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Abstract: The emergence of the novel SARS-CoV-2 virus in late 2019 introduced new, unpreceded global challenges.
Complications arising from COVID-19 widely range from mild to severe and, in some cases, lead to death. The myo-
cardium has proven to be a potential target site for this virus, and has been affected at various levels, resulting in
numerous complications, including myocarditis. This article represents a thorough and updated literature review on
the clinical manifestations of COVID-19 that pertain to myocarditis, its molecular basis, diagnostic modalities, and
treatment approaches, with a special focus on the pediatric population. There definitely is a link between COVID-19
and myocarditis, but the manifestations of this relationship vary from one case to another. At the molecular level,
various viral and immunologic factors contribute to the development of myocarditis. Diagnosis, treatment, and
outcomes vary as well, but some common trends can be noted. Proper and prompt diagnosis and treatment of
SARS-CoV-2-induced myocarditis are crucial. Unfortunately, data in the literature suffers from conspicuous scarcity,
especially for the pediatric population; thus, further large-scale clinical studies are required to attain clear and ef-
fective guidelines.
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Introduction

On January 30, 2020, the World Health Org-
anization (WHO) issued a global emergency
declaration in response to the novel coronavi-
rus outbreak in Wuhan, the capital of China’s
Hubei province. The virus was later identified as
the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) and was determined to be
the causative agent of coronavirus disease
2019 (COVID-19). A few months following its
emergence, the disease was declared a pan-
demic on March 11, 2020, with the number of
cases surpassing 118,000 in 114 countries
[1-4]. Although the majority of cases manifest
as upper respiratory symptoms, remarkable
extrapulmonary findings with multiorgan invo-
lvement have been documented. Unfortunately,
the cardiovascular system is at the top of the
list of implicated organ systems [5].

Of interest is myocarditis, defined as myocardi-
al inflammation that is mainly manifested by

cardiomyocyte necrosis. Endomyocardial biop-
sy (EMB) is still considered the gold standard
for diagnosis (in terms of accuracy), albeit it is
rarely performed [6, 7]. Despite the fact that
myocarditis can be caused by hypersensitivity
reactions to drugs, autoimmune conditions,
and other sources, the main cause remains
viral [7]. Indeed, with the onset of COVID-19, it
was established that myocarditis was a signifi-
cant complication of the coronavirus. However,
due to the possibility of confounding respiratory
symptoms of COVID-19 and myocarditis, diag-
nosis has proven to be difficult at times.
Therefore, it has been suggested by Ali et al.
that serial troponins and electrocardiograms
should be performed on COVID-19 patients to
assess for cardiac insults [8].

A considerable amount of data has been fed
into the literature that pertains to myocarditis
as a consequence of COVID-19. However, the
population of particular interest to this paper
is the pediatric population. Unfortunately, the
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data in the literature pertaining to pediatric
myocarditis secondary to SARS-CoV-2 is scarce
and largely restricted. Although COVID-19 tends
to be mild and generally asymptomatic in the
pediatric population, many pediatric patients
have proven otherwise. Therefore, in this paper,
we provide a comprehensive review of myocar-
ditis as a result of COVID-19, with a special
emphasis on the pediatric population. We tack-
le its molecular basis, various clinical manifes-
tations, diagnostic modalities, and treatment
options.

Myocarditis due to SARS-CoV-2

When we analyze the statistics prior to the pan-
demic, it turns out that 1-10 per 100,000 peo-
ple were diagnosed with myocarditis annually.
This rate typically peaks in healthy, active
males who are 18 to 30 years of age. When it
comes to myocarditis secondary to the novel
SARS-CoV-2 virus, data is mainly derived from
case reports, case series and, to a lesser
extent, retrospective studies. Furthermore, car-
diovascular insults secondary to COVID-19
infection have been widely documented in vari-
ous forms and severities. Therefore, elevated
cardiac biomarkers reflecting myocardial injury
are not definitively associated with myocarditis,
especially given the lack of a definitive diagno-
sis via cardiac MRI or a biopsy. These challeng-
es impede the accurate and definitive analysis
of COVID-19 related myocarditis epidemiology.
However, post-COVID-19, the incidence of
myocarditis skyrocketed to reach around 146
cases per 100,000 people [9]. The first record-
ed case of AFM due to COVID-19 involved a
63-year-old male who had traveled to the
Hubei province in Wuhan, China. This case
demonstrated that the heart can indeed be a
secondary site of infection, and that the mani-
festation of this damage is not only limited to
biomarker changes; it can also be in the form
of structural and functional damage. In addi-
tion, the immune-related injury seemed to be
the primary mechanism of virally induced myo-
cardial injury, which raised questions concern-
ing the specific pathophysiology of this SARS-
CoV-2-induced myocarditis [10].

Pathophysiology of SARS-CoV-2-induced myo-
carditis

Viral penetration into the host cells is accom-
plished when the SARS-CoV-2 spike glycopro-
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tein is attached to the membrane protein
angiotensin-converting enzyme 2 (ACE2) [11].
ACE2 is present on cardiomyocytes, type Il
pneumocytes, and the ciliated columnar epi-
thelial cells of the respiratory tract. However, to
permit binding to ACE2, the spike protein’s sub-
units must first be cleaved at the S1/S2 (prim-
ing cleavage) and then at the S2 locations (trig-
gering cleavage) [12]. The priming cleavage
transforms the spike glycoprotein into a fusion
competent form, which provides better binding
ability. The triggering cleavage enables the
spike protein to pierce into the host membrane
for fusion. The serine protein TMPRSS2 app-
ears to be the mediator of cleavage at the S1/
S2 location [12, 13]. SARS-CoV-2 is proposed
to induce direct cellular injury after invading the
myocytes. Nevertheless, there is no clear evi-
dence to support cardiomyocyte infection by
SARS-CoV-2 and subsequent damage. Even in
autopsy studies, viral particles couldn't be
identified in cardiac myocytes. Pathology find-
ings were only limited to inflammatory cell infil-
trates [14].

Besides, it has long been believed that cyto-
kines and chemokines play a significant role in
immunity and immunopathology during viral
infections. The initial line of defense against
viral infections is an immediate and coordinat-
ed innate immune response. On the other
hand, a dysregulated or hyperinflammatory im-
mune response can result in immunopathology
[15]. Specifically, the plasma levels of interleu-
kin-6 (IL-6), tumor necrosis factor o (TNFx), and
C-reactive protein (CRP) are markedly elevated
in COVID-19 patients, and such an increase in
proinflammatory cytokines can lead to multior-
gan failure [16]. Thus, this creates a local and
systemic hyperinflammatory state that is pro-
posed to result in a myocardial insult.

In addition to that, the SARS-CoV-2 virus plays
a role in downregulating the expression of the
ACE2 receptor, which consequently increases
the quantity of circulating angiotensin Il (Ang Il),
the substrate of ACE2. It has also been shown
that Ang Il triggers the cleavage and shedding
of a soluble form of ACE2 from the membrane
via the TNFa-converting enzyme (TACE). A cru-
cial interplay between the renin-angioten-
sin system (RAS), oxidative stress, and myocar-
ditis is concocted by the concomitant Ang
ll-stimulated and TACE-mediated loss of myo-
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Figure 1. Pathogenesis of COVID-19 related myocarditis. SARS-CoV-2 gains access and infiltrates the cardiomyo-
cytes by binding to ACE2 receptor. Once inside the cell, the viral particles precipitate direct cytotoxic effect on car-
diac myocytes. SARS-CoV-2 is also able to induce myocarditis via indirect mechanisms. Inflammatory cells, specifi-
cally monocytes and T-lymphocytes, are naturally activated to combat the infection. They migrate to cardiomyocytes
where they secrete pro-inflammatory cytokines. Therefore, a local hyperinflammatory state is achieved. Indeed,
biopsies revealed infiltration of myocardium with inflammatory cells. In addition, SARS-CoV-2 infects endothelial
cells expressing ACE2 receptors, including cells lining the coronary vessels. Through inducing direct cellular injury,
the virus triggers inflammatory cascade and leading to thrombus formation and coronary ischemia. At the systemic
level, SARS-CoV-2 swarths induction of massive amount of pro-inflammatory cytokines, specifically IL-6, CRP and
TNF-a, potentiating the local myocardial inflammation and immune dysfunction. SARS-CoV-2 triggers downregula-
tion of ACE-2 receptors, halting a vital protective mechanism.

cardial ACE2, and this represents a positive
feedback loop in the RAS [17, 18].

between COVID-19 and myocarditis peaked in
the younger (<16) and older (>50) age groups,
but was the lowest for persons aged 25-39
years. Such a finding can be corroborated by
facts pertaining to natural age-related differ-
ences in COVID-19 ascertainment. In general,
the 25-39 age group is more likely to have a
less severe disease, and hence a less likely
occurrence of secondary complications such
as myocarditis compared to older adults [20].

The extensive expression of ACE2 on the coro-
nary vessels as well as arterial and venal
smooth muscle and endothelial cells exacer-
bates the predisposition to a proinflammatory
state, given the aforementioned complications
that arise from the virus, especially the cyto-
Kine storm that can potentially lead to endothe-

lial dysfunction [16, 19]. Figure 1 summarizes
the potential ways that may lead to SARS-CoV-
2-mediated myocarditis.

Myocarditis in the adult population

A few studies with large cohorts have yielded
insight on the prevalence of myocarditis in-
duced by the SARS-CoV-2 virus. Boehmer et al.
conducted a multifaceted study that included
2,116 COVID-19 patients who developed myo-
carditis. This study showed that the association
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Table 1 depicts a comprehensive summary of
cardiac-related clinical manifestations in adult
patients with myocarditis induced by COVID-19.
Studies performed on individual cases or small
groups have also provided insight into the topic
at hand, and they have been listed in Table 2.

Myocarditis in the pediatric population

In a study published in the Morbidity and
Mortality Weekly Report from the Centers for
Disease Control (CDC), 0.133% of children with
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Table 1. Cardiac-related clinical symptoms and measurements of adult patients with COVID-19-induced myocarditis (cohorts)

Reference Authors Year Number Country Age  Male Physical exam Myocardl_tls ECG Echo Imaging and Outcome
of cases (mean) (%) diagnostics Lab
[53] Daniels et 2021 37 us NA 73 Chest pain, palpita- CMR NCM (non- Abnormal, NCM 171, 172, No deaths
al. tions, dyspnea compaction LGE, | LVE,
cardiomyopathy) ftroponin
[20] Boehmer 2021 2116 us 54 60 NA ICD-10-CM NA NA NA NA
etal.
[54] Huangetal. 2020 26 China 38 38 Precordial chest CMR NA PE 174, 172, NA
pain, palpitations, LGE, TECV
chest distress
[55] Deng et al. 2020 14 China 65 71 Fever, cough, chest  AHA guideline: ST segment Reduced LVEF 1Troponin 13 deaths
pain/tightness, triple elevation in elevation/ST-T (<50%), segmen-
shortness of breath  troponin with either changes, tachy- tal wall motion
ECG changes or cardia abnormality, LV
electrocardiographic wall thickening,
changes PE, TAPSE
[70] Laganaetal. 2021 12 Italy 71 42 NA One criterion from Ischemic Diffuse LV hypo- NA (no 3 deaths
ESC guidelines alteration, QTc  kinesia statistical
prolongation significance)
[71] Buckley 2021 35820 us 48 44 NA ICD-10-CM NA NA NA NA
et al.
[72] Martinez 2021 3 us 25 NA NA CMR Abnormal New regional NA No deaths
et al. wall motion
abnormality;
preserved LVEF
[73] Priyadarshni 2022 79 us NA NA NA ICD-10-CM NA NA NA NA
etal.
141 Am J Cardiovasc Dis 2023;13(3):138-151
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Table 2. Cardiac-related clinical symptoms and measurements of adult patients with COVID-19-induced myocarditis (individual cases)

Reference Authors Age/Sex/Origin Past'med|cal Physical exam  ECG Echo Imaging and Outcome
history Lab

[56] Doyen et al. 69 M, Italian  Hypertension Fever, cough, LVH, diffuse T-wave Mild LVH 1CRP Recovery
dyspnea inversion

[57] Hu et al. 37 M, China NA Chest pain, ST depression V4-V6 Enlarged heart, LVEF 27%, Ttroponin, Recovery
dyspnea pericardial effusion Tpro-BNP

[58] Kim et al. 21 F, Korean NA Fever, cough, Non-specific IV conduc-  Severe LV dysfunction 1BNP NA
dyspnea tion delay, multiple PVCs

[59] Cizgici et al. 78 M, Turkish  Hypertension Chest pain, Atrial fibrillation, diffuse  NA Ttroponin, NA
dyspnea concave ST elevation 1CRP

[60] Coyle et al. 57 M, US Hypertension Fever, cough, Sinus tachycardia Diffuse hypokinesis with 1CRP Recovery
dyspnea relative apical sparing

[61] Sala et al. 43 F, Italian Clear Chest pain, Mild ST-segment el- Mild LV systolic dysfunction  ftroponin, Recovery
dyspnea evation in leads V1-V2,  (LVEF 43%) with inferolat- TNT-pro-BNP

reciprocal ST depression eral wall hypokinesis
in V4-V6

[62] Inciardi et al. 53 F, Italian Clear Fever, cough, Diffuse ST elevation, ST  Diffuse hypokinesis, LVEF Ttroponin, Recovery
severe fatigue  depression 40%, pericardial effusion 1BNP

[63] Oleszak et al. 52 M, USA Hypertension Fever, cough, LV hypertrophy, sinus LVEF 10-15%, reduced RV Ttroponin, NA
dyspnea, single tachycardia, bi-atrial systolic function, global dila- {pro-BNP,
episode of trace enlargement, QTc 449 tation of all 4 chambers 1CRP
hemoptysis
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COVID-19 were diagnosed with myocarditis,
whereas nearly 0.0033% of children without
COVID-19 were diagnosed with myocarditis
[24]. While the overall risk seems low, children
with COVID-19 had an almost 40 times higher
risk of developing myocarditis. When it comes
to the pediatric population, no large-cohort
studies have been conducted to assess the
relationship between myocarditis and COVID-
19, although many individual case reports have
been published. One such case involves a pre-
viously healthy 2-year-old boy who contracted
the SARS-CoV-2 virus and developed dilated
cardiomyopathy secondary to viral myocarditis.
These findings were revealed upon assessment
of a myocardial biopsy specimen, where the
presence of a viral genome was evident [22].
More information about the COVID-19 post-
infective pediatric myocarditis can be revealed
by drawing analogies with Kawasaki disease.
This is primarily attributed to the well-studied
pathophysiology of the systemic arteritis that is
observed in this disease. For instance, the abil-
ity of neutrophils to form extracellular traps
(NETs) to capture pathogens and limit their
spread is detected in severe COVID-19 as well
as in acute Kawasaki disease. Myocarditis is
also known to be a complication that arises
from Kawasaki disease [23, 24]. Huge clinical
trials are yet to be conducted, though a study
of 24 pediatric myocarditis patients by Vu-
comanovic et al. yielded insight into the distin-
guishing markers of COVID-19-induced myocar-
ditis, and non-COVID-19-induced myocarditis
[5]. One recorded case pertains to the diagno-
sis of silent myocarditis in a 3-year-old boy due
to COVID-19, and its further progression to di-
lated myocardiopathy and systemic hyperten-
sion. Another case concerns the development
of acute fulminant myocarditis (AFM) in a
12-year-old girl with dual SARS-CoV-2 and ade-
novirus infections [25, 26]. Table 3 depicts the
cardiac-related clinical descriptions of pediatric
patients with COVID-19 induced myocarditis.

Myocarditis in general: diagnosis

Myocarditis can have various etiologies, which
are mainly divided into infectious and non-
infectious types. Among the infectious agents,
viral etiologies are the most common (adeno-
viruses, parvoviruses, enteroviruses...). Other
microbes contributed significantly to myocardi-
tis, such as bacteria (Staphylococcus spp.,
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Streptococcus spp., Diphtheria spp., Myco-
plasma pneumoniae, Rickettsia ricketsii...),
fungi (like Aspergillus spp. and Candida spp.),
protozoa (like Plasmodium spp. and Toxoplas-
ma spp.), and more. As for the non-infectious
causes of myocarditis, they include transplant
rejections, allergies, autoreactivity (as seen in
giant-cell myocarditis and lymphocytic myocar-
ditis), systemic inflammatory disorders like sar-
coidosis, Graves' disease, and inflammatory
bowel disease, and so on [27, 28]. Common
clinical manifestations that are shared by
patients with myocarditis secondary to COVID-
19 include: fever, fatigue, chest pain, and short-
ness of breath. Tachycardia and acute-onset
heart failure might ensue upon deterioration
[12]. However, they are shared by other cardiac,
respiratory, and gastrointestinal illnesses [29].
In terms of chronicity, two major types of myo-
carditis can be distinguished upon diagnosis:
AFM and chronic persistent myocarditis. The
former involves a sudden and severe inflamma-
tion of the heart that is manifested in ventricu-
lar dysfunction, myocyte necrosis and edema,
and cardiogenic shock [12, 30]. As for chronic
myocarditis, it is defined as an ongoing inflam-
matory process with secondary fibrosis. Unlike
the fulminant one, the chronic form doesn’t
include myocyte necrosis [31]. To accurately
diagnose SARS-CoV-2-induced myocarditis and
its specific subtype, the benchmark is EMB [7].
In the clinical setting, however, there are no
sensitive or specific non-invasive methods that
can definitely ascertain the diagnosis of myo-
carditis [32]. However, many diagnostic meth-
ods can guide this diagnosis. Below is a discus-
sion of the currently employed diagnostic
methods.

Endomyocardial biopsy

The importance of EMB arises in its ability to
identify the underlying etiology and type of
inflammation (sarcoidosis, giant cell, eosino-
philic...). This is especially important as each
type of inflammation necessitates a specific
treatment. Both the American Heart Associa-
tion (AHA) and the European Society of
Cardiology (ESC) recommend EMB as the defin-
itive diagnostic tool for myocarditis. However,
EBM still requires a high level of expertise.
Studies have shown that when EMB is per-
formed by an experienced operator, it has a
complication rate of less than 1% [12, 33, 34].
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Table 3. Cardiac related clinical symptoms and measurements of pediatric patients with COVID-19-induced myocarditis

Reference Authors/Country Number Age/Sex Physical exam ECG Echo Imaging and Outcome
of cases Lab
[74] Gnecchi et al., Italy 1 16 M Chest pain, fever Inferolateral ST-segment Hypokinesia of the inferior and inferolat-  ftroponin, Recovery
elevation eral segments of the left ventricle, witha 1CRP
preserved ejection fraction of 52%
[22] Kesici et al., Turkey 1 2M Respiratory distress with NA Severe LV failure Ttroponin Death
filiform pulse, lethargy
[75] Giacomet et al., 1 2 mo. F  Fever, nonbloody diarrhea, 2  Sinus tachycardia Hypokinesia of the inferior LV wall and Ttroponin, Recovery
Italy episodes of vomiting the inferior interventricular septum, mild ~ fpro-BNP,
LV dysfunction 1IL-6
[25] Malakan Rad and 1 3M Fever, cough T-wave inversion in left ~ Severely diminished LV systolic function ~ TNT-pro-BNP NA
Momtazmanesh, precordial leads in favor of dilated cardiomyopathy with
Iran an ejection fraction of 26%, significant LV
enlargement
[26] Lara et al., US 1 12 F Fatigue, fever, diffuse abdomi- Complete heart block Severely diminished LV systolic function  ftroponin Recovery
nal pain, nausea, hypother- with atrial rate of 150 with an ejection fraction of 27%
mia, bradycardia bpm and ventricular
escape rate of 43 bpm
[76] Buitrago et al., US 1 12 F Headache, neck pain, leth- ST-segment elevations  Reduced left ventricular systolic function  ftroponin, Recovery
argy, nausea, diarrhea, febrile in the inferior leads, I, 1CRP
Ill, and aVF
[77] Aeschlimann et al., 20 10 (65% Fever, dyspnea, chest pain, No specific results for LVEF<55% for most of the patients, peri-  tNT-pro-BNP, NA
France males) gastrointestinal and respira- myocarditis group cardial effusion Tpro-BNP,
tory symptoms 1CRP
[5] Guner Ozenen et 6 50 mo. Fever, dyspnea, tachypnea, ir- Sinus tachycardia, QTc LV systolic dysfunction, LV dilation, left Ttroponin, NA
al., Turkey (50% ritability, tachycardia, hypoten- prolongation coronary artery ectasia 1CRP
males)  sion, fatigue, abdominal pain
144 Am J Cardiovasc Dis 2023;13(3):138-151
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Cardiac magnetic resonance imaging

An alternative to the EMB is cardiac magnetic
resonance imaging (CMRI). CMRI relies on ra-
diofrequency pulses accompanied by a strong
magnetic field. Since no high-energy radiation
is applied, CMRI is not known to have any
genetic or carcinogenic effects [35]. In addi-
tion, it is superior to EMB when it comes to
allograft rejection of heart tissue, as it can eval-
uate the entirety of the myocardium and detect
any signs of inflammation. This information can
be combined with other parameters such as
chamber size, wall thickness, and others to
reach a conclusion regarding the suggested eti-
ology. This technique is non-invasive and has
been previously used to detect edema and inju-
ry in inflammatory conditions like takotsubo
cardiomyopathy, acute myocardial infarction,
and viral myocarditis [36, 37].

Electrocardiograms

Electrocardiograms (ECGs) are widely used as
initial screening tools for diagnosing myocardi-
tis [38]. Despite their low sensitivity and speci-
ficity, some ECG changes are more suggestive
of myocarditis than others. For instance, al-
though ST segment depression can be ob-
served, ST elevation is the most frequent ST
alteration observed in acute myocarditis. ST-T
segment elevation in myocarditis is typically
concave, as opposed to convex as in the case
of myocardial ischemia [33, 39]. In addition,
abnormal ECG in viral myocarditis can also fea-
ture QT prolongation, premature ventricular
complexes, bradyarrhythmia with advanced
atrioventricular nodal block, and other signs
[12].

Echocardiography

The AHA, ESC, and the American College of
Cardiology (ACC) recommend that all patients
with suspected myocarditis should undergo a
transthoracic echocardiography (TTE) as an ini-
tial diagnostic method. Echocardiography car-
ries the advantage that it is a safe, widely avail-
able, and non-invasive method [40]. However,
since echocardiography investigates chamber
sizes, wall thicknesses, and systolic and dia-
stolic functions, it cannot provide direct evi-
dence of myocarditis, and therefore cannot
serve as a final diagnostic tool on its own [38].
Advanced echocardiographic tools like speckle
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tracking echocardiography, tissue Doppler
imaging, contrast echocardiography, and three-
dimensional TTE can detect subtle abnormali-
ties in ventricular function that can aid in diag-
nosing viral myocarditis [40].

Treatment of myocarditis

Management of cardiac conditions tends to be
based on randomized controlled trials (RCTSs).
However, myocarditis is not as common as
other cardiac conditions, and hence it is diffi-
cult to perform trials when it comes to myocar-
ditis. With that being said, several treatment
options are available, with varying efficacy.
Predominantly, the general principles of treat-
ment apply, meaning that the initial administra-
tion of beta-blockers, angiotensin-converting
enzyme inhibitors, spironolactone, and loop
diuretics is suitable. The cytokine storm that is
seen in COVID-19-induced myocarditis is usu-
ally mitigated via tocilizumab and interferons.
In addition, extracorporeal membrane oxy-
genation implantation is sometimes needed.
Sometimes, in cases of AFM where the left
ventricular ejection fraction (LVEF) persistently
remains less than 35%, heart transplantation
becomes one of the only options left [7, 41,
42]. In the pediatric population, the treatment
for acute myocarditis typically consists of sup-
portive therapy, which includes mechanical cir-
culatory support, supplemental oxygen, and
fluid restriction [43]. Furthermore, immunosup-
pressive agents and immunoglobulin (antiviral)
therapy have served as potential contenders
for the treatment of myocarditis. However, we
should keep in mind that the efficacy of thera-
peutic strategies is not confirmed by clinical tri-
als, and so more trials should be carried out
[44).

Immunosuppression

Although immunosuppressive therapy is widely
used in myocarditis, more large-scale RCTs are
still required to definitively prove its efficacy.
Indeed, some RCTs and meta-analyses con-
verge on the concept that immunosuppression
treatment can significantly improve LVEF, and
possibly reduce LVEDD in myocarditis patients.
However, it is still unclear how immunosuppres-
sion is correlated with the rate of death and the
need for heart transplantation. Interestingly,
some evidence has risen in favor of this treat-
ment in the pediatric population specifically,
where reductions in the previously mentioned
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rates have been recorded [45, 46]. In one
study, a significant cure rate was established
after immunosuppression with steroid treat-
ment 3 months after the onset of myocarditis,
when compared to the conventional therapy
group [47]. Nevertheless, studies carried out
on corticosteroids, which constitute a crucial
component of immunosuppressive therapy,
focused on patients with more chronic disease,
making the adult affected population heavily
studied [4].

Immunoglobulin therapy

Intravenous immunoglobulins (IVIGs) can serve
as anti-inflammatory and antiviral agents. In
fact, some studies have shown that they can
play a role in treating AFM. However, not enough
RCTs of antiviral therapy are able to prove that
viruses are indeed the therapeutic targets in
acute myocarditis [48, 49]. As for the efficacy
of this treatment modality, it has been shown to
improve the recovery of LVEF (when compared
to conventional therapy), and in one trial, AFM
patients who received IVIG therapy had better
survival rates during follow-up [50]. As per the
pediatric population, there were mixed reviews
on whether immunoglobulin therapy was an
ideal treatment, and it was deemed not associ-
ated with better survival chances by one meta-
analysis that utilized the Grading of Recom-
mendations, Assessment, Development and
Evaluations (GRADE) system [51]. Even though
IVIG has anti-inflammatory, antiviral, and immu-
nomodulatory effects and is generally regarded
as safe by pediatricians, it is not assumed to be
immunosuppressive.

Discussion

The COVID-19 pandemic generated several
complications that impeded almost every
aspect of our daily lives. Therefore, carefully
discovering the viral agent’s outreach and
examining these complications is inevitably a
must. In this paper, we present the existing evi-
dence that links the SARS-Cov-2 virus with
myocarditis.

It is now generally accepted that SARS-CoV-2
utilizes the ACE-2 receptor to gain intracellular
access. Since the ACE2 receptors are common-
ly associated with the renin-angiotensin-aldo-
sterone system and several cardiovascular
conditions and disorders (most notably hyper-
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tension), it comes as no surprise that myocardi-
tis can indeed be a consequence of this sup-
posedly respiratory virus [52]. Both pediatric
and adult populations are susceptible to this
condition. However, the literature that tackles
the pediatric population remains scarce and
limited, especially since trials involving this
group are much tougher to conduct due to strin-
gent ethical issues, a dearth of funding, and so
forth.

Thus, closely investigating evidence from the
adult literature is crucial. Indeed, large cohort
studies, as well as case studies, have been
conducted on adults, and they have yielded
noteworthy results. Clinical presentation, for
instance, seems to be fairly non-specific but
similar between the studies compiled, with
fever, cough, chest pain, and dyspnea being
regularly used words [20, 53-63]. Consequently,
clinical assessment alone cannot be used to
diagnose myocarditis. Other diagnostic modali-
ties are crucial, including CMRI, ECG, and echo-
cardiography. Each has its advantages and
disadvantages, and when combined, they can
yield more accurate results. For instance, when
it comes to ECG, both ST elevation and depres-
sion have been noted, and this segment in par-
ticular has been used to detect several cardio-
vascular maladies [64]. Moving on to echo-
cardiography, LV systolic function is a very cru-
cial parameter for a multitude of indications,
which, alongside assessing myocarditis, in-
clude the assessment of ventricular arrhyth-
mias, congenital heart disease, valvular disor-
ders, and other cardiac issues [65]. Additionally,
several biomarkers are used to evaluate SARS-
CoV-2-induced myocarditis, and they include,
but are not limited to, troponin, CRP, and brain
natriuretic peptide (BNP). Troponin levels are
crucial, and of note is the fact that cardiac tro-
ponin | differs from skeletal troponin |, as it has
an additional 32-amino acid sequence attach-
ed to its N-terminus. Its increasing levels seem
highly correlated with myocarditis, as is clearly
seen in Tables 1 and 2, and no case features
its decrease post-myocarditis [66]. Similarly,
levels of CRP have been noted to increase post-
myocarditis, and it seems that this protein was
previously correlated with acute myocarditis.
Besides, it can serve as a tool that can predict
LV damage and dysfunction in myocarditis
patients [67]. Similarly, elevation of BNP is also
associated with hemodynamical stress caused
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by contractility abnormalities, but this finding
was specific to perimyocarditis [68].

When it comes to medical management, there
are conventional and non-conventional app-
roaches. Conventional methods include the
administration of beta-blockers, ACE inhibitors,
and angiotensin receptor blockers to help low-
er blood pressure, impede arrythmias, and
remodel the heart muscle post-myocarditis.
Diuretics target the aftermath of myocarditis by
lowering the bodily fluid congestion that takes
place after the weakening of the heart muscle
[69]. The non-conventional methods discussed
in this paper are immunosuppression and anti-
viral treatments (using immunoglobulins). They
have both shown a certain degree of effective-
ness when it comes to survival and other health
criteria, especially in the pediatric population.
However, digging further is a must to learn the
true potential of these treatments and whether
they might be modified to become even more
potent.

When it comes to the pediatric population, clini-
cians should have high suspicion of COVID-19
induced myocarditis whenever the patient pres-
ents with dyspnea, cough, third-spacing, and
fever. An initial point of care evaluation should
be performed by ultrasound to grossly assess
the cardiac function. An EKG should be obtain-
ed simultaneously. This must be followed by a
thorough echocardiographic assessment when
the patient is stabilized. Furthermore, with the
slightest suspicion, laboratory findings should
include cardiac serum markers, such as tropo-
nin and pro-BNP. Further advanced imaging
with cardiac MRI must be considered in all
patients with high suspicion of myocarditis,
although it might be difficult to obtain in clini-
cally unstable patients. Although EMB remains
the gold-standard of diagnosis, it is rarely per-
formed in the pediatric population. Rapid and
meticulous intervention should be started
whenever myocarditis is suspected. Medical
management starts with supportive care that
includes careful fluid resuscitation if needed,
diuretics, oxygen therapy, and ionotropic sup-
port. The use of anti-inflammatory and anti-viral
therapy has not been included in a clear guide-
line for the pediatric population. However,
based on the severity of the patient’s condition,
steroids and intravenous immunoglobulins can
be considered.
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A vital aspect when discussing myocarditis
induced by the COVID-19 disease is determin-
ing the outcomes, several of which have been
previously discussed (troponin levels, LVEF,
and so forth). Many outcomes are listed for
individual patients (from both the adult and
pediatric population), but generalized statistics
pertaining to the outcomes of COVID-19-
induced myocarditis are yet to be published.
The general outcomes of the disease ranged
from death to full recovery, and they are listed
in Tables 1-3. However, more research, espe-
cially on large cohorts, has to be done to be
able to draw patterns between myocarditis
induced by the SARS-CoV-2 virus and the out-
comes resulting from it.

Conclusion

The development of myocarditis post-infection
by the SARS-CoV-2 virus incurs additional
burdens on the patients. It is the responsibility
of multidisciplinary medical teams to lessen
these burdens. This entails proper diagnosis
and management. As discussed previously,
data pertaining to COVID-19 induced myocardi-
tis is limited, especially in the pediatric popula-
tion. Ultimately, we argue that more trials,
especially ones involving large numbers of
patients, need to be conducted to provide a sci-
entific basis for future guidelines. It is of utmost
importance to do so for both the adult and the
pediatric populations, especially because of
the paucity of trials involving the pediatric one.
The data should then help in establishing
appropriate plans to treat the patients and pre-
vent the potentially negative outcomes result-
ing from COVID-19-induced myocarditis.
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