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Abstract
BACKGROUND
[bookmark: OLE_LINK14][bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK18][bookmark: OLE_LINK19]Vaccination for coronavirus disease 2019 (COVID-19) is a critical strategy in controlling the current pandemic of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). After widespread COVID-19 vaccine implementation, isolated case reports about myocarditis as a potential adverse reaction started coming. As of November 12, 2021, Centers for Disease Control and Prevention (CDC) has reported 1793 cases of myocarditis or pericarditis among young people with age 12-29 years, most cases have been reported in the male adolescent age group after the second dose of mRNA COVID-19 vaccines. It is very important to monitor the safety standards and adverse reactions of vaccines to effectively implement the vaccination policies. The CDC and the United States Food and Drug Administration actively monitor vaccine-associated adverse reactions a well-known platform such as Vaccine Adverse Event Reporting System. CDC continues to recommend COVID-19 vaccines and booster doses for eligible individuals (age limit according to the type of vaccine) after careful consideration from risk-benefit assessment and favorable outcomes from vaccination. Mechanisms behind COVID-19 vaccine-induced myocarditis are not clear yet but several possibilities such as molecular mimicry between the spike protein of SARS-CoV-2 and self-antigens, immune response to mRNA, and activation of host immunological system, trigger of the pre-existing dysregulated immunological system have been documented in the literature. Overall, data suggests a good prognosis, especially in young patients. In this review article, we cover currently available data on COVID-19 vaccine-related myocarditis incidence, concerns, possible mechanisms of myocarditis, current treatment, and outcome trends, risk vs benefit assessment of COVID-19 vaccination in this current pandemic.
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[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Core Tip: Coronavirus disease 2019 (COVID-19) vaccination campaign is progressing successfully, and more than 400 million vaccine doses have been administered in the United States. We support the COVID-19 vaccination drive given positive data on preventing significant morbidities from COVID-19 disease in fully vaccinated people and relatively rare occurrences of serious side effects. Many questions remain open such as: whether patients with a history of vaccine-associated myocarditis should receive the subsequent vaccines or booster doses, the long-term effect of vaccine-associated myocarditis, how to identify the high-risk individuals for such adverse reactions to selectively save vulnerable populations, etc. There is still substantial research to be done in this direction to answer unsolved questions.

INTRODUCTION
Coronavirus disease 2019 (COVID-19), a disease that originated from a viral infection caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), was declared a global pandemic on March 11, 2020, by the World Health Organization. Since the declaration of the pandemic, tremendous efforts have been made towards the development of safe and effective COVID-19 mitigation, specifically through the administering of vaccines. Three of the COVID-19 vaccines were approved by the United States Food and Drug Administration (FDA) for emergency use: the first approval was for Pfizer-BioNTech COVID-19 Vaccine on August 23, 2020[1], the second approval was for Moderna COVID-19 vaccine on December 18, 2020[2] and the third approval was for Janssen COVID-19 vaccine on February 27, 2021[3]. 
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Viral infections are known to cause acute myocarditis by a direct effect on cardiac myocytes causing myonecrosis[4]. Additionally, other mechanisms have also been described including autoimmune response and vasculitis leading to injury. Post-immunization myocarditis as a rare adverse reaction after vaccination has been reported historically after the administering of the smallpox, anthrax, Haemophilus type B, influenza type B, BCG, typhoid fever, influenza and hepatitis B vaccines[5]. The Centers for Disease Control and Prevention (CDC) and the FDA monitor vaccine-associated adverse reactions through the use of a system known as the Vaccine Adverse Event Reporting System (VAERS)[6]. The CDC and FDA use extensive data and statistical methods to generate recommendations relative to vaccine safety and continue to recommend COVID-19 vaccination among everyone ages 5 and older[7]. VAERS is also contingent upon reporting bias, including underreporting (mild adverse events) and overreporting (especially with intense media attention and public awareness)[6]. 
The data and literature continue to accumulate each day regarding COVID-19 vaccine-related adverse events. Myocarditis, in general, has been reported as a rare adverse reaction after the 2nd dose of the COVID-19 vaccine, especially in young males. Within the contents of this review article, we intend to expound upon COVID-19 vaccine-related myocarditis incidence, available data and statistics, possible mechanisms of vaccine-related myocarditis, current treatment trends, outcomes of such events, and risk vs benefit assessments of COVID-19 vaccination in the current pandemic. PRISMA flow diagram for article review is shown in Figure 1. 

[bookmark: OLE_LINK31][bookmark: OLE_LINK32]COVID-19 VACCINE-RELATED MYOCARDITIS INCIDENCE AND CLINICAL PRESENTATION
The CDC reported that more than 448 million doses of the COVID-19 vaccine had been administered in the United States as of November 19, 2021. Furthermore, upwards of 195 million people have been fully vaccinated, and 33.5 million people have received the COVID-19 booster vaccine[8]. The CDC has reported 1,793 cases of myocarditis or pericarditis among young individuals (age 12-29 years) vaccinated for COVID-19, predominantly in adolescent males after the second dose of mRNA COVID-19 vaccines[9]. 
The estimated incidence rate appears to be very low; a comprehensive cohort study from Israel reported 2.13 cases per 100000 vaccinated persons with an incidence rate per 100000 persons for disease severity as 1.62 for mild myocarditis, 0.47 for intermediate myocarditis, and 0.04 for fulminant myocarditis[10]. Another study observed an incidence of 0.8 cases per 1 million doses of first dose COVID-19 vaccine and 5.8 cases per 1 million doses of second dose in 10-d observation window[11]. There is substantial heterogeneity in the incidence rate of vaccine-associated myocarditis, in respect to age and sex of the population as well. Numerous case series and case reports have reported findings consistent with post-COVID-19 immunization myocarditis. Such association was not found in clinical trials for these vaccines. One of the explanations could be a rarity of such adverse reactions, which gained clinical attention after the beginning of the global scale vaccine administration program. 
Data from the available literature suggest patients experienced the symptoms within 12 h to 5 d and primarily after the second dose of COVID-19 vaccine administration; the majority were young male individuals and had good clinical outcomes[12-14]. A study from Israel reported 54 cases of postimmunization myocarditis within approximately 3 to 5 d after the second dose of the vaccine; only one case was fulminant and required extracorporeal membrane oxygenation, 83% of patients did not have co-existing medical conditions, 69% of patients developed myocarditis after the second dose of COVID-19 vaccine[10]. 
The key to identifying such cases is a high index of suspicion in young patients presenting with chest pain or cardiac symptoms within a few days of COVID-19 immunization. A review of the literature suggests patients with acute myocarditis typically present with chest pain (100% cases); myalgia, fatigue, fever (33%-86% cases); palpitations, dyspnoea, fatigue[15]. Blood work shows elevated troponin, C-reactive protein, brain natriuretic peptide; common electrocardiography (EKG) findings are ST-segment elevation, diffuse ST-T changes, ventricular and supraventricular tachycardias, but no EKG changes have also been reported. Echocardiogram findings varied from being normal to reduced systolic heart function, but a review article has reported primarily normal cardiac function in patients ages 18 years and younger, and more systolic dysfunction in patients ages 30 years and older. Cardiac magnetic resonance imaging was only available in a selective number of patients; late gadolinium enhancement in anterolateral and inferolateral cardiac walls was consistently noticed, few patients had myocardial edema on T2 mapping. Cardiac biopsy is a confirmatory test for acute myocarditis, it was noted very infrequently in available literature[10,15,16]. 

POSSIBLE MECHANISM OF MYOCARDITIS
The Pfizer-BioNTech and Moderna COVID-19 vaccines are mRNA vaccines, which contain nucleoside modified mRNA encoding the SARS-COV-2 viral spike protein. Once administered, mRNA particles induce viral spike protein synthesis in the host cells which then stimulates adaptive immune response to produce IgG antibodies to this spike proteins. Such vaccine induced IgG antibodies help neutralising the virus by preventing the attachment of SARS-COV-2 virus to host cell receptors via spike protein[15]. 
The generation of heart reactive autoantibodies against multiple antigens can have a functional effect on cardiac cells[17]. Autoantibodies develop more frequently in first degree relatives of patients with cardiomyopathy, raising possibility of genetically susceptible subgroup of patients. The role of molecular mimicry between the spike protein in the SARS-COV-2 virus and self-antigens has been extensively studied. A study has demonstrated possible cross-reactions between viral spike protein and many tissue proteins including alfa-myosin[18] which may potentially play a role in molecular mimicry mechanism affecting cardiomyocytes. Nucleoside modification plays a critical role in effective and safe mRNA vaccine development as it selectively activates the innate immune system to appropriate target cells and regulates the immune response which is essential in vaccine development[19]. The innate immune system can recognize genetic materials of pathogen that usually lack RNA modifications[19]. A potential immune mediated adverse event such as triggering of the pre-existing dysregulated immune pathways in susceptible individuals leading to exaggerated immune response could be a potential mechanism of myocarditis after mRNA vaccination, such hypothesis have already been generated for COVID-19 viral infection[20]. The overresponse and overproduction of the innate immune system with adaptive mechanisms leads to pathological response. The overexpression of interferon-gamma that drives innate and viral responses to the vaccine booster leads to cardiac events which involve MAPK and JAK-STAT pathways[21]. A report demonstrated no significant elevation of IgM and IgG antibody levels in patients with myocarditis compared to patients without myocarditis after mRNA vaccination[22], provided an evidence against a hyperimmune response as a potential mechanism in general population. Young male predominance for myocarditis cases have been reported in the literature but there is no clear understanding of it. One possibility may be that gender differences in the stimulation of neutrophils and release of cytokines such as TNF-α and IFN-γ with predisposition in males and higher hormonal stimulation at puberty may explain propensity of males to get higher rate of vaccine associated myocarditis, but this needs to be validated[23]. Significant research is still required to better understand the molecular and genetic aspects of such potential mechanisms and vaccine complications. 

MANAGEMENT AND OUTCOMES OF COVID-19 VACCINE RELATED MYOCARDITIS 
Fortunately, most cases of myocarditis after COVID-19 vaccination had favorable outcomes. Those patients responded well to medical therapy and recovered from their symptoms within a short period. All patients presenting with chest pain within a week after receiving the COVID-19 vaccination should undergo complete evaluation for broad differentials of diagnoses. Initial evaluation includes EKG, troponin levels, and inflammatory markers such as erythrocyte sedimentation rate and C-reactive protein. Further workups including echocardiography, cardiac catheterization, and cardiac magnetic resonance imaging should be considered to establish the diagnosis of myocarditis/pericarditis. Besides cardiology, infectious diseases and rheumatology should also be consulted to rule out other causes of myocarditis/pericarditis[15]. All these cases should be reported to VAERS. Further management of these patients is based on their clinical presentation, hemodynamic and rhythmic stability, and disease progression. Patients with acute chest pain, up-trending troponins, EKG changes, or signs of hemodynamic/rhythm instability need to be hospitalized and closely monitored. Many patients responded well with supportive care, nonsteroidal anti-inflammatory drugs, colchicine, and steroids. In patients with left ventricular systolic failure, it may be reasonable to consider additional treatments such as beta-blockers, aspirin, and angiotensin-converting enzyme inhibitors. The average duration of hospital stay is found to be less than a week in the cases reported so far[15,24]. Recently, a case report was published mentioning fulminant myocarditis after COVID-19 vaccination, which unfortunately proved to be fatal for one patient in particular[25]. While such an outcome is certainly alarming, the CDC has not confirmed any death that could be directly attributed to myocarditis related to COVID-19 vaccination.

RISK ASSESSMENT OF VACCINATION
Despite reports of myocarditis, COVID-19 vaccination data is reassuring in terms of safety standards. The CDC reports a significantly higher rate of hospitalization for unvaccinated adults compared to vaccinated adults; risk is 10 times higher for unvaccinated adolescents ages 12 to 17 years, 9 times higher for unvaccinated adults more than 18 years of age, 14 times higher for unvaccinated adults 18 to 49 years of age, 13 times higher for unvaccinated adults 50 to 64 years of age, and around 6 times higher in unvaccinated adults older than 65 years of age[26]. In terms of mortality risk, CDC data from August 2021 reported unvaccinated individuals had a risk of death from COVID-19 related complications around 11 times higher compared to vaccinated individuals[27]. Infection rate and mortality rate were lower in vaccinated individuals irrespective of vaccine brand (Pfizer, Moderna, or Janssen). As of November 19, 2021, more than 448 million doses of the COVID-19 vaccine have been administered in the United States[8] and during this time, VAERS has received 9810 reports of death (0.0022%) related to the COVID-19 vaccine[9]. Reports of adverse events including mortality reports do not necessarily mean a vaccine-related complication. Total deaths from COVID-19 disease as of November 20, 2021 are more than 770461 in United States alone[28]. Considering the risks and benefits of COVID-19 vaccines, it is evident that vaccines have a positive impact on COVID-19 related morbidity and mortality. Therefore, the CDC continues to recommend COVID-19 immunisation to all eligible individuals and continues to monitor upcoming data very closely.

CONCLUSION
In conclusion, the COVID-19 vaccination campaign is progressing successfully, and more than 400 million vaccine doses have been administered in the United States. The CDC and other organizations are actively monitoring the safety standards and adverse reactions related to COVID-19 vaccination. After a thorough evaluation of risk vs benefit, the CDC continues to recommend COVID-19 vaccination in everyone ages 5 or older[7]. We support the COVID-19 vaccination drive given positive data on preventing significant morbidities from COVID-19 disease in fully vaccinated people and relatively rare occurrences of serious side effects. Many questions remain open such as: whether patients with a history of vaccine-associated myocarditis should receive the subsequent vaccines or booster doses, the long-term effect of vaccine-associated myocarditis, how to identify the high-risk individuals for such adverse reactions to selectively save vulnerable populations, etc. There is still substantial research to be done in this direction to answer unsolved questions.
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Figure 1 PRISMA flow diagram.
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