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1. Introduction

Myocarditis is the progressive inflammation of the middle layer
of the heart followed by a myocardial injury without ischemic
events [1,2]. The infectious and non-infectious causes of myocar-
ditis determine its prognostic outcomes. The (focal/diffuse) degrees
of myocardial inflammation determine the severity of symptoms in

patients with myocarditis [1]. The age/gender-appropriate burden
of myocarditis was recorded as 6.1/100,000 for men and 4.4/
100,000 for women (within the age range of 35-39 years) in 2019
[3]; however, myocarditis-related mortality impacted 0.2/100,000
men and 0.1/100,000 women in the same year. The clinical studies
reveal the worst outcomes with poorly understood pathological
pathways in 20-30% of hospitalized COVID-19 (coronavirus disease)
patients with myocardial injury [4].

These adversities continue to challenge the medical manage-
ment of myocarditis during the COVID-19 pandemic. The US Food
and Drug Administration (FDA) approved two mRNA vaccines to
prevent COVID-19 in December 2021. The BNT162b2 mRNA vaccine
by Pfizer-BioNTech and the mRNA-1273 vaccine by Moderna aimed
to reduce COVID-19-related fatal complications and mortality. The
US FDA subsequently approved the Janssen COVID-19 vaccine in
February 2021 to strengthen the vaccination drive [5]. This case
review investigates myocarditis scenarios that developed after the
administration of COVID-19 vaccines to individuals.

1.1. Case presentation

A 70-year-old Caucasian female with a history of multiple
sclerosis presented to the hospital after two days of receiving the
Janssen COVID-19 vaccine. The patient developed dyspnea at home
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Table 1
Lab results with normal reference range.
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Lab Result  Normal Reference
Creatinine 1.21 0.50—1.20 mg/dL
Bicarbonate 16 22—29 mmol/L
Troponin <0.010 <0010 ng/mL
Creatinine Phosphokinase (CK) 53 20—190 U/L
Procalcitonin 0.07 0.02—0.10 ng/mL
C-Reactive Protein 7.2 0—-3.00 mg/L

pH 7.02 7.35-7.45

PaCO2 94 35—48 mm Hg
Lactate 8.3 0.6—1.4 mmol/L
Pa02 27 83—108 mmHg

Respiratory Virus Panel with polymerase chain reaction (PCR) to detect for [adenovirus; coronavirus (HKU1, NL63, 229E, OC43), SARS- Negative Negative
CoV-2; human metapneumovirus; human enterovirus/rhinovirus, influenza A; influenza A/H1; influenza A/H3, influenza A/H1-2009;

influenza B; parainfluenza viruses 1, 2, 3, 4; respiratory syncytial virus]

and eventually required an ambulance for hospital transfer. The
vital signs on arrival included a heart rate of 145 bpm, a 75% oxygen
saturation level on room air, a blood pressure of 117/70 mmHg, a
respiratory rate of 39, and a BMI of 27.5. Table 1 lists the significant
laboratory results for the patient. The electrocardiogram (ECG) on
admission revealed sinus tachycardia with a heart rate of 125bpm
and T-wave inversions in leads V4-V6 without any ST-segment
change. The patient arrived at the emergency department in se-
vere respiratory distress that warranted immediate intubation. She
was admitted to the intensive care unit (ICU) with the provisional
diagnoses of acute hypoxic hypercapnic respiratory failure and
septic shock. The laboratory screening and blood culture proved
negative for all viruses, Mycoplasma pneumonia, and Chlamydophila
pneumonia. A repeat investigation revealed marked elevations in
procalcitonin [185.71(ng/mL)] and troponin [1.260-2.050 ng/mL]
levels on the second day of admission.

The patient required multiple vasopressors to maintain the
mean arterial pressure above 65 mmHg. The transthoracic echo-
cardiogram on admission revealed 2+ aortic regurgitation and
diffuse left ventricular hypokinesis with severely decreased left
ventricular ejection fraction (10%). A repeat echocardiogram with
contrast medium showed diffuse left ventricular hypokinesis with
severely reduced contraction in the apex/distal anterior wall. The
diagnostic monitoring via Swan-Ganz catheter revealed a pulmo-
nary wedge pressure (PWP) of 14 mmHg. The patient continued
receiving vasopressors and antibiotic therapy, while her renal
function deterioration since admission warranted the prompt
administration of renal replacement therapy. Further decline in
renal function was marked by oliguria and worsening of creatinine
levels. The patient declined cardiac catheterization and remained
on medical therapy until her death on the eighth day of admission.

2. Discussion
2.1. Viral myocarditis

Viral myocarditis progressively deteriorates the middle layer of
the heart via myocardial injury triggered by inflammatory pro-
cesses [2]. The viral etiology of myocarditis is prevalently reported
in the United States and other developed nations of the world [1].
Viral myocarditis progresses with virus-mediated cardiomyocyte
damage driven by inappropriate activation of innate and adaptive
immune systems. The acute, subacute, and chronic phases of viral
myocarditis reciprocate with the extent of cardiomyocyte deterio-
ration and adaptive immune responses.

The acute phase of myocarditis progresses with the invasion of
virus particles into the cardiomyocytes, followed by their cleavage,
repackaging, and attachment to MHC (major histocompatibility

complex)-1 receptors on the cell membrane. This event is followed
by the binding of CD8+ (cytotoxic) T-cells to the class- MHC
molecules on virus-infected cardiomyocytes, thereby inducing
apoptosis and subsequent release of cardiac and viral antigens (see
Fig. 1) [6]. The binding of viral antigen to toll-like receptors (TLRs)
on antigen-presenting cells (APCs) induces NF-KB transcription
factor that potentiates the genes involved in the biosynthesis and
secretion of proinflammatory cytokines (TNF-a, IFN-vy, IL-1, IL-6,
and IL-12), thereby triggering the adaptive immune responses in
the subacute phase. The virus-mediated cytotoxicity eventually
induces cardiomyocyte apoptosis and early myonecrosis in the
infected patient [7].

The adaptive immune responses dominate the virus-mediated
cardiomyocyte damage through cellular infiltration of lympho-
cytes during the subacute phase. The early stages of the subacute
phase progress with the active repackaging of viral antigens in the
antigen-presenting cells (APCs) and their interaction with MCH-II
receptors. The acute phase manifests with the attachment of
antigen-bound MHC II receptors (on APCs) with the CD4+ Helper T
cells that triggers multiple adaptive immune responses mediated
by proinflammatory cytokines [7]. The elevated cytokines (IFN-y
and IL-12) induce Th1 differentiation and promote further activa-
tion of macrophages and cytotoxic T cell-mediated damage [8];
however, IL-12 elevation potentiates the activity of natural killer
(NK) cells. The activated Th cells bind to the antigen-oriented MHC
II receptors on B-cells to promote the formation of virus-specific
antibodies and autoreactive antibodies against the cardiac anti-
gens and myosin [9]. The late subacute phase manifests with the
sequestration of viral antigen-oriented activated dendritic cells by
lymph nodes and priming of naive T-cells against SARS-CoV-2
infected cells [10]. The chronic phase of viral myocarditis pro-
gresses with myocardial fibrosis, heart failure, and dilated
cardiomyopathy.

2.2. COVID-19 and myocarditis

The activated spike (S) proteins of SARS-CoV-2 particles interact
with angiotensin-converting enzyme-2 (ACE2) on the target cells to
mediate their entry into the host system. The ACE2 receptor
expression occurs in cardiomyocytes after the intrusion of SARS-
CoV-2 into the epithelial cells lining the respiratory tract and
type Il pneumocytes [12]. The cardiomyocyte damage by SARS-
CoV-2 may resemble aberrant immune responses that develop in
other types of viral myocarditis. Future clinical studies still require
delineating the pathophysiological processes governing myocardial
injury and myocarditis in patients with COVID-19.

The direct cell injury and T-lymphocyte cytotoxicity augmented
by IL-6 mediated cytokine storm (CS) govern the pathophysiology of
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Fig. 1. Pathophysiology of COVID-19 induced myocarditis.

viral myocarditis [7]. The marked elevation in the proinflammatory
cytokines including, IL-6, IL-8, and TNF-« in severely ill SARS-CoV-2
patients suggests that CS development may play an important role in
the clinical progression of COVID-19 [13,14]. The activity of
monoclonal-antibody (like tocilizumab) against the IL-6 receptors in
COVID-19 pneumonia patients adds to their medical management in
the current scenario [15,16]. The clinical studies also emphasize the
role of the HGF-c-MET (transmembrane tyrosine kinase) axis in the
pathogenesis of SARS-CoV-2 induced myocardial damage [17]. The
localized inflammation within the heart progresses with car-
diomyocyte secretion of hepatocyte growth factor (HGF) and its
interaction with the c-MET receptors on naive T cells in lymph nodes
[17,18]. The intrinsic myocardial processes and immune-mediated
hyperinflammatory responses following viral exposure also deter-
mine the pathophysiological mechanisms of SARS-CoV-2 myocar-
ditis [19].

3. Management of myocarditis due to COVID-19 infection or
vaccine

The symptomatology of COVID-19 infection-induced or post-
vaccine-related myocarditis includes shortness of breath, fatigue,
and chest pain. Patients with high severity myocarditis often report
the signs of right-sided heart failure, including elevated jugular
venous pressure, right upper quadrant pain, and peripheral edema
[20]. Few patients with COVID-19 also develop severe diffuse car-
diac inflammation leading to fulminant myocarditis, ventricular
arrhythmias, and cardiogenic shock. Fulminant myocarditis usually
develops within 2-3 weeks of contracting the virus and presents
with ventricular dysfunction and acute onset of heart failure [18].

CDC advocates myocarditis screening for patients who develop
shortness of breath, chest pain, or palpitations within 7 days of
receiving the mRNA COVID-19 vaccine [21]. The younger patients
with COVID-19 symptoms also require myocarditis screening to
rule out their coronary attribution.

4. Approach to diagnosis of myocarditis

The diagnostic interventions for myocarditis include laboratory
testing concerning serum lactate, CRP, serum troponin natriuretic
peptide, erythrocyte sedimentation rate, and procalcitonin. The
fulminant myocarditis predominantly progresses with elevated
serum cardiac troponins [20]; however, the absence of cardiac
marker elevation does not rule out myocarditis. A recent systemic
review revealed marked elevations in cardiac troponins, CK-MB,
BNP, and CRP in COVID-19 patients with myocarditis [22].

The low sensitivity of an electrocardiogram (ECG) for myocar-
ditis makes it a secondary modality to investigate the cardiovas-
cular abnormalities in COVID-19 patients. The ECG results for few
patients with COVID-19; however, reflect abnormalities including
ST elevation, PR depression, bundle branch block (new-onset), QT
prolongation, pseudo-infarct patterns, premature ventricular
complexes, and bradyarrhythmia with an advanced atrioventricular
nodal block [18].

The differential assessment of conditions with similar presen-
tation (as myocarditis) is conducive to avoid diagnostic errors.
These conditions include acute coronary syndrome (ACS), sepsis-
induced cardiomyopathy, and stress-induced cardiomyopathy.
The diagnostic assessment should also rule out obstructive coro-
nary disease based on its resemblance with myocarditis
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complications including, chest pain, elevated cardiac markers, and
ECG abnormalities [23]. The myocarditis assessment relies on bi-
opsy for COVID-19 patients who do not develop coronary artery
obstruction and may acquire other ischemic and non-ischemic
complications.

4.1. Imaging modalities

The guidelines proposed by the American Heart Association
(AHA) recommends further testing for patients with clinical and
biochemical abnormalities of myocarditis determined by cardiac
imaging, echocardiogram, and cardiovascular magnetic resonance
(CMR) [20]. The first-line imaging by echocardiography helps
determine potential complications of myocarditis in COVID-19 pa-
tients. The cardinal signs of myocarditis determined by an echo-
cardiogram include an elevated wall thickness, chamber dilation,
pericardial effusion, and ventricular systolic dysfunction. The pa-
tients may also develop global or regional hypokinesia [19]. The
normal left ventricular ejection fraction in COVID-19 patients,
however, does not exclude myocarditis and its clinical complica-
tions [23].

Myocarditis assessment in hemodynamically stable patients
relies on CMR or coronary computed tomography (CCT). The tissue
characterization via CMR and guided by the Lake Louise Criteria
helps determine myocardial edema, myocardial injury, and peri-
cardial effusion in COVID-19 patients (Table 2). It also includes T1/
T2-weighted imaging criteria for myocardial inflammation [23,24].
The diagnostic results for myocarditis further reflect elevated T2
values and short T1 inversion recovery (STIR) [19].

The endomyocardial biopsy (EMB) for myocarditis is a class-I
procedure (defined by AHA and ACC) that excludes giant-cell,
eosinophilic, and hypersensitive myocarditis in patients with
new-onset heart failure and hemodynamic instability [25]. The
lymphocytic myocarditis in COVID-19 patients manifests with
activated macrophages and T lymphocyte infiltrates [26].

5. Management of COVID-19 infection or vaccine related
myocarditis

The current treatment strategies reportedly do not prove
beneficial for patients with COVID-19 infection/vaccine-related
myocarditis. The current medical management of COVID-19-related
myocarditis relies on corticosteroids and intravenous immuno-
globulins (IVIG) to challenge the progression of diffuse non-specific
immune system activation [18,27].

The efficacy and safety of corticosteroids in COVID-19 scenarios,
however, warrant further investigation. The evidence-based
myocarditis management guidelines by AHA and ESC restrict the
use of nonsteroidal anti-inflammatory drugs (NSAIDs) based on
their attribution for renal impairment and sodium retention that
may exacerbate acute ventricular/LV systolic dysfunction in COVID-
19-related myocarditis patients [1,18,23]. The COVID-19 patients
may further require heart failure therapy based on their hemody-
namic stability and cardiac output [19].

Table 2
CMR diagnostic criteria for myocarditis [24].
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The diagnostic investigation should rule out fulminant
myocarditis in COVID-19 patients with sepsis before administering
intravenous fluid resuscitation to minimize the risk of fatal com-
plications. Furthermore, cardiogenic shock in fulminant myocar-
ditis often accompanies ventricular tachyarrhythmias and
bradyarrhythmia dominated by a heart block, syncope, and sudden
cardiac death [20].

The current AHA guidelines advocate the implementation of
cardiogenic shock management treatment protocol for patients
with fulminant myocarditis. The mechanical circulatory support by
extracorporeal membrane oxygenation (ECMO), a ventricular assist
device (VAD), or an intra-aortic balloon pump may assist the long-
term medical management of hemodynamically unstable COVID-
19 patients with myocarditis [18].

6. COVID-19 vaccine-induced myocarditis

We tracked seventeen cases of myocarditis concerning the COVID-
19 vaccine in the medical literature (Table 3). We further retrieved the
electrocardiographic findings, echocardiographic results, presence/
magnitude of cardiac biomarker elevation, radiographic changes (if
present), presenting symptoms (if reported), significant demographic
information (for age/gender), and comorbidities of patients.

All cases were associated with mRNA COVID-19 vaccine except
our case which was associated with adenovirus vector-related
vaccine. The reported cases exclusively included males with a mean
age of 25.5 years and a median age of 22 years. The medical history
of the myocarditis patients revealed multiple comorbidities,
including obesity and hyperlipidemia [28]. The patient concerning
our case study, however, had a history of multiple sclerosis.

The clinical data for most patients with myocarditis did not
reveal their presenting symptoms (excluding eight patients with
chest pain as their presenting complaint) [28—30]. The clinical
findings further confirmed myalgia in two patients and fever in one
case [28,29].

The data further clarified the onset of myocarditis in patients
after several weeks of receiving the COVID-19 vaccine [31]. The
patients reported myocarditis symptoms within three days of
receiving the first/second dose; however, most presentations
correlated with the second dose of the COVID-19 vaccine. The pa-
tient we studied developed myocarditis symptoms within two days
of receiving the COVID-19 vaccine. The medical literature revealed
COVID-19 vaccine-related myocarditis patients within the age
group of 20-30 years, unlike our patient, who had completed her
6™ decade of life.

The patient we studied presented with T-wave inversions that
matched the ECG findings recorded for three cases in the medical
literature. We further noticed T-wave inversions in two patients
[28,32] and ST-segment elevation in twelve of the reported
seventeen cases [28,30,33,34]. The ECG findings further correlated
with the cardiac biomarker elevations and serum troponin peaks at
varying levels in the registered patients. The findings from our
patient initially revealed a normal troponin level that subsequently
trended upwards during her medical management.

Diagnostic Target

Lake Louise Criteria

Myocardial Edema

Myocardial Injury

-Hyperemia (intracellular/extracellular edema, capillary leak).
-Myocardial Necrosis, Scar formation.

Supportive Criteria

T2-weighted imaging, Increased Bright signal Intensity
-Increased global early gadolinium enhancement ratio between myocardium and skeletal muscle.
-At least one focal lesion with non-ischemic regional distribution on late gadolinium enhancement.

-Pericardial Effusion.

-Systolic Left ventricular (LV) wall motion abnormality.
If 2 Lake Louise Criteria are positive, CMR is considered indicative of active myocardial inflammation.
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Table 3

COVID-19 Vaccine and myocarditis.

Case Age/ Comorbidities Echo ECG CRP Trop Coronary Symptom Symptoms cMRI
Sex Angio onset
Albert [29] 24 M N/A Normal Sinus Rhythm 26.4 Trop 18.94 Normal CcP 4dp2nd T2- Mild myocardial/epicardial delayed gadolinium; Patchy
Fever
Chills
Myalgia
Mouch 1[28] 24 M None Normal Diffuse ST elevation 58.1 Trop: 589 NA CcpP 3dp2nd T2- Mild myocardial edema; LGE in subepicardial region
Mouch 2 [28] 20 M None LVEF 50—55% Sinus tachycardia 100 Trop: 1062 Normal CcP 1dp 2nd T2- Mild myocardial edema; LGE in subepicardial region of basal/
Apical Hypokinesia ST elevation: V2—V6 middle anterolateral and inferolateral walls
Mouch 3 [28] 29 M Obesity Normal Diffuse PR depression/ 86 Trop: 876 Normal cp 2d p2nd T2- Mild, diffuse myocardial edema; LGE in subepicardial region of
ST elevation the basal inferolateral, anterolateral, and anteroseptal walls
Mouch 4 [28] 45 M HLD LVEF 50—55% ST elevation: I, aVL 56.2 Trop: 392 Normal cpP 16d p 1st T2- Subepicardial edema of middle anterolateral, inferolateral and
Inverted T: V3—-V5 apical anterior walls; LGE present in same segments
ST depression: III, aVF
Mouch 5[28] 16 M None Normal ST elevation: V2-V4 1.6 Trop: Normal cp 1dp 2nd T2- Midmyocardial/Subepicardial edema of basal inferolateral and
14350 Myalgia middle anterolateral walls; LGE present in same segments
Mouch 6 [28] 17 M Obesity Normal N/A 54.7 Trop: 1130 NA CcP 3dp2nd T2- Subepicardial edema of basal/middle inferolateral, inferior-
septal, apical anterior & inferior walls; LGE present in same
segments;
Mid-myocardial enhancement of the middle inferolateral/
anterolateral, apical anterior, and lateral walls c/w myopericarditis
Garcia [30] 39 M Asthma Normal Sinus tachycardia N/A Trop: 854 NA CcpP 6hrs p 2nd T2- Myocardial edema; Subpericardial enhancement of the lateral
Autoimmune Narrow QRS mediastinal
hypothyroidism Diffuse ST-segment
Chronic
atrophic
gastritis
Atrial
fibrillation
Ammirati 1 [33] 56 M N/A N/A Minimal ST elevation of 2.9 Trop: 515 Normal N/A 3dp2nd T2- Subepicardial edema of basal and apical inferolateral walls;
Precordial Leads Focal subepicardial-intramyocardial (non-ischemic pattern) LGE
Peaked T waves present in same segments c/w acute myocarditis
Marshall 1 [34] 16 M N/A Normal AV dissociation with ~ 12.3 Trop: Normal N/A 2d p2nd  T2- LGE c/w acute myocarditis
junctional escape 1243
ST elevation
Marshall 2 [34] 19 M N/A Normal Sinus tachycardia 6.7 Trop: 232 Normal N/A 3dp2nd T2- mid-wall LGE along basal inferolateral wall segment; Patchy
Diffuse ST elevation
Marshall 3 [34] 17 M N/A Borderline basal Abnormal T wave 2.53 Trop: 5550 Borderline N/A 2dp2nd T2- LGE of LV subepicardial basal anterolateral and basal to mid-
lateral/posterior strain Diffuse ST elevation c/w basal lateral/ ventricular inferolateral segments c/w myonecrosis
acute pericarditis posterior strain
Marshall 4 [34] 18 M N/A Normal ST elevation 12.7 Trop: 1090 Normal N/A 3dp2nd T2- Edema, hyperemia, and fibrosis of segments c/w acute
myocarditis
Marshall 5 [34] 17 M N/A Normal ST elevation 18.1 Trop: 3200 Normal N/A 3dp2nd T2- Subepicardial edema; LGE revealed complete transmural LV
free wall
Marshall 6 [34] 16 M N/A Normal ST-elevation 1.8 Trop: 660 Normal N/A 3dp2nd T2- Diffuse subepicardial edema; LGE present in same segment
Marshall 7 [34] 14 M N/A Mildly depressed LV/RV Diffuse ST elevation c/w 12.7 Trop: Mildly N/A 2d p 2nd T2- Subepicardial edema of middle and apical LV free wall; LGE
systolic function acute pericarditis 22100 depressed LV/ present in same segments revealed fibrosis.
RV systolic
function
LVEF 47%
D'Angelo 1 [32] 30 M N/A Preserved EF, mild pericardial effusion, ST elevation: V2—V4,  39.6 Trop: NA N/A 3dp2nd T2-weighted STIR- Increased myocardial and pericardial signal
segmental wall motion abnormality of apical Non-specific T-wave 12546.8 intensity
portion of interventricular septum changes: V5 and V6
Our Case 70 F Multiple LVEF 10% - diffuse LV hypokinesis sinus tachycardia — 7.2 Trop 2050 — Dyspnea 2d J&] -
Sclerosis inverted T: V4—-V6

CP: chest pain; ECG = Electrocardiogram; CXR: chest x-ray; CTA: computed tomography angiography; Echo: transesophageal echocardiography or transthoracic echocardiography; Peak CRP= Peak C-Reactive Protein, reported
in; Peak Trop = Peak Troponin T or I, reported in; TTE = Trans-Thoracic Echocardiogram; cMRI = Cardiac MRI; LGE = Late Gadolinium Enhancement; NA= Not assessed; c/w = Consistent With; p = After; J&J: Johnson & Johnson's
single-dose COVID-19 vaccine.
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The seventeen cases we retrieved from the medical literature
presented with a preserved ejection fraction, excluding one patient
who developed apical hypokinesia [28].

The patient we managed exhibited a significantly reduced
ejection fraction (10%) and left ventricular dyskinesia. She had a
limited pretest probability for ACS in the absence of cardiac risk
factors. The patient declined cardiac catheterization despite the
medical recommendation. We further noticed cardiac catheteriza-
tion undertaken for thirteen out of seventeen patients registered in
the medical literature [28,29,33,34]. The patients who received
cardiac catheterization had no history of coronary artery disease.
The elevated cardiac markers and chest pain proved to be the
greatest confounders in the diagnostic assessment of myocarditis.
We administered invasive mechanical ventilation and vasopressor
support to our patient unguided by a cardiac MRI. The seventeen
cases reported in medical literature, however, received cardiac MRI
during their therapeutic management. Our findings further
revealed a marked elevation in the procalcitonin level (185ng/mL)
of the myocarditis patient. The abnormal echocardiogram, EKG, and
cardiac biomarker levels did not correlate with any finding con-
cerning a source of infection other than the COVID-19 vaccine.

Our patient also required invasive mechanical ventilation and
pressor support, for which cardiac MRI was not performed. How-
ever, in comparison to the seventeen reported cases, all underwent
cardiac MRL

In addition to cardiac biomarkers, EKG, and echocardiogram
findings, our case presentation showed an elevated procalcitonin
level, which reached a maximum value of 185; however, no source
of infection was found, leaving only the previously administered
vaccination as the source of the sudden instability.

7. Conclusions

The outcomes of this case scenario confirm myocarditis as a
probable complication of COVID-19 vaccines. The differential
assessment of patients with COVID-19 vaccination status and
symptoms of acute cardiac decompensation must rule out
myocarditis to avoid fatal complications. An early diagnosis is key
to minimize COVID-19 vaccine-related adversities and improve the
medical management of patients suspected of myocarditis.
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