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Abstract
Purpose of Review In coronavirus disease 2019 (COVID-19), myocardial injury occurs frequently in severe or critically ill
hospitalized patients, yet myocarditis is much less common. In this context, revisiting the definition of myocarditis is appropriate
with a specific focus on diagnostic and management considerations in patients infected with SARS-CoV-2.
Recent Findings Pathologic cardiac specimens from patients with COVID-19 suggest a mixed inflammatory response involving
lymphocytes and macrophages, and importantly, cellular injury occurs predominantly at the level of pericytes and endothelial cells,
less often involving direct myocyte necrosis. In COVID-19, the diagnosis of myocarditis has understandably been based predom-
inantly on clinical criteria, and the number of patients with clinically suspected myocarditis who would meet diagnostic histological
criteria is unclear. Echocardiography and cardiac magnetic resonance are important diagnostic tools, although the prognostic
implications of abnormalities are still being defined. Importantly, SARS-CoV2 myocarditis should be diagnosed within an appro-
priate clinical context and should not be based on isolated imaging findings. Therapies in COVID-19 have focused on the major
clinical manifestation of pneumonia, but the promotion of viral clearance early in the disease could prevent the development of
myocarditis, and further study of immunosuppressive therapies once myocarditis has developed are indicated.
Summary A strict and uniform approach is needed to diagnose myocarditis due to SARS-CoV-2 to better understand the natural
history of this disease and to facilitate evaluation of potential therapeutic interventions. A methodological approach will also
better inform the incidence of COVID-19 associated myocarditis and potential long-term health effects.
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Introduction

Myocarditis can be simply considered as an inflammatory
response within the myocardium. In developed countries, the

most frequent inciting event is a viral infection, though prima-
ry immune and toxic causes are also common. Typically, after
viral entry into myocytes, humoral, and cellular immune re-
sponses mediated by macrophages and lymphocytes help to
eliminate the infectious agent within days to weeks. However,
in susceptible immune systems, viral genome persists, as does
the inflammatory response [1, 2]. In certain cases, an autoim-
mune response may perpetuate continuous inflammation and
progressive myocardial damage [3].

The viruses most commonly implicated in myocarditis in-
clude Influenza viruses, Enterovirus, Adenovirus, Human
Herpes Virus-6, Cytomegalovirus, Epstein-Barr-Virus,
Hepatitis C virus, and Parvovirus B19 [4–10]. Of note, myo-
carditis due to Coronavirus has been described, but less fre-
quently, and coronavirus has not been previously considered
cardiotropic [11]. However, interest in coronavirus-associated
myocarditis has heightened as the global pandemic due to
SARS-CoV2 has resulted in increasing deaths related to
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respiratory and cardiovascular complications [12–14]. In co-
ronavirus disease 2019 (Covid-19), multiple causes of myo-
cardial injury have been identified, such as oxygen supply-
demand mismatch, stress cardiomyopathy, pro-thrombotic
and microvascular disease, direct viral myocardial injury,
and a systemic hyper-inflammatory response with myocardial
involvement [15–18]. These various causes of myocardial in-
jury are often loosely referred to as myocarditis, although
myocarditis more specifically refers to direct viral injury and
associated inflammation.

In SARS-CoV2 associated myocarditis, whether the same
histochemical, clinical, imaging, and prognostic markers can
be applied from other forms of viral myocarditis is uncertain.
In addition, therapeutic options which may provide benefit in
COVID-19 associated myocarditis are unclear. Specifically,
the applicability of encouraging data in severe COVID-19
pneumonia with remdesivir and dexamethasone to patients
with myocarditis is unknown [19, 20]. In this review, the
diagnosis of myocarditis in the context of SARS-CoV-2 in-
fection is evaluated, highlighting the importance of a standard-
ized definition and diagnosis. Potential prognostic implica-
tions and therapeutics are also discussed.

Defining Myocarditis

Myocarditis is defined as an inflammatory disease of the myo-
cardium diagnosed by a combination of histological, immu-
nological, and immunohistochemical criteria [21]. The histo-
logic classification is traditionally based on the Dallas Criteria
which requires evidence of “inflammatory infiltrates within
the myocardium associated with myocyte degeneration and
necrosis of nonischemic origin” [22]. The inflammatory cells
may be classified according to the type of infiltrate: lympho-
cytic, eosinophilic, polymorphic, giant cell myocarditis, and
granulomas typical of cardiac sarcoidosis. Importantly, viral
genome may be within the myocardium without an associated
inflammatory response. Although widely employed, there are
concerns related to the diagnostic accuracy of the Dallas
Criteria. For one, sensitivity is limited because myocarditis
may be focal or predominantly epicardial which reduces the
yield of endomyocardial biopsy, although increasing the num-
ber of samples obtained does increase sensitivity [6, 23–25].
In addition, inter-reader variability is a common limitation
upon expert pathologists [26, 27].

Therefore, current recommendations extend the definition
of the biopsy proven myocarditis to include immunohisto-
chemical detection. The European Society of Cardiology fur-
ther defines the histologic characteristic to include ‘≥14
leucocytes/mm2 including up to 4 monocytes/mm2 with the
presence of CD 3 positive T-lymphocytes ≥7 cells/mm2’ [28].
Specific stains such as anti-CD3 (T lymphocytes), anti-CD68
(macrophages), and class I and II human leukocyte antigens,

increase the sensitivity of the biopsy, as they detect small
infiltrates missed by hematoxylin-eosin stain.

Given the variable yield from endomyocardial biopsy, and
the recognition that endomyocardial biopsy is an invasive
procedure with low but finites risks, a probabilistic approach
has been advocated. Definitions that rely on clinical syn-
dromes, biomarkers, and/or imaging abnormalities have been
introduced and are clinically used to tailor further definitive
evaluation as needed [29]. In low-risk patients, a diagnosis of
“clinically suspected myocarditis” on the basis of clinical pre-
sentation and imaging diagnosis alone is accepted. This ap-
proach has been broadly employed during the SARS-CoV-2
pandemic, and while certainly understandable to reduce pos-
sible transmission during additional diagnostic testing, does
reduce specificity.

In a 2013 European Society of Cardiology (ESC) position
statement, a combination of clinical and cardiac imaging find-
ings are used to inform clinical decision-making, though these
findings are not diagnostic by themselves. "Clinically
suspected" myocarditis is defined as having a clinical presen-
tation ofmyocarditis and (1) diagnostic criteria if symptomatic
(probable), or (2) diagnostic criteria if the patient is asymp-
tomatic (possible) (Table 1) [28]. This global approach aligns
with a step by step recommendations of major guidelines in
the workup of myocarditis.

CMR Criteria: Lake Louise Consensus Criteria (LLC) and
Modified LCC Criteria

The Lake Louise Consensus Criteria for cardiovascular mag-
netic resonance imaging (CMR) diagnosis of myocarditis is an
expert consensus recommendation for patients with clinically
suspected myocarditis [30] and defines CMR findings that are
more likely consistent with myocarditis irrespective of the
clinical presentation. The criteria require two out of the three
categories to be present and those include: (1) evidence of
myocardial edema with regional or global myocardial signal
intensity increase in T2-weighted images, (2) early gadolini-
um enhancement suggestive of hyperemia and capillary leak-
age with an increased signal intensity ratio between myocar-
dium and skeletal muscle in gadolinium-enhanced T1-weight-
ed images, and/or (3) LGE in inversion recovery T1-weighted
images with at least one focal lesion with nonischemic region-
al distribution (mainly subepicardium or mid-wall, and other-
wise multifocal).

The diagnostic accuracy of the original LLC criteria ranges
from 57–90% (average 84%) with a sensitivity of 78% and
specificity of 88% [31••]. The criteria appear to be more ac-
curate in the acute phase of the disease especially with an
"infarct-like" presentation [32]. The course of myocardial in-
flammation limits the optimal sensitivity for diagnostic imag-
ing to a few weeks from presentation [33]. Within this win-
dow, however, CMR can identify useful features, which may
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also predict outcome independent of clinical symptoms
[34–36]. For example, myocardial edema without LGE on
CMR has been associated with improved recovery and out-
comes [36]. Advances in T1, ECV and T2 mapping tech-
niques have recently facilitated the incorporation of mapping
quantification in a modified LLC version (Fig. 1). Inflamed
myocardium typically exhibits higher T1, T2, and extracellu-
lar volume ECV values in the acute setting. The diagnostic
accuracy of T1 and T2 mapping are estimated at 89 and 80%
respectively [31••], although these are reduced in chronic set-
tings and depend on the patient population studied [33].
However, T2 mapping has been suggested to be more specific
for inflammation and may persist in the subacute phase [33].
There are also data to suggest that T2 mapping may help
distinguish between active versus healed myocarditis [37],
with an improved negative predictive value for inflammation

[38]. In acute myocarditis, a combined approach using native
T1 mapping and LGE assessment seems to have superior di-
agnostic accuracy to LLC Criteria [39, 40].

In summary, except for a subset of the most critically ill
patients with COVID-19, myocarditis is understandably diag-
nosed on clinical grounds without endomyocardial biopsy.
Given the lack of specificity of imaging findings, SARS-
CoV2 myocarditis should be considered in the context of a
clinical presentation compatible with myocarditis emphasiz-
ing symptoms, elevated cardiac markers and abnormal elec-
trocardiograms. In this clinical context, imaging findings con-
firm the diagnosis and should include more than an isolated
abnormality. For example, CMR findings should combine a
T1 based and a T2 based abnormality or include supportive
evidence such as pericarditis or regional or global left ventric-
ular systolic dysfunction. Importantly, the diagnosis of SARS-

Table 1 Diagnostic Classification of Myocarditis and Application in SARS-CoV-2

Diagnostic classification Criteria used

I. Definitive: Biopsy

Dallas Criteria:
1- “inflammatory infiltrate of the myocardium with necrosis and/or

degeneration of adjacent myocytes not typical of the ischemic damage
associated with coronary artery disease”

2- Could be focal to diffuse, with lymphocytic, eosinophilic, granulomatous,
giant cell, neutrophilic or mixed in nature with or without fibrosis

# Borderline myocarditis is defined by an inflammatory infiltrate that
appears sparse or when myocyte injury is not demonstrated

Immuno-histologic Criteria:
1- ESC endorsed : inflammatory infiltrate cutoff of ≥14 leukocytes/mm2,

including up to 4 monocytes/mm2, with the presence of CD3-positive
T-lymphocytes ≥7 cells/mm2

2- anti-CD3 (T lymphocytes), anti-CD68 (macrophages), and class I and II
human leukocyte antigens stains

1- Center specific approach: specific cardiac autoantibody detection (Anti-
ANT, Anti-BCKD-E2)

II. Clinically suspected: No biopsy

A. Probable Clinical symptoms with at least one of the following:
1- Elevated biomarkers of cardiac injury
2- ECG findings of cardiac injury
3- Abnormal cardiac function on Echo or CMR

B. Possible Absence of clinical symptoms with at least one of the following:
1- Elevated biomarkers of cardiac injury
2- ECG findings of cardiac injury
3- Abnormal cardiac function on Echo or CMR

European Society of Cardiology Position Statement Definition of Clinical Presentation and Diagnostic Measures [28]

Clinical Presentation Diagnostic Criteria

1. Acute chest pain, pleuritic, or pseudo-ischemic
2. New-onset (<3 months) or worsening of: dyspnea at rest or exercise,

and/or fatigue, with or without left and/or right heart failure signs
3. Subacute/chronic (>3 months) or worsening of: dyspnea at rest or

exercise, and/or fatigue, with or without left and/or right heart failure
signs

4. Palpitation, and/or unexplained arrhythmia symptoms and/or syncope,
and/or aborted sudden cardiac death

5. Unexplained cardiogenic shock

1. Newly abnormal 12 lead ECG and/or Holter and/or stress testing
2. Elevated markers (TnT/TnI)
3. Cardiac imaging: New, otherwise unexplained LV and/or RV structure

and/or function abnormality
4. Tissue characterization by CMR: Edema and/or LGE of classical

myocardial pattern
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CoV2 myocarditis based on imaging findings alone should be
avoided given unclear implications and lack of validation in
other viral infections.

Mechanisms of Viral Myocyte Injury

To date, more than 20 viruses are known to cause myocarditis
[41]. The dynamics of the different viruses andmechanisms of
entry and replication, as well as the immune system response
triggered, define the patient specific presentations. Clinically,
this presentation may be expressed as a spectrum defined by
the host/virus characteristics. For example, Coxsackievirus
induced injury is specifically directed to myocardial cells.
Conversely, Parvovirus B19 infect other cells in the heart,
such as endothelial cells, and are typically not found in the
myocytes. In most cases of infection, the virus is cleared by
the immune system, though some patients may develop an
immune reaction to endogenous antigens and suffer from
prolonged cardiac dysfunction with or without acute inflam-
mation [42]. A heightened immune response within the acute
phase may lead to extensive or fulminant injury within the
heart, while a chronic indolent infection maymanifest as grad-
ual remodeling leading to a dilated cardiomyopathy (DCM).
Viral genomes within the cells may persist and may also be
linked to cardiac remodeling. For example, persistence of the

enteroviral genome has been implicated in the ongoing re-
modeling that occurs with some cases of DCM [43].

Prognostic Variables in Myocarditis

Predictors of outcome in patients with myocarditis en-
compass clinical presentation variables as well as immu-
nohistochemical and imaging findings. Patients with
acute coronary syndrome-like presentation and normal
left ventricular ejection fraction (LVEF) have better out-
comes than those with low LVEF [44]. In a study of
181 consecutive patients with clinically suspected viral
myocarditis with endomyocardial biopsies, advanced
New York Heart Association functional class was a pre-
dictor of poor outcome [5]. In pediatric patients with
acute DCM, a reduced right ventricular (RV) function
and a higher pulmonary artery pressures were associated
with increased risk of death or need for cardiac trans-
plantation [45, 46]. Patients who present with compli-
cated acute myocarditis defined by reduced LVEF
(<50%), sustained ventricular arrhythmias or need for
inotropes or mechanical circulatory support are also at
higher risk for death or transplant [47].

Associations with adverse outcome in active or bor-
derline myocarditis defined by the Dallas Criteria

Fig. 1 Overview of the Modified Lake Louise Criteria (LLC) applied in
SARS-CoV-2 Myocarditis. CMR imaging in patients with a clinical
presentation of myocarditis* supports the diagnosis of acute myocardial
inflammation if at least 1 criterion in each of the 2 categories is positive.
ECV = extracellular volume; LGE = late gadolinium enhancement; T2

TSE = T2-weighted Turbo spin echo sequence depicting T2-weighted
image example. * The clinical presentation includes concerning
symptoms with elevated cardiac markers or electrocardiographic
abnormalities, and SARS-CoV2 myocarditis should not be diagnosed
outside of this clinical context based on isolated imaging findings
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depends on other clinical presentations such as severity
of left ventricular or biventricular dysfunction [4]. The
use of immunohistochemical techniques sheds light on
the outcome of these patients, independent of the clini-
cal presentation. For example, detection of specific au-
toantibodies (such as anti-alpha myosin autoantibodies)
may be associated with progression to DCM [48–50],
whereas higher titers of IgG were associated with better
left ventricular function in the Myocarditis Treatment
Trial [27]. Prognosis also appears to be worse with
acute lymphocytic, eosinophilic, or Giant Cell myocar-
ditis [51]. Of note, fulminant lymphocytic infiltrative
myocarditis have been observed to have better outcomes
even though patients may need inotropic or circulatory
support as a bridge to recovery [51].

The importance of viral genome persistence as a pre-
dictor of outcome has been highlighted by a few studies
and seems to be associated with improved LV function
[52]. However, these findings may be virus-specific and
not generalizable. Unlike genome persistence of entero-
virus infection, patients with parvovirus B19 viral per-
sistence within the myocardium do not demonstrate an
association with death or heart transplant [5].

CMR has emerged as an indispensable tool to diag-
nose and predict outcome in patients with myocarditis.
Extrapolating from prior echo studies, biventricular dys-
function detected on MRI in myocarditis is associated
with death and transplantation [4]. Recently, studies
have shown clinical association between CMR—late
gadolinium enhancement (LGE) and subsequent arrhyth-
mic events [35]. Moreover, LGE and its persistence
over three months in patients with acute myocarditis
has been linked to worse outcome [53, 54]. In the acute
phase, patchy, mid-wall, septal or inferior segment en-
hancement, and percentage of LG enhancement on
CMR have been associated with adverse cardiac events
[55].

Therapies in Myocarditis

In general, the management of patients with myocarditis
follows the recommendation of treatment for patients
with heart failure and arrhythmias. In heart failure with
reduced ejection fraction, diuresis, and early initiation of
Angiotensin Converting Enzyme (ACE) inhibitor or
Angiotensin Receptor Blocker (ARB) is recommended
in addition to beta blockers. Even though these recom-
mendations are based on heart failure guidelines, murine
models of viral myocarditis have shown benefit when
ACE inhibitors and nonselective beta blocker are used
[56, 57]. Refractory heart failure and hemodynamic in-
stability may necessitate advanced therapies such as me-
chanical circulatory support or transplantation.

Virus-Directed Therapies

Although aggressive neuraminidase inhibitor use during
the H1N1pfm2009 pandemic has been suggested to ac-
count for a lower case fatality rate in Japan [58], antivi-
ral therapy in patients with lymphocytic myocarditis has
not proven efficacious in humans [59]. Murine models
of myocarditis due to Coxsackievirus B3 have been
shown to respond to ribavirin or interferon alfa treat-
ment. However this response is only seen with early or
pre-infection therapy [60–62], and this narrow window
for efficacy in those drugs may explain their uncertain
benefit in humans.

Immunosuppressive Therapies

Anti-heart autoantibodies have been implicated in myo-
carditis and may explain autoimmune perpetuation of
disease [63]. As such, multiple studies have targeted
immune modulating therapies. However, variable ani-
mal model responses have been observed dependent
on the virus, the animal model, specific treatment, and
timing of the therapy [64–66]. To date, evidence
supporting the use of immunosuppressive therapy in
acute myocarditis of unspecified etiology is sparse. In
the Myocarditis Treatment Trial, no difference in out-
come was observed in patients with a histopathologic
diagnosis of myocarditis of unspecified etiology and
reduced LVEF (< 45 %) who were randomized to con-
ventional therapy or immunosuppression with either cy-
closporine or azathioprine for 28 weeks [27]. Moreover,
the true response to therapy is confounded by the high
rate of spontaneous recovery in those patients with acute
myocarditis. Yet, there are data to suggest clinical re-
sponse to immunomodulatory therapy in chronic cases
not responsive to conventional therapy. In two trials of
patients with inflammatory cardiomyopathy of more
than 6 months, immunosuppressive therapy with ste-
roids and azathioprine showed improvement in LVEF
and clinical status [67, 68]. Finally, data on intravenous
immunoglobulin (IVIG) therapy in the setting of myo-
carditis are limited [69].

SARS-CoV-2 Myocarditis

Cardiac injury, including myocarditis, has been identified as a
complication of previously detected coronaviruses strains
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such as SARS-CoV-1 and Middle East respiratory syndrome
coronavirus (MERS-CoV) [70, 71]. Around 10–35% of pa-
tients hospitalized with COVID-19 present with acute cardiac
injury defined as an elevated high-sensitivity troponin I or
troponin T (above the 99th percentile upper reference range)
[13, 14, 72–74]. In these patients, acute cardiac injury has also
been described in the absence of pulmonary disease [75, 76].
The mechanisms of acute cardiac injury include oxygen
supply-demand mismatch, microvascular and endothelial dys-
function, stress cardiomyopathy, systemic inflammation and
others. As noted, most of these patients would not meet diag-
nostic criteria for myocarditis. However, there are data to fa-
vor an inflammatory mechanism of the myocardial damage.
For example, patients with elevated troponins have higher
levels of inflammatory markers such as C-reactive protein
(CRP) [73]. Moreover, patients with fulminant myocarditis
may respond rapidly with IVIG and steroid therapy [75, 77].

To date, multiple SARS-CoV-2 case reports have de-
scribed findings consistent with a diagnosis of "clinically
suspected myocarditis", though definite histologic confirma-
tion is underreported [78–82]. In an autopsy cohort from
Germany, SARS-CoV-2 cardiac infection was documented
in 61.5% [83]. Among infected adults, detection of both
SARS-CoV-2 RNA by RT-PCR and viral particles by elec-
tron microscopy in cardiac tissue has been reported in
endomyocardial biopsy specimens [84]. Other data point to
a tropic attraction of the virus to vascular pericytes and endo-
thelial cells within the myocardium [85]. Patients with mild
troponin elevation had scattered individual myocyte necrosis
and CD4 and CD8 lymphocytes near vascular structures,
whereas patients with more severe clinical presentations, such
as fulminant myocarditis, had interstitial and perivascular in-
flammation with mainly CD68+ macrophages, and associated
foci of cardiomyocyte necrosis [85•]. Macrophage involve-
ment has also been seen with human pluripotent stem cell
(PSC)-derived cardiomyocytes [86]. In another recently pub-
lished international multicenter study, cardiac tissue from au-
topsies of 21 consecutive COVID-19 patients was assessed.
Frequent macrophage infiltration was noted affecting 86% of
the patients, while lymphocytic infiltration was present in only
14 % of patients with varying T lymphocyte cells. The mac-
rophage infiltration was seen to correlate with the elevated
systemic levels of proinflammatory cytokines. In critical pre-
sentations, the virus seems to be detected more extensively
affecting the capillary endothelial cells, endocardium endothe-
lial cells, macrophages, neutrophils, and fibroblasts [85].

In addition, studies on induced PSC infected with SARS-
CoV-2 have suggested possible unusual mechanisms of
myocyte injury without cellular apoptosis [87]. Even in the
absence of actively replicating SARS-CoV-2 virus, myocyte
damage occurs through altered transcription of genes involved
in the contractile architecture of the myocyte. The authors
suggest that these new findings are not detected by regular

staining or standard immunohistochemical studies but do re-
sult in myocardial injury. This observation may explain why
viral particles are not always detected within the myocardium,
even when mild degree of infiltrating inflammatory cells are
identified [88, 89]. Though more studies are needed to define
the course of cellular damage present in SARS-CoV-2, the
current variability in the description of myocarditis and viral
genome detection in recent studies could be explained by
these unusual mechanisms.

SARS-CoV-2 and CMR

As in other cases of viral myocarditis, CMR is used in SAR-
CoV-2 infection to assess biventricular function, the pattern of
edema and inflammation within the myocardium, and the
presence of pericardial involvement. Of note, the available
date are mostly retrospective with no pre-infection imaging.
Moreover, apart from case reports, there are still little data on
the acute CMR findings in patients with SARS-CoV-2
infection.

Studies to date show a spectrum of cardiac involvement by
CMR. In 22 collegiate athletes with prior asymptomatic or at
most mild SARS-CoV-2 infection, LGE was found in 9% of
the cases with one meeting the modified LLC criteria for
myocarditis [90]. In this study, CMR was performed at a me-
dian of 52 days after infection reducing the accuracy of the
diagnostic criteria. Furthermore, without a pre-infection
CMR, the true association of the LGE to the SARS-CoV-2
infection remains unclear.

In patients hospitalized in the UK with detected or pre-
sumed SARS-CoV-2 infection and elevated hsTnT not asso-
ciated with a known pathology, 13/51 (25.5%) screened pa-
tients had nonischemic or combined ischemic and
nonischemic lesions identified on CMR [91]. In this cohort,
no myocardial edema was noted, and 40% of those admitted
to the intensive care unit had myocarditis-like features on
CMR. In this study, the interval between symptom onset and
CMR was an average of 46 days.

In a cohort of 100 patients recruited in Germany who re-
cently recovered from SARS-CoV-2 infection including 33%
having severe disease requiring hospitalization, 20 % exhibit-
ed a nonischemic LGE pattern after a median duration from
positive testing of 71 days [92]. The most common abnormal-
ities were elevated native T1 and T2 relaxation times (73%
and 60%, respectively). Interestingly, 3 patients were referred
for endomyocardial biopsy and results revealed active lym-
phocytic inflammation, a likely chronic persistent inflamma-
tory process.

In symptomatic patients, case reports and cohort studies of
patients undergoing CMR at the time of infection shed light on
the findings associated with infection in more severe presen-
tations. Probable myocarditis cases associated with elevated
inflammatory markers attributed to SARS-CoV-2 infection
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have been documented and have shown typical CMR findings
of LGE, increased T2 signal, and hypokinesia [89, 93–96].
The importance of the case reports is the time-sensitive docu-
mentation of the CMR findings during the acute phase of the
infection. As discussed previously, CMR is understandably
underutilized in probable myocarditis cases due to stringent
precautions and risk/benefit judgment in mild versus severe
cases.

Overall, the reported CMR findings, especially T1 and T2
relaxation times, vary between studies. These findings are not
surprising as abnormalities may persist for 5 weeks or more
[97]. Furthermore, certain limitations of the acquisitions of
these sequences should be emphasized, including inter-
vendor differences, absence of a universal standardized ap-
proach, the need for individual laboratory values to establish
site-specific normal and abnormal ranges for parametric maps,
and the sensitivity of the techniques for confounding diseases.
A lack of appreciation of these limitations further complicates
the understanding of the incidence on COVID-19
myocarditis.

Prognosis and Treatment of SARS-CoV-2 Myocarditis

In part because clinical and diagnostic variables of
SARS-CoV-2 myocarditis and their relation to out-
comes are not yet well defined, optimal management is
also uncertain. In general, management follows similar
recommendations for heart failure including pharmaco-
logical therapy, careful fluid management, and ad-
vanced therapies in cases of unresponsive or acute pump
failure (Fig. 2). The speculations of ACE inhibitor co-
interaction with the viral entry mechanism has not ma-
terialized in any study to-date and their use is still ex-
pected as part of the management of these patients,
along with ARBs, angiotensin receptor neprolysin in-
hibitors, and mineralocorticoid receptor antagonists.
Beyond standard guideline recommendations,
anticoagulation prophylaxis or treatment is also contro-
versial [98].

SARS-CoV-2 Viral Directed Therapies

Therapies for SARS-CoV-2 have focused primarily on respi-
ratory function given that the predominant disease manifesta-
tion is pneumonia. Accordingly, there are little data to define
therapeutic options in SARS-CoV-2 myocarditis. However,
the trend for earlier intervention may also result in improved
cardiovascular outcomes.

Remdesivir, a pro-drug which inhibits the viral RNA
polymerase, has been approved for emergency use of

patients with severe SARS-COV-2 infection. Even
though in vitro studies have supported the use of this
drug [99], clear clinical benefit for patients requiring
oxygen supplementation is variable with little informa-
tion yet on cardiovascular outcomes [20, 100, 101]. The
WHO-sponsored SOLIDARITY trial did not show re-
duced 28-day mortality with Remdesivir treatment
[102]. However, in the ACCT-1 study, a reduced mor-
tality was seen only in patients requiring mild supple-
mental oxygen (less than high flow oxygen therapy)
[20].

In vitro studies have demonstrated replication inhibition of
the SARS-CoV-2 virus with interferon beta [103]. Moreover,
recent studies have identified higher risk patients with genetic
mutations of the interferon type I immunity cascade [104,
105]. Therefore, administration of recombinant interferons
may represent a therapeutic opportunity to counterbalance a
possible deficiency. Clinical results have again been variable
with some studies suggesting improved outcome supporting
the use of subcutaneous and inhaled interferon beta for symp-
tomatic patients early in the disease [106, 107].

Immunosuppressive Therapies

Early data that supported the use of hydroxychloroquine and
chloroquine in the pandemic originated in part from in vitro
studies suggesting an inhibited cytokine response [108].
However, clinical benefit never materialized [109–111,
107•]. In patients with myocardial injury, the data for immu-
nosuppressive therapies, whether isolated or combined with
respiratory disease, are limited. Among patients with COVID-
19 pneumonia, data from randomized trials support broad im-
munosuppression with glucocorticoids to reduce mortality in
hypoxemic patients[112–114]. Targeted immune therapies
have also been investigated, and in prior studies of patients
with organ dysfunction and sepsis, subgroup analysis showed
favorable outcome with IL-1 receptor antagonism [115, 116].
A retrospective cohort study on patients with SARS-CoV-2
infection in Italy suggested that IL-1 antagonism, using
anakinra, may be a therapeutic option [117]. Another case-
control study on patients treated with 300mg of canakinumab
demonstrated rapid reduction in the systemic inflammatory
response and an improvement in oxygenation [118]. In a re-
cently presented study published in patients with cardiac inju-
ry, patients treated with high dose canakinumab were numer-
ically more likely to demonstrate clinical recovery at 28 days
[119].

Several agents targeting IL-6, such as tocilizumab,
sarilumab, and siltuximab, have also been evaluated in ran-
domized trials as treatment for patients with COVID-19. Early
observational results showed decreased risk of intubation or
death. Unlike initial observational studies on tocilizumab
[120, 121], patients with evidence of a pro-inflammatory state
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did not show significant improvement with single dose treat-
ment [122]. On the other hand, results from the REMAP-CAP
study has shown improved outcomes for critically ill patients
receiving tocilizumab and sarilumab [123]. As such, the use of
those drugs may be limited to critically ill patients with a
heightened inflammatory response.

Convalescent plasma is obtained from individuals who
have previously contracted and recovered from COVID-19.
The plasma contains neutralizing antibodies and provides pas-
sive immunity to patients who have not developed a humoral
immune defense to the infection. The FDA has granted emer-
gency use approval of convalescent plasma for hospitalized
patients, although randomized trials have not demonstrated a
clinical benefit [124–126].

In summary, data supporting specific therapies in
SARS-CoV-2 myocarditis are lacking. In the setting of
concomitant pneumonia, dexamethasone in hypoxemic
patients and IL-6 antagonists in severely ill patients
with a marked systemic inflammatory response are rea-
sonable. In patients with isolated SARS-CoV-2 myocar-
ditis who are hospitalized or hypoxemic, corticosteroids

could be considered. However, corticosteroids should
likely be avoided in patients with less severe illness.
Regarding targeted immunomodulatory therapy with
IL-1 or IL-6 antagonists, additional data are needed be-
fore use could be recommended specifically for SARS-
CoV2-myocarditis.

Conclusion

Acute myocardial injury in the setting of SARS-CoV-2 infec-
tion is common, and even though the exact incidence of myo-
carditis is unknown, this diagnosis is much less frequent. Our
understanding of the incidence of SARS-CoV-2 myocarditis
has been understandably limited due to a reliance on clinical
criteria and variation in the diagnostic work-up. CMR is in-
valuable in this evaluation, yet the cross-sectional design of
studies, inconsistencies in CMR protocols, and limited corre-
lation with histological findings has provided an incomplete
picture. Yet, in some patients, cardiac involvement does seem
to persist beyond the acute presentation, but clinical

Fig. 2 Proposed illustration of clinical course and management, viral
replication, and antibody detection in patients presenting with SARS-
CoV-2 associated myocarditis. Myocardial involvement with CD4/8+
lymphocytes and CD68+ Macrophage cells parallels the clinical
presentation of cardiac dysfunction as depicted by elevated biomarkers,
ECG, and echocardiographic abnormalities. In addition to systemic
therapies currently approved for COVID-19, guideline directed

management of patients with acute heart failure is indicated including
inotropes and mechanical circulatory support, if needed. Recovery and
chronic phases post infection are managed according to guideline
recommendations for chronic heart failure. GDMT = guideline directed
therapy; MCS = Mechanical circulatory support; AHF = acute heart
failure; CHF = chronic heart failure
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consequences are unclear. Importantly, SARS-CoV2 myocar-
ditis should be diagnosed within an appropriate clinical con-
text and should not be based on isolated CMR findings, as the
implications of indiscriminate imaging following a viral infec-
tion are unclear. Currently, management of SARS-CoV-2
myocarditis follows standard heart failure guidelines.
However, earlier treatment directed at respiratory symptoms
with the goal of promoting viral clearance may have an addi-
tional benefit of reducing subsequent cardiovascular compli-
cations. Once myocarditis has become manifest, immunosup-
pression may be indicated, especially in hospitalized patients
with hypoxemia and increased systemic inflammation, al-
though data to support this approach are currently lacking.
Overall, our understanding of SARS-CoV-2 myocarditis
would benefit from standardized diagnostic testing and con-
trolled studies of potential efficacious therapies.
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