have been developed using innovative platforms, which may result
in newly reported adverse reactions. Thrombosis with thrombocytopenia syndrome has been
a common side effect of adenovirus-vectored vaccines, while myocarditis and pericarditis
have been associated with mRNA vaccines.”®

This review explores the incidence, pathogenesis, clinical presentation, diagnosis,
management strategies, and outcomes of COVID-19 vaccine-related myocarditis (VRM) based
on the published studies. This review also briefly discusses the critical balance between the
substantial benefits of COVID-19 vaccination and the rare risks of VRM in the upcoming
endemic era, as well as the unmet needs concerning COVID-19 VRM.
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CORONAVIRUS DISEASE 2019 MYOCARDITIS VERSUS
CORONAVIRUS DISEASE 2019 VACCINE-RELATED
MYOCARDITIS

Myocarditis is an inflammation of the myocardium that can cause structural abnormalities
in the myocardium, leading to a range of clinical presentations from asymptomatic to heart
failure and death.”'® It can be caused by various infectious agents, most commonly viral
infections, autoimmune diseases, environmental toxins, and, in rare cases, as an adverse
reaction to drugs or vaccines.

Myocarditis may develop during a COVID-19 infection due to direct viral invasion and
endothelial dysfunction. The Centers for Disease Control and Prevention (CDC) reports
that the risk of developing myocarditis during the course of a SARS-CoV-2 infection

is approximately 150 per 100,000 individuals.' The reported incidence of COVID-19
myocarditis has been reported to range from 1,000 to 4,000 cases per 100,000 patients,
according to the Vaccine Adverse Event Reporting System (VAERS), a national early warning
system for detecting potential safety problems with US-licensed vaccines.'? Therefore,
COVID-19 has become a potentially important cause of myocarditis.

Following the introduction of COVID-19 vaccines, cases of acute myocarditis with non-viral
causes have been reported. These vaccines have also been identified as potential causes of
myocarditis.” The reported incidence of COVID-19 VRM varies depending on the type of
vaccines, age, and sex. According to VAERS data, the incidence ranges from approximately
0.3 to 5.0 cases per 100,000 vaccinated individuals.™

To diagnosis VRM, it is important to exclude COVID-19 infection as the risk of myocarditis is
significantly higher in individuals with COVID-19 infection than in those who have received
the COVID-19 infection than in those who have received the COVID-19 vaccination. Table 1
summarized the differences between COVID-19 infection and VRM.

Table 1. Differentiation between COVID-19 myocarditis and COVID-19 VRM

Timing Incidence Severity and prognosis Possible mechanism
COVID-19 During the course of - 150/100,000 by US CDC™V - Survival: 30-80% - Direct viral invasion
myocarditis a CovID-19 infection, . 1,000 to 4,000/100,000 by US - Can vary in severity and may - Immune reaction
often during the acute  VAERS be associated with more severe . Endothelial dysfunction secondary
phase of illness COVID-19 cases to infection of adjacent cells or

increased inflammation
- Genetic susceptibility

COVID-19VRM A few days to weeks - 0.3-5.0/100,000 vaccinated people - Survival: >99% - Immune response
after receiving a - Depending on the vaccine platform, - Generally mild and self-limiting, - Sex-related factor
COVID-19 vaccine age, and sex with most individuals recovering - Genetic susceptibility
- Predominantly in males aged 12 to fully with appropriate medical care
40 years - Rarely, fulminant cases needing ICU

care, or transplantation

CDC = Center for Disease Control and Prevention; COVID-19 = coronavirus disease 2019; ICU = intensive care unit; VAERS = Vaccine Adverse Event Reporting

System; VRM = vaccine-related myocarditis.
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PATHOGENESIS OF CORONAVIRUS DISEASE 2019
VACCINE-RELATED MYOCARDITIS

The pathophysiologic mechanisms of VRM are not fully understood. Possible mechanisms
include a vaccine-induced immune response, molecular mimicry between self-antigens and
viral antigens, and factors such as host age, sex, and genetic predisposition (Figure 1).

Vaccines against COVID-19 typically encode similar forms of the SARS-CoV-2 viral spike
glycoproteins, which can activate both innate and adaptive immune responses.¥ Antibodies
can be produced against these spike proteins after the introduction of mRNA or DNA
encoding them. It is worth noting that there is molecular mimicry between the viral spike
glycoprotein and myosin heavy chain or cardiac troponin C1. Myocardial inflammation can be
induced by the interaction between antibodies against the spike protein and cardiac antigens.
Additionally, mRNA molecules in mRNA vaccines can activate the immune response.’™
Some of these immune responses can activate cardiotropic clones of T and B cells, which can
subsequently damage the myocardium.

Vaccines may enhance self-reactive T-cell responses and exacerbate pre-existing autoimmune
cardiac diseases, increasing the risk of severe myocarditis in affected patients. It is believed
that sex hormones, particularly in genetically susceptible men, may contribute to the higher
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Figure 1. Proposed pathophysiologic mechanism of coronavirus disease 2019 vaccine-related myocarditis. Vaccines for severe acute respiratory syndrome
coronavirus-2 use the viral spike protein as their target. Adenoviral vaccines use a modified form of DNA adenovirus to elicit an immune response to the viral
spike proteins. Upon injection, the DNA is released into the cytoplasm and later migrates into the cell nucleus without being incorporated into the cellular DNA.
DNA produces mRNA that codes for viral spike proteins. In contrast, mRNA vaccines use mRNA for viral spike protein that is included in lipid nanoparticles. The
mRNA then migrates back into the cytoplasm. After injection of these vaccines, the mRNA inserts itself into the cytoplasm, where it synthesizes the viral spike
proteins via interaction with ribosomes. Viral spike proteins can elicit an immune response from the host’s helper T cells (CD4+ TH) and APC, resulting in the
production of antibodies against viral spike proteins by B cells. Infected cells are attacked by cytotoxic T cells (CD8+ TC) coated with antibodies against viral
spike proteins. It is important to note that antibodies against spike proteins may also have cross-reactivity with TNNC1 and myosin, potentially leading to an
attack on the myocardium. Increased immune responses, including elevated serum concentrations of proinflammatory cytokines and chemokines, can enhance
the attack. In females, sex hormones such as estrogen inhibit T cell activity and reduce the immune response. Additionally, genetic factors may contribute to the
pathogenesis of myocarditis.

APC = antigen-presenting cells; TC = cytotoxic T cells; TH = helper T cells; TNNC1 = cardiac troponin C1.
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incidence of VRM in young men.'¥ Normally, estrogen inhibits proinflammatory T-cell
responses, while testosterone activates specific helper T-cell responses.

EPIDEMIOLOGIC STUDIES FOR CORONAVIRUS DISEASE
2019 VACCINE-RELATED MYOCARDITIS

Following the introduction of the live attenuated smallpox vaccine, several cases of VRM have
been reported.” Interest in vaccine-related adverse events has increased, particularly after
the introduction of COVID-19 vaccines using novel technology. Countries have established
organizations to monitor these adverse events, including VAERS in the US. According to
VAERS data, the peak incidence of VRM was observed in young males aged 15 to 17 years,
particularly after the second dose. The incidence rate is approximately 0.3 to 5.0 per 100,000
COVID-19 vaccinated individuals.'?'

Table 2 summarizes various epidemiological studies on COVID-19 VRM. The incidence

of VRM can be influenced by factors such as vaccine type, age, and sex. Additionally, the
reporting system (passive or active surveillance) and the definition of myocarditis used can
affect the incidence. Therefore, readers should take these limitations into account when
interpreting the data.

A worldwide pharmacovigilance study on mRNA-1273, involving more than 252 million
individuals, showed that the incidence of VRM associated with mRNA-1273 is 9.23 per 100,000
person-years. It was highest in males aged 18 to 24 years old who had received the second

dose of the vaccine.”® The VAERS data including more than 192 million revealed that young
men were the highest risk group, especially after the second dose of an mRNA vaccines. The
incidence of adverse effects after the first dose of BNT162b2 vaccine was 1.29 per 1,000,000
doses, while after the second dose it was 9.71 per 1,000,000 doses. For mRNA-1273 vaccine,
the incidences were 1.61 and 5.09 per 1,000,000 doses after the first and the second doses,
respectively.”” The English National Immunisation database reported data on myocarditis or
pericarditis data following vaccination with ChAdOx1, BNT162b2 and mRNA-1273 among a
population of approximately 38.6 million population in the UK.?® As the ChAdOx1 vaccine was
developed and made available in the UK, this database includes data on more than 20 million
individuals who received the ChAdOx1 vaccine. The database includes 397 VRM cases, with 226
occurring after ChAdOx1 vaccination, 158 after BNT162b2 vaccination, and 9 after mRNA-1273
vaccination. They showed increased risk of VRM in a week after the first dose of both mRNA
and adenoviral vaccines and after the second dose of mRNA vaccines only in younger than 40
years old. Another nationwide population-based study by Le Vu et al.?” reported that 534 cases
of VRM of total 32 million persons after mRNA vaccines in France, and the highest risk of VRM
was in individuals aged 18 to 24 years old vaccinated with mRNA-1273 vaccine, especially after
the second dose. In other population-based studies, VRM was more commonly associated with
mRNA vaccines in young males and after the second doses.?023%)28)293133)

Cho et al.*” recently reported nationwide surveillance data on COVID-19 VRM in Korea.

The Korean government established a nationwide reporting system for adverse events
following COVID-19 vaccination before the vaccination campaign began, as they initiated the
vaccination later than Western countries. Additionally, the Expert Adjudication Committee
on COVID-19 Vaccine-related Myocarditis/Pericarditis was organized within the Korea CDC.
The Korean government requires the reporting of all adverse events related to the COVID-19
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vaccination, mandatory. The committee reviewed all reported cases and confirmed myocarditis
or pericarditis after the vaccination, based on diagnostic appropriateness. According to

the study, 44,276,704 individuals aged 12 and older received at least one dose of COVID-19
vaccine. Of these, 480 patients were confirmed to have VRM by an expert committee,
resulting in an overall incidence rate of 1.08 per 100,000 vaccinated persons in Korea. This
incidence was particularly high in males after receiving the second dose of mRNA vaccines,
consistent with other studies. However, unlike other studies, this research provided more
precise clinical outcomes for patients with VRM. Out of 480 VRM patients, 95 cases (19.8%)
were identified as severe, including 85 intensive care unit admissions (17.7%), 36 cases of
fulminant myocarditis (7.5%), 21 patients (4.4%) treated with extracorporeal membrane
oxygenator (ECMO), 21 deaths (4.4%), and 1 heart transplantation (0.2%). In addition, 8
cases of sudden cardiac death (SCD) were reported following COVID-19 vaccination. SCD
occurred in individuals under 45 years of age and within one week of the vaccination.

DIAGNOSIS OF CORONAVIRUS DISEASE 2019
VACCINE-RELATED MYOCARDITIS

The diagnostic criteria for COVID-19 VRM in published large cohort studies generally align
with standard myocarditis diagnostic criteria, with additional consideration given to the
temporal relationship between symptom onset and COVID-19 vaccination.V?25273030
Therefore, the diagnosis of COVID-19 VRM typically follows a combination of clinical
criteria, laboratory findings, and imaging results, mirroring the diagnostic approach used for
myocarditis in general but within the specific context of recent COVID-19 vaccination.

Symptoms of myocarditis of VRM are similar to common myocarditis, including chest pain
or pressure sense, shortness of breath, palpitations, or syncope.'”*¥ Chest pain or discomfort
is the most frequent symptom and is generally mild and can be worsened by inspiration
(respiratory-dependency). Also, patients may also experience malaise, general weakness,
and febrile senses. These symptoms typically start within several days after the vaccination
against COVID-19. Although there are several cases of VRM without symptoms and a
possibility of selection bias, almost all patients with VRM complain of chest pain.»43%

The diagnosis of VRM requires signs of laboratory data supporting myocarditis, including
measures of myocardial injury and evidence of systemic inflammation.’?* Specific serum
markers of myocardial injury include cardiac troponin I or T, and creatine kinase-MB. In
patients with myocarditis, cardiac troponin levels are typically elevated and reach their peak
between 48 and 72 hours after symptoms onset.'¥?) Serum level of cardiac troponins shows
aweak correlation with the severity of ventricular dysfunction.?® Leukocytosis, elevated
C-reactive protein (CRP) and erythrocyte sedimentation rate can be present with systemic
inflammation, and CRP is elevated in 80% to 95% of the patients.'” Other biomarkers
associated with myocardial inflammation may aid the diagnosis.

Electrocardiography is a crucial diagnostic tool for identifying myocarditis and eliminating
other potential causes of chest pain. Abnormal electrocardiographic findings can be found
in about 85% of patients with myocarditis, and ST-segment elevation is the most frequent
abnormal finding.!”*” Also, suspicion of acute myocarditis should be raised and high-risk
forms suggested by atrioventricular block, QRS width greater than 120 ms, symptomatic
bradycardia or tachycardia, or ventricular arrhythmias.!*)%®)
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Echocardiography is an imaging test of choice that should be used in patients with suspected
myocarditis to help detect structural and functional abnormalities of the heart.!” Several
echocardiographic findings suggesting acute myocarditis include increased ventricular wall
thickness, decreased segmental contractility (hypokinesia), particularly in the inferior and
inferolateral wall, and increased myocardial echogenicity.!” Also, abnormal tissue Doppler
finding, mild right ventricular dysfunction, pericardial effusion, and abnormal strain
echocardiographic finding can be found in myocarditis patients.??? Echocardiographic
measurement of global longitudinal strain was significantly lower in patients with
myocarditis than control subjects among patients presenting chest pain and elevated
troponins.* The assessment of left ventricular ejection fraction (LVEF) can give prognostic
information, and patients with lower LVEF on admission had worse survival.®®

Cardiac magnetic resonance imaging (CMR) is a powerful imaging study in myocarditis
patients and it can measure LVEF after quantifying ventricular volumes, along with cardiac
mass.'”" Additionally, it can detect and quantify the extent of myocardial inflammation

in patients with myocarditis. The presence of myocardial edema and/or late-gadolinium
enhancement on CMR is a part of diagnostic criteria for myocarditis along with another

3 clinical criteria including electrocardiographic findings, elevated marker of serum
myocardiolysis, and functional and structural abnormalities on cardiac imaging tests.'?'¥*
Original Lake Louise Criteria has been proposed to detect myocardial inflammation by CMR
in 2009.*Y The 2018 update of the Lake Louise Criteria suggests that a positive diagnosis

of myocarditis requires the presence of at least one criterion from each of the following

2 categories: T2-based marker of myocardial edema and T1-based marker for associated
myocardial injury (myocardial edema, hyperemia, necrosis or fibrosis).*?

Endomyocardial biopsy (EMB) is the gold standard diagnostic method for detecting
myocardial inflammation. Recent expert consensus recommend EMB is indicated in cases
with acute myocarditis presenting cardiogenic shock or acute heart failure, ventricular
arrhythmias or high-degree atrioventricular block, peripheral eosinophilia, suspicion of
chronic inflammatory cardiomyopathy, and accuracy of CMR for diagnosis is uncertain.?*
While EMB is rarely indicated in mild cases of myocarditis, it remains the most reliable
diagnostic tool for severe cases. Patients with COVID-19 VRM exhibit numerous macrophages
in the myocardium with low levels of T-cell infiltrates.'¥

CHALLENGES OR ISSUES IN THE DIAGNOSIS OF
CORONAVIRUS DISEASE 2019 VACCINE-RELATED
MYOCARDITIS

The diagnosis of COVID-19 VRM presents several challenges and issues, primarily due to its
rarity, the variability in clinical presentation, and the overlap with other conditions. Some of
the key problems and issues are as follows:

1) Non-specific symptoms: The symptoms of VRM, including chest pain, shortness of
breath, and palpitations, are non-specific and can be associated with a wide range of
cardiovascular and non-cardiovascular conditions. Therefore, this non-specificity can lead
to delays in diagnosis or misdiagnosis.
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2) Overlap with other conditions: VRM can mimic other acute cardiac conditions. Thus, it
can be challenging to differentiate between VRM and other acute cardiac conditions, such
as acute coronary syndrome, based solely on clinical presentation.

3) Similar laboratory and imaging findings: Although elevated cardiac biomarkers and
imaging findings are important for diagnosing myocarditis, they are not specific to this
condition. Additionally, not all healthcare settings have access to advanced imaging
techniques like CMR, which can provide more definitive evidence of myocarditis.

4) Temporal association between symptom onset and vaccination: Establishing a causal link
between the COVID-19 vaccination and myocarditis is challenging. Temporal association
does not necessarily imply causation, and other potential causes or coincidental
occurrences must be carefully excluded.

5) Lack of standardized diagnostic criteria of VRM: Although the Brighton Collaboration
(BC) and other organizations provide case definitions for vaccine-related adverse events,
there may be variability in how these criteria are applied in clinical practice. This can
lead to inconsistencies in diagnosis and reporting. For instance, Cho et al.>” conducted a
nationwide study in Korea using the modified criteria of BC case definition for VRM, while
Oster et al.*” conducted a US cohort study using CDC criteria for the diagnosis of VRM.

6) Underreporting and misclassification: Some cases of VRM may not be reported or may be
misclassified due to the mild nature of symptoms in some individuals or the attribution of
symptoms to other causes.

7) Differential diagnosis: The differentiation of VRM from myocarditis caused by other factors,
such as viral infections including SARS-CoV-2, adds complexity to the diagnostic process.

8) Evolving understanding: As the COVID-19 pandemic progresses and new vaccine
platforms are introduced, the clinical understanding of VRM continues to develop. It is
important to note that this evolving knowledge base can impact diagnostic approaches
and criteria over time.

Addressing these challenges requires a high degree of clinical suspicion, access to
comprehensive diagnostic tools, and a multidisciplinary approach involving cardiologists,
infectious disease specialists, and other healthcare professionals. Ongoing research and updated
guidelines are essential for improving the diagnosis and management of COVID-19 VRM.

MANAGEMENT OF CORONAVIRUS DISEASE 2019
VACCINE-RELATED MYOCARDITIS

Currently, there is no agreement on how to manage VRM patients who experience acute
symptoms. Typically, most VRM cases have a normal or near-normal LVEF, and patients
experience a quick resolution of their symptoms. It is important to distinguish chest pain
caused by VRM from chest pain caused by coronary artery disease. If coronary artery disease
is suspected, it is recommended to perform coronary angiography to confirm its presence.
However, in cases of reduced left ventricular systolic function (LVSF) and clinical heart
failure, management should be based on heart failure guidelines.”* If there is a decline

in LVSF, heart failure medications such as angiotensin receptor-neprilysin inhibitors or
angiotensin-converting enzyme inhibitors, beta-blockers, mineralocorticoid receptor
antagonists, and sodium-glucose cotransporter-2 inhibitors should be used. If an arrhythmia
is present, management should follow the guidelines for arrhythmia. In cases of severe form
of VRM, EMB is indicated as described above.
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The pathophysiology of VRM has not been established. However, one mechanism is

thought to be the activation of cellular immunity. Anti-inflammatory therapy or the use

of immunosuppressive drugs may be considered as a therapeutic option. Nevertheless,

the selective use of short-term corticosteroids in patients with severe LV dysfunction or in
patients presenting with cardiogenic shock is recommended to balance the benefits and risks
of immunosuppression in VRM."

In cases of shock due to severe heart failure, mechanical ventricular support and/or ECMO
may be considered to reduce LV load and provide a bridge to recovery.'¥*) However, it is
important to note that fulminant myocarditis has a high mortality rate. In the Korean study,*”
36 patients (7.5%) were diagnosed with fulminant myocarditis, 21 of whom received ECMO.
Of those 21 patients, 11 recovered, 9 died, and 1 underwent heart transplantation.

SPECIAL CONSIDERATION: VACCINATION IN THE
UPCOMING ENDEMIC ERA

With the widespread use of COVID-19 vaccines and an increasing number of individuals
recovering from the virus, COVID-19 has now transitioned into an endemic phase. In this
era, the importance of COVID-19 vaccination may seem less significant, and some people
may be hesitant to get vaccinated due to concerns about adverse events. However, COVID-19
vaccination still plays a crucial role for several reasons.*")

1) COVID-19 vaccines have proven highly effective in reducing rates of severe disease,
hospitalization, and death. Ongoing vaccination efforts will continue to be crucial in
protecting populations, particularly vulnerable groups such as the elderly and those with
underlying comorbidities, including cardiovascular diseases, chronic kidney disease,
diabetes, or lung diseases.

2) Although COVID-19 has entered the endemic phase, localized outbreaks or spikes in cases
could still occur, potentially resulting in a pandemic. High vaccination rates can help
prevent these outbreaks and minimize their impact.

3) Vaccinations help reduce the burden on healthcare systems by preventing severe cases
of COVID-19. This enables hospitals and healthcare providers to better manage other
medical conditions and emergencies, thereby maintaining overall healthcare capacity and
efficiency.

4) The pandemic has presented a challenge with the emergence of new variants. To increase
their effectiveness against prevalent strains, vaccines have been adapted. It will be
essential to continue updating and administering vaccines during the endemic phase to
counteract the virus’s evolution.

5) A retrospective large US cohort study found that COVID-19 survivors had a significantly
higher risk of incidental cardiovascular diseases compared to non-COVID-19 controls.*”
Therefore, individuals with a history of COVID-19 and clinicians should pay attention to
their cardiovascular health in the long term. COVID-19 vaccination can be an effective tool
in reducing the risk of infection and potential long-term health consequences.*¥

6) Booster doses or updated vaccines may be necessary during an endemic phase due to the
emergence of new COVID-19 variants or waning immunity.

For these reasons, COVID-19 vaccination will remain a crucial aspect of public health strategy
in the upcoming endemic era. It will allow societies to live with COVID-19 more safely and
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with less disruption, highlighting the significance of vaccine development, distribution, and
ongoing public health measures to effectively manage the disease.

FUTURE PERSPECTIVES OR UNMET NEEDS FOR
CORONAVIRUS DISEASE 2019 VACCINE-RELATED
MYOCARDITIS

COVID-19 VRM, although rare, has revealed several unmet needs in understanding and
managing this adverse event. It is crucial to address these needs to enhance vaccine safety,
improve patient outcomes, and maintain public trust in vaccination programs in the future.

1) Future strategies may prioritize the need for strong surveillance systems to promptly
detect and report cases of VRM. Improved data collection efforts can clarify incidence
rates, identify at-risk populations, and track long-term outcomes.

2) The pathophysiological mechanism of COVID-19 VRM is still unknown. Research into the
immunological and genetic mechanisms underlying VRM is critical. Identifying specific
risk factors, including genetic predispositions and interactions with other environmental
or biological factors, can inform targeted prevention strategies.

3) Developing next-generation vaccines with high efficacy and reduced risk of adverse events,
including VRM, is a priority. Ongoing research may focus on modifying existing vaccine
platforms or exploring new technologies to minimize potential cardiac effects.

4) Future research could investigate personalized vaccination strategies, such as adjusting
vaccine dosing, scheduling, or administration based on individual risk factors for
myocarditis. Tailoring vaccination approaches could help reduce risks for susceptible
individuals.

5) Standardized treatment guidelines for the management of VRM are essential. This
includes protocols for diagnosis, monitoring, and therapy, ranging from conservative
management for mild cases to advanced interventions for severe cases.

6) Long-term longitudinal studies that monitor individuals who have experienced VRM
will provide valuable insights into long-term clinical outcomes, recurrences, and the
effectiveness of various treatment strategies.

7) During the COVID-19 pandemic, countries worldwide have addressed health issues related
to COVID-19, including VRM, in their own ways. Therefore, international collaboration
among researchers, healthcare organizations, and regulatory agencies will be vital
for sharing knowledge, standardizing surveillance and treatment approaches, and
coordinating responses to VRM.

CONCLUSIONS

In conclusion, the experiences obtained from COVID-19 VRM have significantly contributed
to our understanding of this rare but important adverse event. Our journey through COVID-19
vaccine risk management has been illuminating, underscoring the delicate balance between
vaccine efficacy and safety. This experience has taught us the critical need for robust
surveillance, rapid response to adverse events, and the importance of public trust. Moving
forward, it is crucial to enhance our comprehension of the immunological mechanisms
underlying myocarditis, improve vaccine technologies, and develop precise risk mitigation
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strategies. Transparent communication and global collaboration will be essential in adapting
our approaches. These insights will not only enhance future vaccine safety but also improve
our ability to address emerging health threats, ensuring that we protect public health while
minimizing risks.
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