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Abstract: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) gained worldwide
attention at the end of 2019 when it was identified to cause severe respiratory distress syndrome.
While it primarily affects the respiratory system, we now have evidence that it affects multiple
organ systems in the human body. Cardiac manifestations may include myocarditis, life threatening
arrhythmias, acute coronary syndrome, systolic heart failure, and cardiogenic shock. Myocarditis is
increasingly recognized as a complication of Coronavirus-19 (COVID-19) and may result from direct
viral injury or from exaggerated host immune response. The diagnosis is established similar to other
etiologies, and is based on detailed history, clinical exam, laboratory findings and non-invasive imaging
studies. When available, cardiac MRI is the preferred imaging modality. Endomyocardial biopsy may
be performed if the diagnosis remains uncertain. Current management is mainly supportive with the
potential addition of interventions recommended for severe COVID-19 disease, such as remdesivir,
steroids, and convalescent plasma. In the setting of cardiogenic shock and refractory, life-threatening
arrhythmias that persist despite medical therapy, advanced mechanical circulatory support devices
should be considered. Ultimately, early recognition and aggressive intervention are key factors in
reducing morbidity and mortality. Our management strategy is expected to evolve further as we
learn more about COVID-19 disease and the associated cardiac complications.
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1. Introduction

Coronavirus-19 (COVID-19) disease is caused by the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2). This novel virus gained worldwide attention in December 2019
after it was isolated and identified to cause severe acute respiratory distress syndrome in a cluster of
patients in China’s Hubei Province [1]. The World Health Organization declared COVID-19 a global
pandemic on 11 March 2020 [2]. While initially thought to primarily target the respiratory system,
it soon became evident that infection with SARS-CoV-2 affects multiple organ systems in the human
body. The cardiovascular system is no exception. Recognizing cardiac involvement is critically
important as it portends a significantly elevated risk of in-hospital mortality (51% vs. 4%) and adversely
impacts long-term clinical outcomes [3]. Myocarditis is now a recognized severe complication of
COVID-19 prompting numerous research groups to focus on developing early diagnostic approaches
and management strategies. The primary goal of this article is to provide a review of COVID-19 disease
with special focus on myocarditis.
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2. Overview of SARS-CoV-2

SARS-CoV-2 belongs to the β subgroup of coronaviruses, along with SARS-CoV that was initially
reported in China’s Guangdong Province in 2003, and the Middle East Respiratory Syndrome
Coronavirus, MERS-CoV, first described in 2012 [4–6]. Genomic sequencing revealed a 93.1%
identity between SARS-CoV-2 and the coronavirus RaTG12 isolated from the common horseshoe bat
(Rhinolophus affinis) in Yunnan, China, in 2013. This suggests that this zoonotic pathogen endemic to
bats, perhaps, crossed the species barrier to infect humans, similar to other viruses in the past [7,8].
Following its initial transfer, SARS-CoV-2 achieved a human-to-human transmission rate significantly
higher than that documented with other β coronaviruses [4]. It is a positive, single-stranded RNA virus
with a glycoprotein envelope and a large number of polysaccharide-coated spike [S] proteins covering
its surface. Located within the S1 subunit is the receptor binding domain that is responsible for attaching
to the host cell angiotensin converting enzyme 2 (ACE2) receptors thereby facilitating viral entry into
the target cells [9]. ACE2 is expressed abundantly on type II pneumocytes as well as in cardiovascular,
renal, and gastrointestinal tissues which accounts for the pathogenesis, multi-organ involvement
and clinical manifestations of COVID-19 disease [10]. While multiple possible human-to-human
transmission routes have been identified, spreading via aerosol and droplets are thought to be the
most common [11]. Infected individuals may develop an array of mild to moderate symptoms, such as
fever, dry cough, shortness of breath, fatigue, weakness, headache, sore throat, and loss of taste or
smell [10,12,13]. Patients with underlying comorbidities including hypertension, diabetes mellitus,
obesity, cardiovascular disease, pulmonary disease, and cancer have a higher likelihood progressing
to more severe illness culminating in multi-organ failure [4]. Notably, 40% to 45% of individuals
may remain completely asymptomatic and unaware of their infection and can transmit the virus
for an extended period of time [14]. Common laboratory findings in COVID-19 disease include
lymphopenia, thrombocytopenia, elevated serum troponin, severely elevated inflammatory markers,
high d-dimer, and abnormal renal and liver function tests [10,15,16]. Pulmonary involvement
is usually evident on routine chest X-ray and may present as bilateral ground glass opacities in
the posterior and peripheral lung fields on CT scan [4,10,17,18]. These imaging findings often
correspond to diffuse alveolar hemorrhage with interstitial inflammation, hyaline membrane formation,
and widespread microangiopathy with thrombosis [10,19]. Recognizing cardiac involvement may
be more challenging but is of utmost importance given its adverse impact on clinical outcomes [3].
The injury may result from various mechanisms, including direct myocardial damage caused by
SARS-CoV-2, electrolyte abnormalities, relative ischemia, coronary thrombosis, acute plaque rupture,
or cytokine storm [20]. Consequently, cardiac manifestations may be broad and include signs and
symptoms of acute heart failure, cardiogenic shock, myocarditis, acute coronary syndrome, a broad
range of atrial and ventricular arrhythmias, and cardiac arrest [3,21]. The following sections will focus
primarily on myocarditis, a potentially severe and lethal complication of COVID-19 infection.

3. Pathophysiology of COVID-19 Associated Myocarditis

Myocarditis refers to the inflammation of the cardiac muscle due to a variety of infectious
and non-infectious diseases [22]. Viral etiology remains the leading cause of myocarditis in the
United States and has been documented as a complication in patients infected with enterovirus
including coxsackievirus, parvovirus B-19, H1N1 and members of the β coronavirus group,
including MERS [23–26]. The exact pathophysiology of SARS-CoV-2-associated myocarditis remains
elusive at this time. Depending on host-related factors (i.e., virus-host interactions) and the phase of
infection (acute, subacute, or chronic), proposed mechanisms may include: (1) immune-mediated,
(2) autoimmune-mediated, and (3) direct virus-induced [27]. In immune-mediated myocarditis,
both innate and acquired immune responses contribute to myocardial injury with the sequelae of
dilated cardiomyopathy [28,29]. Despite this mechanism, large trials with immunosuppressive therapies
such as prednisone and azathioprine failed to show significant clinical benefit; however, there is some
evidence that other immunomodulation strategies may be effective [30–34]. Autoimmune-mediated
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myocarditis may develop in response to the release of cryptic antigens from cardiac myocytes that
are normally secluded from the immune system following virus-mediated injury [35]. There is also
evidence to support the hypothesis that molecular mimicry involving epitopes shared among viral
capsid proteins, cardiac myosin, and other unidentified proteins on the surface of cardiac myocytes
stimulate autoimmune reactions [36]. When viruses evade the innate immune system, they replicate
and create viral proteins that cause direct myocardial injury by promoting cellular apoptosis and
necrosis [37]. SARS-CoV-2 likely causes myocarditis in humans through one of the pathways similar to
other viral pathogens [26,38]. While MERS-CoV utilizes a protein called 4a-accessory protein to impair
cellular stress granule formation, SARS-CoV enhances its RNA translation via the Nsp1 protein [39,40].
As discussed previously, SARS-CoV-2 may invade cardiac myocytes using their surface ACE2 receptors
and may cause direct cellular damage. The presence of viral genome was not definitively associated
with increased mononuclear infiltration within the myocardium [41].

4. Clinical Presentation of Patients with COVID-19 Myocarditis

Similar to other viral infections, the most common initial presentation of COVID-19 includes
fatigue, fever, chills, cough, and gastrointestinal complaints. Symptoms may remain mild even if
myocarditis ensues; however, a subset of patients develop severe disease manifestations including
chest pain, life-threatening arrhythmias, and cardiogenic shock [24]. At this time, it is not possible to
accurately predict which patients will develop severe cardiac complications, and the exact incidence of
COVID-19-associated myocarditis remains unknown [42]. Historical epidemiological data suggest that
young individuals and males are more susceptible to develop myocarditis. It remains to be seen if
these hold true for COVID-19-associated cases [23,43].

5. Establishing the Diagnosis of Myocarditis

Unfortunately, no single laboratory test exists to establish the diagnosis of myocarditis.
While increased serum troponin in COVID-19 infection may identify patients with severe disease,
myocardial involvement, and increased risk of mortality, elevated levels are not specific for myocarditis
and may reflect supply/demand mismatch [44]. Natriuretic peptides and inflammatory markers such
as ESR and CRP are neither sensitive nor specific [23]. Elevated liver enzymes, serum creatinine,
and lactic acid may suggest end organ dysfunction and hypoperfusion related to cardiogenic shock
although none of these are specific.

Routine electrocardiogram (ECG) is typically abnormal in patients with myocarditis.
Common findings include rhythm disturbances, low QRS voltage due to myocardial edema,
ST-segment and T-wave changes, as well as conduction abnormalities [24,45]. However, none of these
abnormalities are sensitive or specific enough to establish the diagnosis of myocarditis and are thought
to be related to direct myocardial injury caused by SARS-CoV-2, hypoxia, and COVID-19 associated
systemic inflammatory response [46,47].

Transthoracic echocardiography (TTE) is the initial non-invasive imaging modality of choice to
evaluate for COVID-19-associated cardiac complications. Findings may include global left ventricular
(LV) or biventricular dysfunction, myocardial edema, LV thrombus, and pericardial effusion [24].
TTE may also reveal other cardiac abnormalities, such as regional wall motion abnormalities suggesting
myocardial ischemia or valvular disease. While ultrasound operators are certainly at increased risk
for disease transmission given the need for close patient contact, in our experience, the study may
be performed serially and safely with appropriate personal protective equipment to monitor for
cardiac recovery.

Cardiac magnetic resonance imaging (CMR) is an excellent imaging modality to assess biventricular
structure and function. When interpreted by an experienced clinician, CMR provides tissue-level
diagnosis including myocardial edema and interstitial fibrosis [24]. The Lake Louise Criteria (LLC)
was revised in 2018 and requires both of these criteria to diagnose myocarditis: (1) myocardial edema
on T2-mapping of T2W images and (2) non-ischemic myocardial injury signified by abnormal T1,
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extracellular volume, or late gadolinium enhancement [48]. Findings in COVID-19 related acute
myocarditis do not differ from those described in the LLC [49]. Due to the exam duration and logistics,
CMR should primarily be considered for hemodynamically stable patients.

Endomyocardial biopsy (EMB) is often considered to aid in the diagnosis of myocarditis. The 1987
Dallas criteria require lymphocytic infiltration associated with myocyte injury in the absence of
ischemia [50]. While highly specific, reported sensitivity for myocarditis diagnosed with EMB is
between 10% and 22%. The low sensitivity is attributed to sampling error caused by the often patchy
myocardial involvement and high interobserver variability [51,52]. A large panel of monoclonal
antibodies (including anti-CD3, T lymphocytes, anti-CD68, macrophages, and anti HLA-DR) is needed
to identify and characterize the inflammatory infiltrate [23]. EMB may be enhanced by DNA-RNA
extraction and RT-PCR to amplify and detect the presence of the viral genome [53]. Initial case reports
failed to reliably demonstrate the direct invasion of cardiomyocytes by SARS-CoV-2 and current ESC
guidelines do not recommend cardiac biopsy for COVID-19 patients with suspected myocarditis [54].
More recent studies, however, were able to detect the viral genome in some patients from EMB samples
as well as during post mortem evaluation of cardiac tissue [41,55,56]. The presence of cellular infiltrates
and necrosis was highly variable and autopsy findings did not demonstrate a specific, reproducible
histopathology of COVID-19 myocardial insult [57]. Further studies are needed to define which
patients may benefit from invasive evaluation using EMB and to establish the ideal timing for the
biopsy. Figure 1 summarizes the currently utilized tools in the diagnosis of COVID-19 myocarditis.

Figure 1. Tools used to diagnose COVID-19 myocarditis. COVID-19: Coronavirus-19; ECG: Routine
12-lead electrocardiogram.

6. Patient Management

Due to the novelty of the disease and the lack of randomized clinical trial data, the management
of myocarditis secondary to COVID-19 has largely been similar to other myocarditis etiologies,
that is, providing supportive care. While no specific treatment strategies have been found
efficacious, many are currently under investigation [54]. Table 1 summarizes current management of
COVID-19-associated myocarditis.

The recently approved remdesivir has gained traction early in the United States owing to a trial
showing faster recovery times in hospitalized patients, prompting the Food and Drug Administration to
grant Emergency Use Authorization for severe infection on 1 May 2020 [58]. Studies with convalescent
plasma, interferon beta, dexamethasone, and hydrocortisone are ongoing [59–61]. Results with
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dexamethasone have shown promise for the treatment of severe COVID-19 infection, as published
in the RECOVERY trial [62]. Although steroid administration for viral myocarditis remains highly
controversial, it is frequently employed and may help blunt the immune response in case of COVID-19.
Disease severity, comorbidities and reviewing possible drug toxicities must drive the individualized
decision to administer these medications.

Table 1. Management of COVID-19-associated myocarditis. ACEi (Angiotensin Converting
Enzyme inhibitor), ARB (Angiotensin II Receptor Blocker), ARNi (Angiotensin Receptor-Neprilysin
Inhibitor), VV-ECMO (Veno-Venous Extracorporeal Membrane Oxygenation), VA-ECMO (Veno-Arterial
Extracorporeal Membrane Oxygenation).

MANAGEMENT OF COVID-19 ASSOCIATED MYOCARDITIS

Supportive Cares
COVID-19 specific treatment:
Remdesivir
Investigational treatment options:
Convalescent plasma, interferon beta, steroids
Guideline-directed medical therapy for heart failure:
Beta blockers, ACEi/ARB/ARNi, mineralocorticoid receptor antagonists, diuretics
Patients with hemodynamic compromise:
Inotropes, temporary mechanical circulatory support devices, VV-ECMO, VA-ECMO
Close follow-up with multidisciplinary team

Patients that develop heart failure from COVID-19 myocarditis should be treated with
guideline-directed medical therapy, including angiotensin converting enzyme inhibitors (ACEi),
angiotensin receptor blockers (ARB), or angiotensin receptor-neprilysin inhibitors (ARNi), beta blockers,
mineralocorticoid receptor antagonists, and diuretics as clinically indicated [54]. Owing to their
mechanism of action, there was initial concern that medications in the ACEi, ARB and ARNi group
could worsen clinical outcomes in patients infected with COVID-19. However, a recent observational
study did not demonstrate any harm [63,64]. As such, it is generally recommended to initiate or
continue these medications during the acute phase of the disease, and beyond as indicated and
tolerated [65–67].

Arrhythmias are common in myocarditis, independent of the underlying etiology. Beta blockers
approved for the management of heart failure may be considered for hemodynamically stable patients.
Amiodarone is typically the antiarrhythmic agent of choice in the critically ill, although it can
prompt QTc prolongation, especially when combined with azithromycin or hydroxychloroquine [68].
Alternatively, lidocaine infusion or oral mexiletine may be considered.

The International Society of Heart and Lung Transplantation (ISHLT) COVID-19 task force
has recently released the recommendation to consider advanced therapies for affected patients if
indicated [69]. Patients with fulminant myocarditis may continue to decompensate and develop
cardiogenic shock or malignant arrhythmias. Ultimately, they may require the use of inotropes,
intra-aortic balloon pump, or other temporary mechanical circulatory support devices to stabilize
their hemodynamics. Regarding extracorporeal membrane oxygenation (ECMO), providers should
rely on local expertise while optimizing resource utilization [70]. The Extracorporeal Life Support
Organization (ELSO) has also released a guidance document on when to consider ECMO support
in this population [71]. The active registry managed and maintained by the organization monitors
outcomes as well as complications.

7. Prognosis of COVID-19 Myocarditis

There are very limited data currently on the prognosis of COVID-19 myocarditis. Patients with
pre-existing cardiac conditions and those with elevated serum troponin during their disease course have
worse outcomes, including higher mortality, longer length of hospital stay and need for mechanical
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ventilation [44,72]. Patients who develop heart failure will require guideline-directed medical therapy
and long-term follow-up with a multidisciplinary team. The minimum duration of medical therapy
remains to be determined.

8. Conclusions

Myocarditis is one of the serious cardiac complications of the SARS-CoV-2 infection. Owing to its
highly variable clinical presentation, the exact incidence of the disease remains unknown at this time.
It has a potentially lethal clinical course and several case reports have highlighted the importance
of aggressive screening measures in high-risk populations to establish the diagnosis in a timely
manner. Although cardiac MRI is the non-invasive modality of choice to diagnose myocarditis, history,
physical examination, laboratory evaluation and the widely available cardiac echocardiography are
indispensable in raising suspicion and prompting further evaluation. While no specific guidelines
are available on the management of myocarditis secondary to COVID-19, aggressive supportive
measures, including the use of temporary mechanical circulatory support devices, may be necessary.
Hemodynamically stable patients should be initiated on guideline directed medical therapy for heart
failure. Further research is needed to better understand long-term risks and complications.
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