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PRIMER

Myocarditis With COVID-19 mRNA Vaccines
Biykem Bozkurt , MD, PhD; Ishan Kamat, MD; Peter J. Hotez, MD, PhD

ABSTRACT: Myocarditis has been recognized as a rare complication of coronavirus disease 2019 (COVID-19) mRNA 
vaccinations, especially in young adult and adolescent males. According to the US Centers for Disease Control and Prevention, 
myocarditis/pericarditis rates are ≈12.6 cases per million doses of second-dose mRNA vaccine among individuals 12 to 
39 years of age. In reported cases, patients with myocarditis invariably presented with chest pain, usually 2 to 3 days after 
a second dose of mRNA vaccination, and had elevated cardiac troponin levels. ECG was abnormal with ST elevations in 
most, and cardiac MRI was suggestive of myocarditis in all tested patients. There was no evidence of acute COVID-19 or 
other viral infections. In 1 case, a cardiomyopathy gene panel was negative, but autoantibody levels against certain self-
antigens and frequency of natural killer cells were increased. Although the mechanisms for development of myocarditis are 
not clear, molecular mimicry between the spike protein of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
and self-antigens, trigger of preexisting dysregulated immune pathways in certain individuals, immune response to mRNA, 
and activation of immunologic pathways, and dysregulated cytokine expression have been proposed. The reasons for male 
predominance in myocarditis cases are unknown, but possible explanations relate to sex hormone differences in immune 
response and myocarditis, and also underdiagnosis of cardiac disease in women. Almost all patients had resolution of 
symptoms and signs and improvement in diagnostic markers and imaging with or without treatment. Despite rare cases of 
myocarditis, the benefit-risk assessment for COVID-19 vaccination shows a favorable balance for all age and sex groups; 
therefore, COVID-19 vaccination is recommended for everyone ≥12 years of age.
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There is now increasing evidence for myocarditis 
and myopericarditis as rare complications of coro-
navirus disease 2019 (COVID-19) mRNA vacci-

nations, especially in young adult and adolescent males. 
Here we provide further details about this phenomenon 
and its potential underlying mechanisms. We also discuss 
the balance of risk of myocarditis with vaccination versus 
cardiac and other risks from COVID-19 viral infection.

EPIDEMIOLOGY AND CLINICAL 
PRESENTATION OF MYOCARDITIS AFTER 
COVID-19 VACCINATION
Historically, postvaccination myocarditis has been report-
ed as a rare adverse event after vaccinations, especially 
smallpox vaccination, influenza, hepatitis B, or other vac-
cinations.1 In the general population, myocarditis is diag-

nosed in approximately 10 to 20 individuals per 100 000 
per year,2 and occurs more commonly and at younger 
ages in males compared with females.3

In the pre–COVID-19 era, among 620 195 reports 
filed at the Vaccine Adverse Event Reporting System 
(VAERS) between 1990 and 2018, 0.1% were attribut-
able to myopericarditis.1 Of those myopericarditis reports, 
79% were in males.1 However, VAERS is primarily a 
safety signal detection and hypothesis-generating system 
and cannot be used to determine if a vaccine caused an 
adverse event.4 Through this passive reporting, the Cen-
ters for Disease Control and Prevention (CDC) and the 
US Food and Drug Administration conduct postlicensure 
vaccine safety monitoring.4 This approach is not specific, 
and most VAERS events are typically not actually linked to 
vaccinations. Instead, various methods and statistical tech-
niques are used to analyze VAERS data, which the CDC 
and Food and Drug Administration use to guide further 
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safety evaluations, such as Vaccine Safety Datalink, and 
inform decisions around vaccine recommendations and 
regulatory action. Therefore, VAERS data must be inter-
preted with caution because of the inherent limitations of 
passive surveillance.4 VAERS is subject to reporting bias, 
including both under- and overreporting of adverse events 
or stimulated reporting that might occur in response to 
intense media attention and increased public awareness.4

Recently, a CDC Advisory Committee on Immuniza-
tion Practices identified a likely association between 
the 2 COVID-19 mRNA vaccines from Pfizer-BioNTech 
and Moderna and cases of myocarditis and pericarditis.5 
Patient reports in VAERS were categorized according 
to CDC work case definitions as probable myocarditis, 
confirmed myocarditis, or acute pericarditis5 (Figure  1). 
According to the Advisory Committee on Immunization 
Practices, after ≈300 million COVID-19 mRNA vaccine 
doses administered through June 11, 2021, there were 
1226 reports of probable myocarditis/pericarditis cases 
in VAERS, 67% of which followed the second dose.5 Sev-
enty-nine percent were in males, with the majority in indi-
viduals <30 years of age with a median age of 24. Time 
to onset of symptoms was a median of 3 days, with the 
highest rate at day 2 after vaccination and among patients 
16 to 18 years of age. In 484 probable myocarditis/
pericarditis cases among patients ≤29 years of age that 
were reviewed and characterized by the CDC,5 86% had 
reports of chest pain on presentation, 61% had reports 
of ST- or T-wave changes on ECG, 64% had reports of 
elevated cardiac enzymes, and 17% had reports of abnor-
mal cardiac imaging.5 In 323 of the reports that met the 
CDC definition of confirmed myocarditis/pericarditis, 
96% were hospitalized, but most were discharged with 
a resolution of symptoms.5 The observed myocarditis/
pericarditis reports were higher than expected case rates 
for males compared with females, and higher at younger 
ages compared with older ages (Tables 1 and 2).5

Additional analyses of CDC Vaccine Safety Datalink 
with data from 9 participating integrated health care 
organizations revealed an increased risk of myocarditis/
pericarditis events among  individuals 12 to 39 years 
of age in the 7-day risk interval after vaccination with 

mRNA COVID-19 vaccines compared with unvaccinated 
individuals or individuals vaccinated with non-mRNA 
COVID-19 vaccines on the same calendar days (rate 
ratio of 10.8 [95% CI, 3.2–49.0], adjusted for site, age, 
sex, race/ethnicity, and calendar date).5 The estimated 
myocarditis/pericarditis chart-confirmed rate was 12.6 
cases per million doses with second-dose mRNA vac-
cine among individuals 12 to 39 years of age.5 The rates 
based on International Classification of Diseases, 10th 
Revision–coded cases were also higher in males than in 
females5 (Table 3). All chart-confirmed cases with follow-
up had resolution of symptoms; and among those who 
had follow-up ECG/echocardiography and laboratory 
testing, most had returned to normal or baseline.5 On this 
basis, the Food and Drug Administration will add a warn-
ing to the product label of both mRNA vaccines regard-
ing the risk of myocarditis.7

Several myocarditis cases after COVID-19 vaccina-
tion have been published in peer-reviewed journals,8–19 
with reports predominantly after the second dose of 
mRNA COVID-19 vaccines (BNT162b2 mRNA-Pfizer-
BioNTech and the mRNA-1273-Moderna; Table  4). 
Patients in these reports invariably presented with chest 
pain, usually 2 to 3 days after a second dose of mRNA 
vaccination, some preceded with fever and myalgia 1 
day after vaccination. These were predominantly young 
males requiring hospitalization for myocarditis and with-
out a history of COVID-19 or comorbidities. All tested 
negative for current COVID-19 by polymerase chain 
reaction testing. A majority had spike antibody levels 
for severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) suggesting effective immunization. All 
had elevated cardiac troponin, the highest level peak-
ing usually 3 days after vaccination (Table 4). ECG was 
abnormal with ST elevations in most presentations. An 
echocardiogram was abnormal in only 40%, with only a 
small percentage having a left ventricular ejection frac-
tion<50% on presentation. Cardiac MRI was abnormal in 
all tested patients, with findings suggestive of myocardi-
tis such as late gadolinium enhancement and myocardial 
edema. B-type natriuretic peptide or N-terminal pro-B-
type natriuretic peptide levels were only mildly elevated 
in approximately two-thirds of the patients when mea-
sured. C-reactive protein levels were elevated in most 
and decreased along with troponin through the hospital 
stay. Almost all patients had resolution of symptoms and 
signs and improvement in diagnostic markers and imag-
ing with or without treatment (Table 4).

The Israeli Ministry of Health also reported 148 myo-
carditis cases among 10.4 million vaccinated individuals 
occurring within 30 days of mRNA vaccination, a major-
ity after a second dose, mostly in males 16 to 30 years 
of age.20 Most cases required hospitalization up to 4 
days but were considered mild. The report suggested a 
probable link between the second-dose mRNA vaccine 
and myocarditis among men 16 to 30 years of age,20 

Nonstandard Abbreviations and Acronyms

COVID-19	� coronavirus disease 2019
CDC	� Centers for Disease Control and 

Prevention
IL	 interleukin
SARS	 severe acute respiratory syndrome
SARS-CoV-2	� severe acute respiratory syndrome 

coronavirus 2
VAERS	� Vaccine Adverse Event Reporting 

System
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with a stronger link for age 16 to 19, and decreasing 
association with older age.16,20 The prevalence of myo-
carditis was 1/20 000 for the 16- to 30-year group 
compared with 1/100 000 in the general population 
receiving the same vaccine. Similarly, the US Depart-
ment of Defense reported 23 male military personnel 
diagnosed with myocarditis after 2.8 million doses of 
COVID-19 vaccinations administered in the Military 
Health System, mostly after the second dose of mRNA 

COVID-19 vaccination, reflecting higher than expected 
numbers of myocarditis cases.18

COVID-19–ASSOCIATED MYOCARDITIS
With the emergence of COVID-19 in Hubei Province, 
China, there was an expectation that the SARS-CoV-2 
would cause predominantly respiratory illness, similar to 
that seen with severe acute respiratory syndrome (SARS) 

Figure 1. Centers for Disease Control and Prevention working case definitions for acute myocarditis and acute pericarditis.
Adapted from Centers for Disease Control and Prevention5 with permission. Copyright ©2021, Centers for Disease Control and Prevention. 

Table 1.  Expected Versus Observed Number of Myocarditis/Pericarditis Cases in 7-Day Risk Window After 
Dose 2 of mRNA Covid-19 Vaccination*

Age groups

Females Males

Doses administered Expected*,† Observed* Doses administered Expected*,† Observed*

12–17 y 2 189 726 0–2 19 2 039 871 0–4 128

18–24 y 5 237 262 1–6 23 4 337 287 1–8 219

25–29 y 4 151 975 0–5 7 3 625 574 1–7 59

30–39 y 9 356 296 2–18 11 8 311 301 2–16 61

40–49 y 9 927 773 2–19 18 8 577 766 2–16 34

50–64 y 18 696 450 4–36 18 16 255 927 3–31 18

65+ y 21 708 975 4–42 10 18 041 547 3–35 11

COVID-19 indicates coronavirus disease 2019. 
*Preliminary myocarditis/pericarditis reports to US Vaccine Adverse Event Reporting System after dose-2 mRNA vaccination, expected 

vs observed number of cases using 7-day risk window with data through June 11, 2021. Includes total preliminary reports identified by Cen-
ters for Disease Control and Prevention Advisory Committee on Immunization Practices through Vaccine Adverse Event Reporting System 
database searches for reports with myocarditis/pericarditis codes and prescreened Vaccine Adverse Event Reporting System reports with 
signs and symptoms consistent with myocarditis/pericarditis. Observed cases may include probable and confirmed cases by Centers for 
Disease Control and Prevention. Adapted from Centers for Disease Control and Prevention5 with permission. Copyright ©2021, Centers 
for Disease Control and Prevention.

†Based on US population–based background incidence rates of medical conditions for use in safety assessment of COVID-19 vaccines 
and expected counts among females 12 to 29 years of age adjusted for lower prevalence relative to males by factor of 1.73.6 Adapted from 
Centers for Disease Control and Prevention5 with permission. Copyright ©2021, Centers for Disease Control and Prevention.
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in 2002 to 2003.21 However, with the next phase of the 
COVID-19 epidemic in Southern Europe and later New 
York City, it became apparent that there were cardiovas-
cular involvement and thromboembolic complications.22 
Therefore, COVID-19 emerged as a virus pathogen af-
fecting the vasculature and resulting in myocardial injury, 
requiring far different therapeutic approaches compared 
with SARS.22,23 Historically, pre–COVID-19, coronaviruses 
have not been commonly associated with significant myo-
cardial damage. SARS infected >8000 individuals without 
significant incidence of myocarditis. In 1 autopsy series, 
SARS-CoV-1 was polymerase chain reaction amplifiable 
in 7 of 20 (35%) hearts, but was not associated with lym-
phocytic myocarditis, the hallmark of classic viral myocar-
ditis.24 Similarly, Middle East respiratory syndrome corona-
virus infected >2000 individuals, with only 1 case report 
of MRI-diagnosed Middle East respiratory syndrome coro-
navirus myocarditis.25 On the other hand, epidemiological 
data suggest that ≈12% to 20% of hospitalized patients 
with COVID-19 have evidence of cardiac injury as indicat-
ed by elevated levels of cardiac troponin.23,26 Furthermore 
in young athletes recovering from COVID-19 infection,27 
cardiac MRI abnormalities consistent with myocarditis 
have been reported at a higher prevalence than expected, 
in ≈1% to 3% of the athletes.28–32 It was also recognized 
that COVID-19 can result in a multisystem inflammatory 
syndrome in children and younger adults. This rare but se-

rious condition is defined by an excessive hyperinflamma-
tory response that can affect multiple organs including the 
lungs, kidneys, brain, skin, eyes, the gastrointestinal sys-
tem, and the cardiovascular system, resulting in ventricular 
dysfunction, coronary aneurysms, and shock.33,34

Although some investigators have proposed direct 
virus invasion as the most likely mechanism, others focus 
more on host inflammatory cell responses. Emerging 
data indicate that a maladaptive host immune response 
fueled by excessive activation of innate immune path-
ways along with proinflammatory cytokine surge, deregu-
lated thromboinflammation, thrombotic microangiopathy, 
and endothelial dysfunction may play a role in patho-
genesis of cardiac injury related to COVID-19.35,36 Other 
hypothesized mechanisms include demand ischemia, and 
stress- and hypoxia-induced myocardial injury.23 Baseline 
comorbidities including metabolic syndrome, hyperten-
sion, and cardiovascular disease likely also play a role.

Although SARS-CoV-2 can enter the cardiomyocyte 
through an angiotensin-converting enzyme 2–mediated 
entry and SARS-CoV-2 copies have been detected in heart 
tissue,37–39 cardiac histopathology studies have reported 
the absence of diffuse lymphocytic myocarditis tradition-
ally seen in viral myocarditis or confluent myocyte necrosis 
expected in fulminant myocarditis.38,40–43 Hearts of patients 
who died of COVID-19 have revealed a greater number and 
diffuse distribution of CD68+ cells compared with matched 

Table 3.  Myocarditis/Pericarditis Rates Based on International Classification of Diseases, 10th 
Revision Codes

Age group 12-39 y Female cases
Female rates per million 
doses (95% CI) Male cases

Male rates per million 
doses (95% CI)

Any mRNA both doses 6 3.2 (1.2–6.9) 26 16.9 (11.0–24.8)

Any mRNA dose 1 2 1.9 (0.2–7.0) 4 4.7 (1.3–12.0)

Any mRNA dose 2 4 4.7 (1.3–12.0) 22 32.0 (20.1–48.5)

Myocarditis/pericarditis rates based on International Classification of Diseases, 10th Revision–coded cases in Centers for Disease 
Control and Prevention Vaccine Safety Datalink in 21-day risk interval, 12 to 39 years of age, data through June 5, 2021. Adapted 
from Centers for Disease Control and Prevention5 with permission. Copyright ©2021, Centers for Disease Control and Prevention. 
COVID-19 indicates coronavirus disease 2019.

Table 2.  Crude Reporting Rates of Myocarditis/Pericarditis Cases per Million Doses After 
mRNA COVID-19 Vaccination

Age groups

Female rates per million doses Male rates per million doses

All doses Dose 1 Dose 2 All doses Dose 1 Dose 2

12–17 y 4.2 1.1 9.1 32.4 9.8 66.7

18–24 y 3.6 1.5 5.5 30.7 8.7 56.3

25–29 y 2.0 0.8 2.6 12.2 4.5 20.4

30–39 y 1.8 1.4 1.8 6.9 2.0 10.0

40–49 y 2.0 0.9 2.8 3.5 1.0 5.1

50–64 y 1.6 1.0 1.8 1.9 1.0 2.3

65+ y 1.1 0.6 1.2 1.2 0.7 1.4

Preliminary myocarditis/pericarditis crude reporting rates per million mRNA vaccine doses administered by sex and dose 
number to US Vaccine Adverse Event Reporting System following mRNA COVID-19 vaccination with no restrictions on post-
vaccination observation time, data through June 11, 2021. Adapted from Centers for Disease Control and Prevention5 with 
permission. Copyright ©2021, Centers for Disease Control and Prevention. COVID-19 indicates coronavirus disease 2019. 
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control or other myocarditis hearts, indicating that cells of 
monocyte/macrophage lineage rather than lymphocytes 
may be dominant in this setting.35 Other studies revealed 
that interstitial cells, pericytes, and macrophages in the myo-
cardium contain SARS-COV-2 RNA by in situ hybridization, 
and that pericytes infected by SARS-CoV-2 may play a role 
in capillary endothelial cell or microvascular dysfunction and 
individual cell necrosis.39,42,44 It is important to note that mac-
rophages can mediate both local and systemic responses 
to viral infection, are also capable of fixing complement, and 
therefore could cause the direct death of nearby myocytes 
through the activation of apoptotic attack complexes.35 
These findings suggest that COVID-19 may incite a form 
of myocarditis that is different from the typical lymphocytic 
myocarditis associated with other viral myocarditis presen-
tations and may instead be associated with diffusely infiltra-
tive cells of monocyte/macrophage lineage.35,41,44

POTENTIAL MECHANISMS OF COVID-19 
VACCINE MYOCARDITIS
SARS-CoV-2 mRNA vaccines contain nucleoside-mod-
ified mRNA, encoding the viral spike glycoprotein of 
SARS-CoV-2, but not live virus or DNA. They are encap-
sulated in lipid nanoparticles that act as delivery vehicles 
to transport mRNA into the cells and may include inactive 
ingredients such as buffer and salts. Once inside the host 
cells, the vaccine’s mRNA causes the cells to build the 
spike protein which then stimulates an adaptive immune 
response to identify and destroy a virus expressing spike 
protein. Vaccine-induced spike protein IgG antibodies 
prevent attachment of SARS-COV-2 to its host cell via 
spike protein binding to the angiotensin-converting en-
zyme 2 receptor, and thereby neutralizes the virus.

Selected RNA molecules can be immunogenic and 
stimulate the mammalian innate immune system, destroy-
ing the mRNA before it reaches target cells, preventing 
the spike protein and neutralizing antibody production. 
Nucleoside modifications of mRNA have been ground-
breaking, shown to reduce innate immunogenicity, and 
result in less activation of cytokines, paving the path for 
mRNA vaccine development.45 COVID-19 mRNA vac-
cines have been shown to be highly effective and safe in 
large-scale trials.46,47 Systemic reactions to the vaccine, 
which are usually mild and transient, were reported more 
commonly among the younger population and more often 
after the second dose. Adverse cardiovascular effects in 
these trials were isolated, with incidences <0.05%, and 
did not include myocarditis.46,47

Although nucleoside modifications of mRNA have been 
shown to reduce their innate immunogenicity,45 in cer-
tain individuals with genetic predisposition,48 the immune 
response to mRNA may not be turned down and may drive 
the activation of an aberrant innate and acquired immune 
response. The dendritic cells or Toll-like receptor express-

ing cells exposed to RNA may still have the capacity to 
express cytokines and activation markers in certain indi-
viduals, although this may be markedly less when exposed 
to mRNA with nucleoside modifications than when treated 
with unmodified RNA.45 The immune system may therefore 
detect the mRNA in the vaccine as an antigen, resulting in 
activation of proinflammatory cascades and immunologic 
pathways that may play a role in the development of myo-
carditis as part of a systemic reaction in certain individu-
als.45,48 It will be important to monitor the possibility of such 
complications because the revolutionary use of mRNA is 
being considered for other vaccinations and therapies.

In published reports of myocarditis after COVID-19 vac-
cination, cardiac biopsy was reported in only 2 cases and 
did not demonstrate myocardial infiltrate11 or any evidence 
of myocarditis.9 This could be attributable to a sampling 
error in these few cases, or a different mechanism causing 
myocardial injury detected by cardiac biomarkers and MRI 
not manifest as traditional lymphocytic or eosinophilic myo-
carditis or myonecrosis on cardiac histopathology. SARS-
COV-2 polymerase chain reaction and viral serology for 
other causes including hepatitis, Epstein-Barr virus, cyto-
megalovirus, parvovirus, mycoplasma, HIV, influenza A/B, 
respiratory syncytial virus, rhinovirus, enterovirus (Cox-
sackie A, Coxsackie B), adenovirus, and other causes were 
negative for acute or active infection, when tested, arguing 
against myocarditis caused by COVID-19 or other infec-
tions.10,14–18 Serology for autoimmune disorders with anti-
nuclear antibodies and rheumatoid factor were negative, 
with no evidence of predilection to individuals with preex-
isting autoimmune disorders.10 There was also no evidence 
of leukocytosis, eosinophilia, anemia, thrombocytopenia, or 
transaminase elevation.19,12 d-Dimer was slightly elevated 
in 2 patients without evidence of pulmonary embolus or 
venous thromboembolic events,12,14 and erythrocyte sedi-
mentation rate was mildly elevated in some cases.14 In 
1 case report, a panel testing for variants in 121 genes 
potentially linked to cardiomyopathy was negative,17 argu-
ing against an existing predisposition to cardiomyopathy 
attributable to known gene variants in that case.

By 1 case report, SARS-CoV-2 spike IgM and IgG neu-
tralizing antibody levels were not significantly different in the 
patient with myocarditis than in individuals without myocar-
ditis post–COVID-19 mRNA vaccination,17 arguing against 
a hyperimmune response.17 In the same report, the patient 
with myocarditis had elevated levels of IL-1 (interleukin 1) 
receptor antagonist, IL-5, IL-16, but not proinflammatory 
cytokines such as IL-6, tumor necrosis factor, IL-1B, IL-2, 
or interferon-γ levels. However, the patient had diminished 
levels of leukemia inhibitory factor, varying bidirectional 
profiles for IL-10, macrophage migration inhibitory factor, 
and vascular endothelial growth factor relative to an unvac-
cinated individual or a vaccinated individual without myo-
carditis.17 This patient also had higher levels of antibodies 
against some self-antigens such as aquaporin 4, endothe-
lial cell antigen, and proteolipid protein 1.17 Historically, cir-
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Table 4.  Case Reports and Case Series of Myocarditis after COVID-19 Vaccination Table 4.  Continued

Case series Marshall et al8 Rosner et al9 Larson et al11 Abu et al10 Kim et al 19

Montgomery 
et al18 Case report Ammirati et al12

Bautista Garcia 
et al13

McLean et al 
(US) 14 D’Angelo et al15 Albert et al16

Muthukumar 
et al17

Summary of 
case series and 
case reports

Cases, n 7 7 8 6 4 23 Case, n 1 1 1 1 1 1 61 patients

Case source Hospitalized pa-
tients in different 
centers in USA

Hospitalized 
patients in 2 US 
centers

Hospitalized pa-
tients in Italy and 
USA

Hospitalized patients 
in Israel

Hospitalized 
patients in 1 US 
center

Case series from 
US Military Health 
System

Case source Hospitalized pa-
tient in Italy

Hospitalized pa-
tient in Spain

Hospitalized pa-
tient in USA

Hospitalized pa-
tient in Italy

Hospitalized pa-
tient in USA

Hospitalized pa-
tient in USA

All hospitalized 
patients

Male sex, % 100 100 100 100 75 100 Sex Male Male Male Male Male Male 98% males

Median age (range), y 17 (14–19) 24 (19–30) 29 (21–56) 22 (16–45) 30 (23–70) 25 (20–51) Age, y 56 39 16 30 24 52 Mean age 26 y

Vaccine type All BNT 162b2 
(Pfizer)

5 BNT162b2 (Pfiz-
er),1 mRNA-1273 
(Moderna), 1 J&J

5 BNT 162b2 
(Pfizer), 3 mRNA-
1273 (Moderna)

BNT 162b2 (Pfizer) 2 BNT 162b2 
(Pfizer), 2 mRNA-
1273 (Moderna)

7 BNT 162b2 
(Pfizer), 16 mRNA-
1273 (Moderna)

Vaccine type BNT162b2
(Pfizer)

BNT162b2
(Pfizer)

BNT162b2
(Pfizer)

BNT162b2
(Pfizer)

mRNA-1273 
(Moderna)

mRNA-1273 
(Moderna)

All mRNA vac-
cines except for 
one

% Patients presenting after 
second vaccination

100 71 88 83 100 87 Presentation after 2nd 
vaccine

Yes Yes Yes Yes Yes Yes 89%

% Patients with prior CO-
VID-19 history

0 14 25 0 0 13 History of Covid-19? Yes, 9 mo ago No No No No No 11%

% Patients COVID-19 poly-
merase chain reaction positive

0 (all tested) 0 (6/7 tested) 0 (all tested) 0 (all 6 tested) 0 0 (19/23 tested) Is the patient Covid-19 
polymerase chain reac-
tion positive?

No No No No No No 0

% Patients with COVID nu-
cleocapsid antibody present 
(% of tested)

0 (6 tested, all 
negative)

0 (4/7 patients 
tested, all negative)

N/R 0 (6 tested, all nega-
tive)

N/R N/R Does the patient have a 
nucleocapsid antibody?

Yes No N/R No N/R No 5%

% Patients with SARS-CoV-2 
spike antibody

100 67 (4/6 tested pa-
tients, 2 presented 
after first vaccination)

N/R 100 (all 6 tested) N/R N/R Does the patient have 
SARS-CoV-2 spike 
antibody?

Yes Yes N/R Yes N/R Yes 91%

Presentation Presentation

 � Time between last vaccine 
and symptom onset, me-
dian days, (range)

2 (2–4) 3 (2–7) 3 (1–4) 2.5 (1–16), (5 pts 1-3 
days, 1 patient 16 
days post first dose)

2.5 (1–5) 2 (1–4) Time between last vac-
cination and symptom 
onset, days

3 1 1 3 4 1 2.4 days

 � % Patients with chest pain 
on presentation

100 100 100 100 100 100 Did the patient have 
chest pain?

Yes Yes Yes Yes Yes Yes 100%

 � % Patients with other 
symptoms (eg, myalgia, 
fatigue, fever)

86 42 63 33 75 N/R Did the patient have 
other symptoms (eg, 
myalgia, fatigue, fever)

No Yes Yes Yes Yes Yes 63%

Diagnostic evaluation Diagnostic evaluation

 � % Patients with troponin 
elevation (of tested)

100 100 100 100 (6/6) 100 100 (23/23) Did the patient have 
troponin elevation?

Yes Yes Yes Yes Yes Yes 100

 � Median time to troponin 
peak after vaccination, days

3 N/R 3 N/R N/R N/R Median days to tro-
ponin peak after vac-
cination

4 2 3 3 4 4 3

 � % Patients with BNP or NT-
proBNP elevation (among 
tested)

83 (5/6 tested) 50% (6 tested) N/R N/R 50 (2/4 tested) N/R Did the patient have 
a BNP or NT-proBNP 
elevation?

N/R N/R Yes N/R N/R No 61%

 � % Patients with CRP eleva-
tion (among tested)

86 (6/7 tested) 71 88 100 100 (3/3 tested) N/R Did the patient have 
CRP elevation?

Yes N/R Yes Yes Yes Yes 89%

 � % patients with eosinophilia 
(among tested)

N/R N/R 0 0 N/R N/R Did the patient have 
eosinophilia?

No N/R No Mild No No 0

 � % Patients with abnormal 
ECG (among tested)

100 abnormal 
(86% with ST 
elevation, 1 with 
atrioventricular 
dissociation and 
junctional rhythm)

71 (4 patients 
with ST elevations, 
1 patient with 
nonspecific ST/T 
changes)

88 (6 patients with 
ST elevation, 1 
patient peaked T 
waves, 1 patient 
normal)

100 (all 6 with ST 
elevation)

100 (all with ST 
elevation, 2 with 
PR depression)

83 (19/23 with 
ST-segment el-
evations, T-wave 
inversions, and 
nonspecific ST 
changes)

Did the patient have an 
abnormal ECG?

Yes (ST eleva-
tion)

Yes (ST eleva-
tion)

Yes (ST eleva-
tion)

Yes (ST eleva-
tion)

No ischemic 
changes

Yes (incomplete 
right bundle-
branch block 
and left axis 
deviation)

87%

 � % Patients with abnor-
mal cardiac MRI (among 
tested)

100 (all with myo-
cardial edema, 
LGE, hyperemia)

100 (all with LGE, 
1 with wall motion 
abnormality, 3 with 
myocardial edema 
in T2)

100 (all with LGE, 
6 with edema)

100 (all with mild 
subepicardial edema 
and LGE)

100 (all with 
LGE, increased 
T1 and T2 inten-
sity)

100 (8/8 with 
subepicardial 
late gadolinium 
enhancement or 
focal myocardial 
edema)

Did the patient have an 
abnormal cardiac MRI?

Yes (LGE and 
myocardial 
edema in T2 im-
aging)

Yes (subepicar-
dial enhance-
ment)

Yes (signs of 
myocardial fibro-
sis, myocardial 
hyperemia, and a 
small pericardial 
effusion)

Yes (subepicar-
dial LGE of the 
myocardium)

Yes (patchy mid-
myocardial and 
epicardial LGE 
with edema)

Yes (mid myo-
cardial and sub-
epicardial linear 
and nodular 
LGE and mild 
hypokinesis)

100%

(Continued )
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Table 4.  Case Reports and Case Series of Myocarditis after COVID-19 Vaccination Table 4.  Continued

Case series Marshall et al8 Rosner et al9 Larson et al11 Abu et al10 Kim et al 19

Montgomery 
et al18 Case report Ammirati et al12

Bautista Garcia 
et al13

McLean et al 
(US) 14 D’Angelo et al15 Albert et al16

Muthukumar 
et al17

Summary of 
case series and 
case reports

Cases, n 7 7 8 6 4 23 Case, n 1 1 1 1 1 1 61 patients

Case source Hospitalized pa-
tients in different 
centers in USA

Hospitalized 
patients in 2 US 
centers

Hospitalized pa-
tients in Italy and 
USA

Hospitalized patients 
in Israel

Hospitalized 
patients in 1 US 
center

Case series from 
US Military Health 
System

Case source Hospitalized pa-
tient in Italy

Hospitalized pa-
tient in Spain

Hospitalized pa-
tient in USA

Hospitalized pa-
tient in Italy

Hospitalized pa-
tient in USA

Hospitalized pa-
tient in USA

All hospitalized 
patients

Male sex, % 100 100 100 100 75 100 Sex Male Male Male Male Male Male 98% males

Median age (range), y 17 (14–19) 24 (19–30) 29 (21–56) 22 (16–45) 30 (23–70) 25 (20–51) Age, y 56 39 16 30 24 52 Mean age 26 y

Vaccine type All BNT 162b2 
(Pfizer)

5 BNT162b2 (Pfiz-
er),1 mRNA-1273 
(Moderna), 1 J&J

5 BNT 162b2 
(Pfizer), 3 mRNA-
1273 (Moderna)

BNT 162b2 (Pfizer) 2 BNT 162b2 
(Pfizer), 2 mRNA-
1273 (Moderna)

7 BNT 162b2 
(Pfizer), 16 mRNA-
1273 (Moderna)

Vaccine type BNT162b2
(Pfizer)

BNT162b2
(Pfizer)

BNT162b2
(Pfizer)

BNT162b2
(Pfizer)

mRNA-1273 
(Moderna)

mRNA-1273 
(Moderna)

All mRNA vac-
cines except for 
one

% Patients presenting after 
second vaccination

100 71 88 83 100 87 Presentation after 2nd 
vaccine

Yes Yes Yes Yes Yes Yes 89%

% Patients with prior CO-
VID-19 history

0 14 25 0 0 13 History of Covid-19? Yes, 9 mo ago No No No No No 11%

% Patients COVID-19 poly-
merase chain reaction positive

0 (all tested) 0 (6/7 tested) 0 (all tested) 0 (all 6 tested) 0 0 (19/23 tested) Is the patient Covid-19 
polymerase chain reac-
tion positive?

No No No No No No 0

% Patients with COVID nu-
cleocapsid antibody present 
(% of tested)

0 (6 tested, all 
negative)

0 (4/7 patients 
tested, all negative)

N/R 0 (6 tested, all nega-
tive)

N/R N/R Does the patient have a 
nucleocapsid antibody?

Yes No N/R No N/R No 5%

% Patients with SARS-CoV-2 
spike antibody

100 67 (4/6 tested pa-
tients, 2 presented 
after first vaccination)

N/R 100 (all 6 tested) N/R N/R Does the patient have 
SARS-CoV-2 spike 
antibody?

Yes Yes N/R Yes N/R Yes 91%

Presentation Presentation

 � Time between last vaccine 
and symptom onset, me-
dian days, (range)

2 (2–4) 3 (2–7) 3 (1–4) 2.5 (1–16), (5 pts 1-3 
days, 1 patient 16 
days post first dose)

2.5 (1–5) 2 (1–4) Time between last vac-
cination and symptom 
onset, days

3 1 1 3 4 1 2.4 days

 � % Patients with chest pain 
on presentation

100 100 100 100 100 100 Did the patient have 
chest pain?

Yes Yes Yes Yes Yes Yes 100%

 � % Patients with other 
symptoms (eg, myalgia, 
fatigue, fever)

86 42 63 33 75 N/R Did the patient have 
other symptoms (eg, 
myalgia, fatigue, fever)

No Yes Yes Yes Yes Yes 63%

Diagnostic evaluation Diagnostic evaluation

 � % Patients with troponin 
elevation (of tested)

100 100 100 100 (6/6) 100 100 (23/23) Did the patient have 
troponin elevation?

Yes Yes Yes Yes Yes Yes 100

 � Median time to troponin 
peak after vaccination, days

3 N/R 3 N/R N/R N/R Median days to tro-
ponin peak after vac-
cination

4 2 3 3 4 4 3

 � % Patients with BNP or NT-
proBNP elevation (among 
tested)

83 (5/6 tested) 50% (6 tested) N/R N/R 50 (2/4 tested) N/R Did the patient have 
a BNP or NT-proBNP 
elevation?

N/R N/R Yes N/R N/R No 61%

 � % Patients with CRP eleva-
tion (among tested)

86 (6/7 tested) 71 88 100 100 (3/3 tested) N/R Did the patient have 
CRP elevation?

Yes N/R Yes Yes Yes Yes 89%

 � % patients with eosinophilia 
(among tested)

N/R N/R 0 0 N/R N/R Did the patient have 
eosinophilia?

No N/R No Mild No No 0

 � % Patients with abnormal 
ECG (among tested)

100 abnormal 
(86% with ST 
elevation, 1 with 
atrioventricular 
dissociation and 
junctional rhythm)

71 (4 patients 
with ST elevations, 
1 patient with 
nonspecific ST/T 
changes)

88 (6 patients with 
ST elevation, 1 
patient peaked T 
waves, 1 patient 
normal)

100 (all 6 with ST 
elevation)

100 (all with ST 
elevation, 2 with 
PR depression)

83 (19/23 with 
ST-segment el-
evations, T-wave 
inversions, and 
nonspecific ST 
changes)

Did the patient have an 
abnormal ECG?

Yes (ST eleva-
tion)

Yes (ST eleva-
tion)

Yes (ST eleva-
tion)

Yes (ST eleva-
tion)

No ischemic 
changes

Yes (incomplete 
right bundle-
branch block 
and left axis 
deviation)

87%

 � % Patients with abnor-
mal cardiac MRI (among 
tested)

100 (all with myo-
cardial edema, 
LGE, hyperemia)

100 (all with LGE, 
1 with wall motion 
abnormality, 3 with 
myocardial edema 
in T2)

100 (all with LGE, 
6 with edema)

100 (all with mild 
subepicardial edema 
and LGE)

100 (all with 
LGE, increased 
T1 and T2 inten-
sity)

100 (8/8 with 
subepicardial 
late gadolinium 
enhancement or 
focal myocardial 
edema)

Did the patient have an 
abnormal cardiac MRI?

Yes (LGE and 
myocardial 
edema in T2 im-
aging)

Yes (subepicar-
dial enhance-
ment)

Yes (signs of 
myocardial fibro-
sis, myocardial 
hyperemia, and a 
small pericardial 
effusion)

Yes (subepicar-
dial LGE of the 
myocardium)

Yes (patchy mid-
myocardial and 
epicardial LGE 
with edema)

Yes (mid myo-
cardial and sub-
epicardial linear 
and nodular 
LGE and mild 
hypokinesis)

100%

(Continued )
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culating heart-reactive autoantibodies have been reported 
at a higher frequency in patients with myocarditis and have 
been implicated in pathogenesis.49 These autoantibod-
ies are usually directed against multiple antigens, some of 
which may have functional effects on cardiac myocytes.49 
Thus, autoantibody generation could be one of the mecha-
nisms whereby myocarditis may develop in susceptible indi-
viduals after vaccination. However, it should be noted that 
in the patient studied, autoantibody levels peaked on day 2 
along with symptoms, but they did not recede as expected, 
as the clinical condition improved, although the follow-up 
was rather short. Autoantibodies are found more frequently 
in first-degree relatives of patients with cardiomyopathy 
than in the healthy population, raising the possibility that 
myocarditis may develop in a subgroup of patients with the 
appropriate genetic background. Also, the autoantibodies 
may not be pathogenic and could also be seen as a result 
of myocardial inflammation. In addition, this case patient 
had a 2-fold increase in the frequency of natural killer (NK) 
cells, which are the classical population of innate lymphoid 
cells, expressing a heterogeneous repertoire of germline-
encoded receptors that allows them to destroy cells that are 
infected by viruses, cancer cells, or cells that are rejected. 
The surge in NK cells may have either contributed to the 
pathology or the disease resolution process. It is not clear 
whether the differences seen in this patient regarding rela-
tive increases in NK cells, autoantibodies, and a dysregu-
lated cytokine profile reflect a causal pathological immune 
response or reactive adaptive responses to myocardial 
inflammation, and await validation by further studies.

Another important potential mechanism for myocar-
ditis is molecular mimicry between the spike protein of 
SARS-CoV-2 and self-antigens.50 Antibodies against 
SARS-CoV-2 spike glycoproteins have been experimen-
tally shown to cross-react with structurally similar human 
peptide protein sequences, including α-myosin.50 How-
ever, severe adverse events or autoimmune reactions 
have been very rare.46,47 Although COVID-19 vaccination 
does not appear to provoke de novo immune-mediated 
adverse events, it is possible that it may trigger preex-
isting dysregulated pathways in certain individuals with 
predisposition, resulting in a polyclonal B-cell expansion, 
immune complex formation, and inflammation.48

Earlier animal studies of vaccines for SARS-CoV-1 and 
Middle East respiratory syndrome coronavirus had raised 
concerns for enhanced disease with reexposure to wild-
type virus after vaccination.51,52 These were triggered by dif-
ferent mechanisms, including neutrophilic and eosinophilic 
cellular infiltrates, possibly linked to Th17 responses, or 
nonneutralizing antibodies resulting in enhancement of anti-
body-induced cellular cytotoxicity, complement-dependent 
pathways, and aberrant activation of the innate and acquired 
immune system.53–56 Antibody-dependent enhancement of 
immunity was initially observed in the 1960s with respiratory 
syncytial virus and measles vaccines.57 It was characterized 
by nonneutralizing antibodies generated by past infection or 
vaccination failing to shut down the pathogen on reexpo-
sure and acting as a gateway by allowing the virus to gain 
entry, replicate, and lead to wider dissemination of illness 
and overreactive immune responses causing more severe 

 � % Patients with abnormal 
echocardiogram (among 
tested)

Abnormal in 29%, 
normal in 71%  
(5/7)

Abnormal in 57% 
(mild hypokinesis 
in 3, 1 low LVEF, 
1 mild LV enlarge-
ment), normal in 
43%

Wall motion abnor-
mality with regional 
or generalized 
hypokinesis in all 
(100%)

33 (2/6 with hypoki-
netic segments but 
preserved EF), 67% 
normal (4/6)

N/R LVEF <50% in 
17% (4/23), no 
structural abnor-
mality in any

Did the patient have an 
abnormal echocardio-
gram?

N/R No abnormality 
noted

Normal Abnormal, wall 
motion abnor-
mality and mild 
pericardial effu-
sion, NL LVEF

normal No wall motion 
abnormalities, 
EF preserved

39%

 � % Patients with LVEF<50% 
(among tested)

14 (1/7 with LVEF 
47%)

14 (1 patient with 
LVEF 35%–40%)

25 (1 patient with 
LVEF 35%, an-
other 47%)

0 25 (1 patient with 
LVEF 40%)

17% (4/23) Did the patient have 
LVEF<50%?

No (NL LVEF) No (NL LVEF) No(NL LVEF) No (NL LVEF) No (NL LVEF) No (NL LVEF) 15%

Outcome Outcome

 � % Patients with symptoms 
resolved

100 100 100 100 100 70% (16/23 pa-
tients)

Did the patient’s symp-
toms resolve?

Yes Yes Yes Yes Yes Yes 89%

 � Median hospitalization 
length of stay, days (range)

4 (2–6) 3 (2–4) N/R (all reported 
as stable)

6 (4–8) 3 (2–4) N/R Hospitalization length 
of stay, days

7 6 7 7 N/R 4 Mean 4.6 days

 � % Patients treated with 
medications for myocarditis

86% with NSAIDs, 
57% with steroids, 
57% with intra-
venous immune 
globulin, 43% with 
famotidine, 14% 
with colchicine

43% with 
NSAIDS, 43% 
with colchicine, 
43% with famoti-
dine, 14% with 
steroids

38% with NSAID, 
25% with colchi-
cine, 13% with 
steroids

100% with NSAID 
and colchicine

50% with 
NSAIDS, 75% 
with colchicine, 
25% with ste-
roids

N/R Treatment of myocar-
ditis

None “Anti-inflammato-
ry” medications

Treated with 
intravenous im-
mune globulin, 
NSAID

Bisoprolol ace-
tylsalicylic acid, 
steroid

β- Blocker Lisinopril, 
carvedilol

Varying treat-
ment strategies

(Continued ) BNP elevation: BNP≥35 pg/mL; NT-proBNP elevation: NT-proBNP≥125 pg/mL; CRP elevation: CRP≥3mgl/L. BNP indicates B-type natriuretic peptide; CO-
VID-19, coronavirus disease 2019; CRP, C-reactive protein; LGE, late gadolinium enhancement, LVEF, left ventricular ejection fraction; NL, normal; N/R, not reported, 
NSAID, nonsteroidal anti-inflammatory drugs; and NT-proBNP, N-terminal-pro-BNP. 
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(US)14 D’Angelo et al15 Albert et al16

Muthukumar 
et al17

Summary of 
case series and 
case reports

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2022



STATE OF THE ART

Circulation. 2021;144:471–484. DOI: 10.1161/CIRCULATIONAHA.121.056135� August 10, 2021 479

Bozkurt et al Myocarditis With COVID-19 mRNA Vaccines

illness. However, no evidence of either cellular immune 
enhancement or antibody-dependent enhancement of 
immunity was observed in non-human primate studies 
after SARS-CoV-2 virus challenge, either after vaccina-
tion or previous infection.58 These findings led an National 
Institutes of Health ACTIV study (Accelerating COVID-19 
Therapeutic Interventions and Vaccines) panel to conclude 
that the risk of immune enhancement after COVID-19 
immunizations was low, but required ongoing pharmacovigi-
lance and monitoring.58 To date, neither COVID-19 disease 
nor the new COVID-19 vaccines have shown evidence of 
causing antibody-dependent enhancement of immunity 
or other forms of immune enhancement with reexposure. 
People infected with SARS-CoV-2 have not been reported 
to develop antibody-dependent enhancement of immunity 
on repeat exposure, and vaccine breakthrough COVID-19 
cases are rare and mild. Furthermore, there is no evidence 
of acute COVID-19 infection during presentation with myo-
carditis cases after COVID-19 vaccination, arguing against 
a breakthrough infection as a cause (Table 4).

Reports to date also do not suggest a delayed hyper-
sensitivity reaction, such as serum sickness–like reaction 
or eosinophilic myocarditis as a cause for myocarditis after 
mRNA COVID-19 vaccination.15 Although rare, delayed 
localized skin hypersensitivity reactions have been described 
with mRNA COVID-19 vaccination with a median latency of 
7 days,59 unlike myocarditis emerging earlier within 3 to 4 
days after vaccination. None of the case reports published 
to date had evidence of eosinophilia in peripheral blood or 
immune complex deposition or eosinophilic infiltrates in 

endomyocardial biopsy samples arguing against hypersen-
sitivity, allergic or eosinophilic myocarditis.8–17 Lipid nanopar-
ticles or adjuvants used in mRNA vaccines have not been 
shown to result in an immune or inflammatory response and 
have not been associated with myocarditis either.

Rare occurrences of vaccine-induced immune throm-
botic thrombocytopenia have been reported after vacci-
nation with the recombinant adenoviral vector encoding 
the spike protein antigen of SARS-COV-2.60 Although 
very rare thrombotic complications have been reported 
after mRNA COVID-19 vaccinations, these patients did 
not have thrombocytopenia or antiplatelet antibodies.61,62 
None of the myocarditis cases reported after mRNA vac-
cination had evidence of thrombotic events, thrombocyto-
penia, or disseminated intravascular coagulation (Table 4). 
These patients also did not have persistent fever beyond 
the first few days, lymphadenopathy, hepatosplenomeg-
aly, cytopenias (anemia, leukopenia, and thrombocytope-
nia), hypofibrinogenemia, transaminitis, extreme elevation 
in ferritin or multiorgan impairment to suggest a cytokine 
storm, hemophagocytic lymphohistiocytosis, or macro-
phage activation syndrome that results from overactiva-
tion of T lymphocytes and macrophages.63,64

Male predominance in myocarditis/pericarditis cases 
has been described in clinical and experimental studies 
before, and the reasons are unknown. An important pos-
sible explanation relates to sex hormone differences.3,65,66 
Testosterone is thought to play a role, by a combined 
mechanism of inhibition of anti-inflammatory cells3,65–67 
and commitment to a Th1-type immune response.68 

 � % Patients with abnormal 
echocardiogram (among 
tested)

Abnormal in 29%, 
normal in 71%  
(5/7)

Abnormal in 57% 
(mild hypokinesis 
in 3, 1 low LVEF, 
1 mild LV enlarge-
ment), normal in 
43%

Wall motion abnor-
mality with regional 
or generalized 
hypokinesis in all 
(100%)

33 (2/6 with hypoki-
netic segments but 
preserved EF), 67% 
normal (4/6)

N/R LVEF <50% in 
17% (4/23), no 
structural abnor-
mality in any

Did the patient have an 
abnormal echocardio-
gram?

N/R No abnormality 
noted

Normal Abnormal, wall 
motion abnor-
mality and mild 
pericardial effu-
sion, NL LVEF

normal No wall motion 
abnormalities, 
EF preserved

39%

 � % Patients with LVEF<50% 
(among tested)

14 (1/7 with LVEF 
47%)

14 (1 patient with 
LVEF 35%–40%)

25 (1 patient with 
LVEF 35%, an-
other 47%)

0 25 (1 patient with 
LVEF 40%)

17% (4/23) Did the patient have 
LVEF<50%?

No (NL LVEF) No (NL LVEF) No(NL LVEF) No (NL LVEF) No (NL LVEF) No (NL LVEF) 15%

Outcome Outcome

 � % Patients with symptoms 
resolved

100 100 100 100 100 70% (16/23 pa-
tients)

Did the patient’s symp-
toms resolve?

Yes Yes Yes Yes Yes Yes 89%

 � Median hospitalization 
length of stay, days (range)

4 (2–6) 3 (2–4) N/R (all reported 
as stable)

6 (4–8) 3 (2–4) N/R Hospitalization length 
of stay, days

7 6 7 7 N/R 4 Mean 4.6 days

 � % Patients treated with 
medications for myocarditis

86% with NSAIDs, 
57% with steroids, 
57% with intra-
venous immune 
globulin, 43% with 
famotidine, 14% 
with colchicine

43% with 
NSAIDS, 43% 
with colchicine, 
43% with famoti-
dine, 14% with 
steroids

38% with NSAID, 
25% with colchi-
cine, 13% with 
steroids

100% with NSAID 
and colchicine

50% with 
NSAIDS, 75% 
with colchicine, 
25% with ste-
roids

N/R Treatment of myocar-
ditis

None “Anti-inflammato-
ry” medications

Treated with 
intravenous im-
mune globulin, 
NSAID

Bisoprolol ace-
tylsalicylic acid, 
steroid

β- Blocker Lisinopril, 
carvedilol

Varying treat-
ment strategies

(Continued ) BNP elevation: BNP≥35 pg/mL; NT-proBNP elevation: NT-proBNP≥125 pg/mL; CRP elevation: CRP≥3mgl/L. BNP indicates B-type natriuretic peptide; CO-
VID-19, coronavirus disease 2019; CRP, C-reactive protein; LGE, late gadolinium enhancement, LVEF, left ventricular ejection fraction; NL, normal; N/R, not reported, 
NSAID, nonsteroidal anti-inflammatory drugs; and NT-proBNP, N-terminal-pro-BNP. 

Table 4.  Continued Table 4.  Continued

Case series Marshall et al8 Rosner et al9 Larson et al11 Abu et al10 Kim et al19

Montgomery 
et al10 Case report Ammirati et al12

Bautista Garcia 
et al13

McLean et al 
(US)14 D’Angelo et al15 Albert et al16

Muthukumar 
et al17

Summary of 
case series and 
case reports

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2022



ST
AT

E 
OF

 T
HE

 A
RT

August 10, 2021� Circulation. 2021;144:471–484. DOI: 10.1161/CIRCULATIONAHA.121.056135480

Bozkurt et al Myocarditis With COVID-19 mRNA Vaccines

Estrogen has inhibitory effects on proinflammatory T 
cells, resulting in a decrease in cell-mediated immune 
responses; and pericarditis incidence is higher in women 
during the postmenopausal period.69 Another contributing 
factor could be underdiagnosis in women. By our analy-
sis of the VAERS database, as of June 6, 2021, there 
were 6235 reported cases of chest pain, 69% of which 
were in women, versus 30% in men.70 Despite a higher 
prevalence of chest pain in women, diagnostic evaluation, 
including ECG, laboratory biomarkers, echocardiography, 
and MRI, was performed and reported more often in male 
than in female patients presenting with chest pain after 
COVID vaccination (Bozkurt, unpublished data, 2021).

ASSESSING THE RISK
Despite these rare cases of myocarditis, the benefit-risk 
assessment for COVID-19 vaccination shows a favor-
able balance for all age and sex groups5 (Figures 2 and 
3). Given the known potential risk of complications with 
COVID-19 infection, including hospitalizations and death 
even in younger adults (mortality remains 0.1–1 per 
100 000 for persons 12–29 years of age), the risk-ben-

efit decision remains overwhelmingly favorable for vacci-
nation. Therefore, COVID-19 vaccination is currently rec-
ommended for everyone ≥12 years of age5 (Figure 3). 
COVID-19 vaccination not only prevents COVID-19–re-
lated hospitalizations and death, but also COVID-19–
related complications such as myocarditis, multisystem 
inflammatory syndrome,33 and  post–acute sequelae of 
SARS-CoV-2 infection or long COVID-19.74

MANAGEMENT STRATEGIES
Although rare, clinicians should be aware of the myocar-
ditis and pericarditis risk, which should be considered in 
individuals presenting with chest pain within a week af-
ter vaccination, especially in the younger population. For 
initial evaluation, ECG and cardiac troponin level should 
be obtained, and inflammatory markers such as C-reactive 
protein and erythrocyte sedimentation rate can be helpful.5 
For suspected cases, cardiology consultation and evalu-
ation with echocardiography and cardiac MRI should be 
considered. An evaluation for acute COVID-19 infection 
(via polymerase chain reaction of respiratory tract sample) 
and past disease (via SARS-CoV-2 nucleocapsid and 

Figure 2. Predicted benefits of reduction in COVID-19–related hospitalizations and death and risks of myocarditis after second 
dose of mRNA COVID-19 vaccination by age group.
Adapted from Centers for Disease Control and Prevention5 with permission. Copyright ©2021, Centers for Disease Control and Prevention 
(“COVID-19 mRNA vaccines in adolescents and young adults: Benefit-risk presentation”). Predictions for hospitalization and myocarditis 
rates were calculated for every million doses of mRNA vaccine based on hospitalization rates from Coronavirus Disease 2019 (COVID-19)–
Associated Hospitalization Surveillance Network (COVID-NET) as of May 22.71 Benefit/risk were calculated over 120 days. To meet the ECG 
or rhythm-monitoring criterion, at least 1 of the following must be included: ST-segment or T-wave abnormalities, paroxysmal or sustained atrial, 
supraventricular, or ventricular arrhythmias, atrioventricular nodal conduction delays or intraventricular conduction defects. COVID-19 indicates 
coronavirus disease 2019; ICU, intensive care unit; MIS-C, multisystem inflammatory syndrome in children; and SARS-CoV-2, severe acute 
respiratory syndrome coronavirus-2. †Using either the original or revised Lake Louise criteria.72 ‡Using the Dallas criteria.73 §Autopsy cases may 
be classified as pericarditis on the basis of meeting histopathologic criteria of the pericardium.
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spike protein antibodies) would be helpful. Evaluation and 
management may vary depending on the patient’s age, 
clinical presentation, potential other causes and comor-
bidities, hemodynamic and rhythm stability, and clinical 
course. Patients with chest pain, evidence of myocardial 
injury, ECG changes, cardiac imaging abnormality, arrhyth-
mia, hemodynamic instability after COVID-19 vaccination 
likely will require hospitalization and close follow-up.

In published case reports, in addition to supportive 
care, nonsteroidal anti-inflammatory drugs, steroids, and 
colchicine were used for management of some of the 
patients with myocarditis after COVID-19 vaccination. A 
few patients were treated with intravenous immunoglob-
ulin and aspirin, and some were initiated on β-blocker 
and angiotensin-converting enzyme inhibitor therapy 
because of left ventricular systolic dysfunction. Although 
there are no prospective or randomized studies, it is rea-
sonable to consider these therapies, especially in patients 
with significant symptoms and findings. Among patients 
with rapid resolution of symptoms, with preserved car-
diac function and normal biomarkers or resolving car-
diac biomarker abnormality, therapy may be deferred. In 
patients with persistent mild symptoms without hemo-
dynamic instability, arrhythmia, significant left ventricu-
lar dysfunction or heart failure, colchicine, nonsteroidal 
anti-inflammatory drugs, and steroids may be considered. 
In patients with left ventricular dysfunction, heart failure, 
new-onset arrhythmia, or hemodynamic instability, intra-
venous steroids and intravenous immunoglobulin along 
with other cardiac or circulatory supportive measures 
can be considered. In patients with left ventricular sys-

tolic dysfunction, guideline-directed therapy including 
β-blockers and angiotensin-converting enzyme inhibitors 
should be initiated. Management should include a cardi-
ologist for initial assessment, evaluation, treatment, and 
follow-up, and an infection disease specialist for guid-
ance on subsequent immunization strategies.

Although the clinical course appears mild with likely res-
olution of symptoms and signs, it is reasonable to restrict 
or defer strenuous physical activity and competitive sports 
until after complete resolution of symptoms, signs, hemo-
dynamic, rhythm, diagnostic, and biomarker abnormalities. If 
a person develops myocarditis or pericarditis after the first 
dose of an mRNA vaccine, CDC recommends that their 
second dose be delayed and that the second dose could 
be reconsidered on resolution of symptoms, signs, and 
findings, under certain circumstances.75 There is evolving 
evidence that a single-dose mRNA vaccine does not offer 
adequate protection in the general population against new 
SARS-COV-2 variants, and further studies are needed to 
determine efficacy of a single versus 2 doses of mRNA 
vaccination in different age groups.75 CDC recommends 
that all cases of myocarditis and pericarditis post–COVID-
19 vaccination be reported to VAERS.5

FUTURE DIRECTIONS AND RESEARCH 
PRIORITIES
Studies are needed to elucidate the incidence, risk fac-
tors including genetic predisposition, prognosis, potential 
mechanisms, reasons for sex differences, clinical course, 

Figure 3. Potential risk of myocarditis with COVID-19 mRNA vaccination in the 120 days after vaccination and predicted 
prevention of COVID-19 cases, COVID-19–related hospitalizations, intensive care unit admissions, and deaths according to age 
groups and sex.
Adapted from Centers for Disease Control and Prevention5 with permission. Copyright ©2021, Centers for Disease Control and Prevention 
(“COVID-19 mRNA vaccines in adolescents and young adults: Benefit-risk presentation”). Predictions for hospitalization and myocarditis rates 
were calculated for every million doses of mRNA vaccine based on hospitalization rates from Coronavirus Disease 2019 (COVID-19)–Associated 
Hospitalization Surveillance Network (COVID-NET) as of May 22, 2021. Benefit/risk was calculated over 120 days. 
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treatment strategies, and the long-term impact of myo-
carditis after COVID-19 vaccination.5

Future research studies should be designed and sup-
ported specifically: (1) to characterize the role of specific 
immune cell populations, their similarities and differences in 
the development of COVID-19, immunity post–COVID-19 
vaccinations, myocardial injury and multisystem inflamma-
tory syndrome in children related to COVID-19, and myo-
carditis related to COVID-19 vaccines; (2) to characterize 
histopathology, immunohistochemistry, ultrastructural, and 
functional changes of the myocardium in the setting of myo-
cardial injury related to COVID-19, and myocarditis related 
to COVID-19 vaccines, and their correlation with cardiac 
imaging and cardiac biomarker findings; (3) to prospectively 
screen for the development of myocarditis and myocardial 
injury after COVID-19 vaccinations in different populations 
with specific emphasis on sex- and age-related differences; 
(4) to explore predisposing factors for the development 
of myocardial injury with COVID-19 or myocarditis with 
COVID-19 vaccines (eg, genetic factors, comorbidities, 
immunity or autoimmunity profile); (5) to explore the mecha-
nisms for development of myocarditis related to COVID-19 
mRNA vaccination, including but not limited to molecular 
mimicry, autoantibody formation, mRNA immune reactivity, 
trigger of preexisting dysregulated immune processes; it 
is also important to determine whether these factors are 
specific for spike delivery through the mRNA technology 
or possibly a rare event from mRNA vaccinations; (6) to 
prospectively characterize the clinical course and short- and 
long-term outcomes of myocardial injury related to COVID-
19, and myocarditis related to COVID-19 vaccines; (7) to 
explore appropriate treatment and management strategies 
for myocardial injury related to COVID-19 and myocardi-
tis related to COVID-19 vaccines; (8) to characterize car-
diac biomarkers, cardiac function and structure in patients 
with prolonged symptoms after COVID-19, or myocarditis 
related to COVID-19 vaccine, if any; (9) to determine a risk-
benefit ratio for different age and sex groups with differ-
ent doses of COVID-19 vaccination; and (10) to provide 
guidance on return to play and return to activity for patients 
with evidence of myocardial injury related to COVID-19 and 
myocarditis related to COVID-19 vaccines.

A collaborative registry of myocarditis related to 
COVID-19 vaccination with data collected on patient 
demographics, clinical presentation, biomarkers including 
cardiac troponin, diagnostic findings of ECG, echocar-
diography and cardiac MRI, biomarkers, with a paired bio-
registry with blood and cardiac tissue samples would be 
quite valuable and help answer some of these questions.

CONCLUSIONS
In summary, >177 million people have received at least 1 
dose of COVID-19 vaccine (>300 million doses) in the 
United States, and CDC and other international organiza-
tions continue to monitor the safety of COVID-19 vaccines 

for any health problems including rare cases of myocardi-
tis after vaccination.75 Despite rare cases of self-limited 
myocarditis, the benefit-risk assessment for COVID-19 
vaccination shows a favorable balance for all age and sex 
groups; therefore, COVID-19 vaccination is currently rec-
ommended for everyone 12 years of age and older.
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