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Abstract

Purpose of Review To review the spectrum of cardiac manifestations and treatments of multisystem inflammatory syndrome
in children (MIS-C) associated with coronavirus disease 2019 (COVID-19).

Recent Findings Studies demonstrate that up to 80% of children with MIS-C may have cardiac involvement on a spectrum of
severity. Cardiac manifestations include myocarditis, coronary artery aneurysms, conduction abnormalities, and arrhythmias.
Current treatments, including inotropic support, immunomodulatory therapy, and anti-coagulation, have been effective at
resolving these cardiac findings in the majority of patients. COVID-19 can also cause myocarditis in the acute stage of ill-
ness and recent descriptions of COVID-19 vaccine myocarditis have occurred.

Summary Cardiac manifestations are common in MIS-C and should be assessed for at presentation and during the clinical

course as indicated.

Keywords COVID-19 - Multisystem inflammatory syndrome in children (MIS-C) - Cardiac - Myocarditis - Coronary

artery aneurysms - Arrhythmia

Introduction

In December 2019, the coronavirus disease 2019 (COVID-
19) due to the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) first emerged in Wuhan, China [1, 2].
By March 2020, the World Health Organization (WHO)
declared COVID-19 a global pandemic [3]. Initial reports
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from Wuhan, China, suggested that children were largely
spared or presented with milder symptoms compared to
adult counterparts [4, 5]. By late April 2020, however, there
were reports from COVID-19 epicenters across Europe
describing clusters of children being hospitalized with a
severe Kawasaki-like disease and hyperinflammatory shock
syndrome [6e, 7¢]. On May 6, 2020, the Department of
Health for New York State, a COVID-19 epicenter in the
USA, released a health advisory informing on 64 children
hospitalized with a multisystem inflammatory syndrome
potentially associated with COVID-19 [8]. On May 14,
2020, the Centers for Disease Control (CDC) issued a Health
Alert Network advisory providing a case definition and
summary of manifestations for what was ultimately termed
multisystem inflammatory syndrome in children (MIS-C)
associated with COVID-19 [9].

MIS-C is defined as (1) a person <21 years presenting
with fever, laboratory evidence of inflammation, and evi-
dence of clinically severe illness requiring hospitalization
with multisystem organ involvement; (2) in the absence
of alternative diagnoses; and (3) with a temporal associa-
tion with COVID-19 demonstrated by a positive current
or recent SARS-CoV-2 reverse transcription-polymerase
chain reaction (RT-PCR), serology, or antigen test or known

@ Springer


http://orcid.org/0000-0002-5210-9038
http://crossmark.crossref.org/dialog/?doi=10.1007/s11886-021-01602-3&domain=pdf

168 Page2of9

Current Cardiology Reports (2021) 23: 168

COVID-19 exposure within the 4 weeks prior to symptom
onset (Table 1) [9]. Multiorgan dysfunction is a cardinal
feature of MIS-C, and prominent cardiovascular complica-
tions, particularly myocardial and coronary artery involve-
ment, were recognized early. This article first provides an
overview of MIS-C associated with COVID-19 followed by
a detailed discussion on the spectrum of cardiac manifesta-
tions and outcomes.

Multisystem Inflammatory Syndrome
in Children

As of June 2, 2021, the CDC has received reports of over
4000 MIS-C cases in the USA [10]. The current estimated
incidence of MIS-C is 2 per 100,000 persons younger than
21 years old. This is in comparison to SARS-CoV-2 infec-
tion with an estimated incidence of 322 per 100,000 persons
younger than 21 years old [11, 12]. Overall, MIS-C remains
arare, but serious, presentation of COVID-19 in children.
Among the largest case series of 539 MIS-C patients
from the overcoming COVID-19 network, a larger propor-
tion of children were diagnosed between 6 and 12 years of
age with an average age of 8.9 years [13ee]. Approximately
60% of the cohort was male. A notable observation across
many studies is that a majority of children with MIS-C are
of Black race or Hispanic ethnicity. A recent systematic

review found that 31-62% of persons with MIS-C were of
Black or Afro-Caribbean race and 36-39% were Hispanic
or Latino [14]. Even after accounting for the increased bur-
den of COVID-19, the incidence of MIS-C is higher among
Black and Hispanic or Latino persons compared to White
persons [15].

The risk factors that predispose some children to develop
MIS-C and the underlying immunopathology are still not
yet fully understood. MIS-C occurs 2—4 weeks after SARS-
CoV2 infection and most patients have positive IgG antibody
responses, suggesting a post-viral inflammatory reaction.
Among children with acute, treatment-naive MIS-C, the
hyperinflammatory response is characterized by elevated
levels of cytokines including interleukin (IL)-1f, IL-6, IL-8,
IL-10, IL-17, tumor necrosis factor a (TNF-a), interferon-y
(IFN-y), and IL-2 receptor antagonist [16]. Neutrophils
and macrophages demonstrate an activated phenotype with
increased surface expression of FcyR1 [16, 17]. The hyper-
inflammatory response is also associated with endothelial
dysfunction and microangiopathy. Patients with MIS-C
have elevated biomarkers associated with vascular inflam-
mation and damage [18]. Consistent with a microangiopathy,
schistocytes and Burr cells are often present on peripheral
smear [19]. MIS-C patients also have high levels of soluble
C5b-9 (sC5b-9), an activation product of the terminal com-
plement cascade that has been associated with microangi-
opathy in other disease states [19, 20]. These immunologic

Table 1 Multisystem inflammatory syndrome in children (MIS-C) associated with coronavirus disease 2019 (COVID-19)

MIS-C case definition

1. Individual < 21 years old presenting with fever > 24 h, laboratory evidence of inflammation, and evidence of clinically severe illness
requiring hospitalization, with multisystem (> 2) organ involvement (cardiac, renal, respiratory, hematologic, gastrointestinal, dermatologic,

or neurological); AND
2. No alternative plausible diagnosis; AND

3. Positive for current or recent SARS-CoV-2 infection by RT-PCR, serology, or antigen test; or COVID-19 exposure within the 4 weeks prior

to symptom onset

Organ system involvement

Cardiac: shock, elevated troponin, elevated pro-BNP, coronary arteritis, abnormal echocardiogram, arrhythmia

Gastrointestinal: severe abdominal pain, vomiting, diarrhea, elevated transaminases

Hematologic: elevated d-dimers, coagulopathy, lymphopenia, thrombocytosis or thrombocytopenia

Mucocutaneous: petechia or purpura, polymorphous rash, mucositis, conjunctivitis

Neurologic: headache/irritability, altered mental status, seizures, focal neurologic deficits

Respiratory: acute respiratory distress syndrome, pulmonary embolism

Renal: acute kidney injury or failure

Laboratory evidence of inflammation

Elevated C-reactive protein, sedimentation rate, fibrinogen, procalcitonin, d-dimer, ferritin, lactic acid dehydrogenase

Elevated interleukin-6
Elevated neutrophils
Reduced lymphocytes

Low albumin

BNP brain natriuretic peptide; RT-PCR reverse transcription-polymerase chain reaction; SARS-CoV-2 severe acute respiratory syndrome corona-

virus 2. (Adapted from [9])
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disturbances do appear to resolve following illness recovery
[16].

Children with MIS-C can present with a diverse spec-
trum of symptoms and severity. Following the key criteria
of fever, gastrointestinal symptoms, including abdominal
pain, vomiting, and/or diarrhea, are the most common man-
ifestations and present in 70-90% of patients [13ee, 21].
Other manifestations include rash (52-60%), conjunctivi-
tis (45-56%), oral mucosal changes (27-42%), peripheral
edema (9-37%), headache (29%), and altered mental status
or confusion (2-9%) [11, 22, 23]. Hematologic abnormali-
ties occur in approximately 80% of MIS-C patients and the
most common are lymphopenia, neutrophilia, thrombocyto-
penia, and anemia [11, 22]. Other characteristic laboratory
findings include hyponatremia; hypoalbuminemia; increased
transaminases; elevated D-dimer; and elevated inflammatory
markers including C-reactive protein, sedimentation rate,
and ferritin [11, 22]. Up to 50% of children with MIS-C can
present with shock and approximately 50-80% have critical
illness requiring intensive care during their course [11, 22,
23]. Cardiac manifestations are discussed further below.

Cardiac Findings OF MIS-C

Cardiac involvement occurs in up to 67-80% of children
with MIS-C and is more common in MIS-C than Kawasaki
disease (KD) [13ee, 24, 25, 26¢, 27]. The cardiac manifes-
tations include ventricular dysfunction, coronary artery
aneurysms, conduction abnormalities, and arrhyth-
mias. The cardiac clinical presentation of MIS-C can
occur along a spectrum of disease severity. Many patients
present with cardiovascular compromise and shock that
can be quite severe and sudden [21, 26e, 28e¢]. On the
opposite end of the spectrum, patients may present with
no cardiovascular involvement. When MIS-C is sus-
pected, a thorough cardiac evaluation including troponin
and brain natriuretic peptide (BNP) levels, electrocardio-
gram (ECG), and transthoracic echocardiogram should
be urgently obtained. Additional cardiac testing such as
a cardiac MRI (CMR) or computed tomography (CT) of
the chest may also be obtained as indicated.

Coronary Artery Abnormalities

The initial reports of MIS-C described a KD-like illness
[6e, 7]. There is an increasing appreciation that MIS-C
is distinct from KD, but the disorders share some clinical
features including coronary artery dilation [7]. The preva-
lence of coronary artery aneurysms in the setting of MIS-C
is approximately 13—-26% [13ee, 28e¢_ 29 30]. Coronary
artery abnormalities are more common in male patients and
in those with mucocutaneous and conjunctival involvement

[31]. The coronary artery dilation is most often mild with
rarer descriptions of more severe coronary artery dilation
[7e,32]. Some reports describe echogenicity of the coronary
arteries on echocardiography; however, this is a subjective
finding and difficult to standardize [33].

The etiology of coronary artery dilation is unclear. Coro-
nary artery dilation could be secondary to a vasculitis or
generalized hyperinflammation. Outcomes with regard to
coronary artery dilation and aneurysms in MIS-C have been
favorable with many coronary artery abnormalities normal-
izing within 30 days [13ee].

Ventricular Dysfunction

Ventricular dysfunction is a common finding of MIS-C with
33-50% of patients affected [13ee, 28ee, 34, 35]. Evidence
for this includes elevated BNP levels and abnormalities of
ventricular function on echocardiography and/or CMR [34,
36, 37]. The mechanism for the change in ventricular func-
tion appears to be multifactorial. In some cases, elevated car-
diac enzymes are present and indicate cardiomyocyte injury
[28ee]. These patients have a clinical picture of myocarditis.
In other cases, ventricular function is decreased but cardiac
enzymes are normal, suggesting an alternate pathogenesis
such as generalized inflammation or changes in loading con-
ditions. Autopsy studies on MIS-C patients are limited but
have indicated inflammation of the endocardium, myocar-
dium, and pericardium as well as contraction band necro-
sis [38, 39]. SARS-CoV-2 virus within myocardial tissue
has also been reported [39]. Fortunately, and similar to the
immunologic disturbances noted during the acute phase of
illness, the ventricular dysfunction also normalizes over time
[13ee, 35].

Echocardiographic findings indicate evidence of systolic
and diastolic dysfunction [40]. A reduction in left ventricu-
lar ejection fraction is the most commonly reported finding,
occurring in 34-50% of children with MIS-C [13ee, 26e,
28ee 34, 37,40, 41]. Echocardiographic strain studies have
indicated abnormal ventricular strain [36, 37, 40-42]. In
some cohorts, lower strain values are more frequent than a
reduction in left ventricular ejection fraction and can be seen
in patients with a normal left ventricular ejection fraction
[37]. Decreased strain values are predictive of worse clinical
outcomes [36, 37]. Two studies reported frequent reductions
of longitudinal strain, while another reported a pattern of
abnormal circumferential strain with preserved longitudinal
strain [36, 37, 42]. Abnormalities of diastolic dysfunction
as measured by spectral and tissue Doppler and strain have
also been noted [40, 41]. Evidence of diastolic dysfunction
also persists after normalization of left ventricular ejection
fraction [40].
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The investigation of acute MIS-C patients by CMR is lim-
ited because of clinical instability and the need for anesthe-
sia in younger children. One study of 3 acute MIS-C patients
revealed abnormalities of T1 and T2. These patients had
repeat scans 14 days after discharge and previously abnor-
mal T1/T2 values normalized. In this study, there were no
findings of hyperenhancement by late gadolinium enhance-
ment imaging [25]. Several studies have evaluated MIS-C
patients by CMR after the acute illness (2-8 weeks after ill-
ness) [25, 28ee 34 41, 43]. Strain abnormalities have been
noted by CMR and were seen most commonly in patients
with reduced left ventricular ejection fraction [41]. Areas
of hyperenhancement are uncommon on late gadolinium
enhancement, occurring in 0-14% of patients scanned
(Fig. 1) [28ee, 34, 41, 43]. Abnormalities of T2 and T1
have been noted in 0-33% and 0-5% of MIS-C patients,
respectively [28ee, 34, 41, 43]. Positron emission tomogra-
phy (PET)/CT was also used in one patient and demonstrated
evidence of acute inflammation that resolved on a later scan
[44].

Conduction Abnormalities and Arrhythmias

Arrhythmias and conduction abnormalities are frequent
with ECG findings occurring in 28-67% of MIS-C patients
[45e, 46, 47]. The most common are low QRS amplitude
and T-wave abnormalities [46]. All ECG intervals have been
observed to be prolonged with the PR interval being most

Fig.1 Segmented late gado-
linium cardiac MRI image illus-
trating mid-myocardial hyper-
enhancement (yellow arrows)
consistent with myocarditis in a
pediatric patient with MIS-C
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frequently affected [46]. First-degree heart block is com-
mon occurring in 6.3-25% of MIS-C patients [28ee, 46, 48].
The finding of first-degree heart block has not been asso-
ciated with elevated cardiac enzymes [48, 49]. Second- or
third-degree heart block has been detected in 7% of MIS-C
patients [48]. Patients with second- or third-degree heart
block had ventricular dysfunction and elevated BNP levels
but normal troponin levels [48]. QT prolongation and QRS
prolongation can also occur with reported frequencies of
28% and 4%, respectively [28ee, 45¢]. QT and QRS pro-
longation more rapidly resolve than PR prolongation [46].
Sinus bradycardia is also an observed finding [46, 50, 51].
Cases of severe sinus bradycardia have resolved following
anti-inflammatory therapy. Reports on ST changes have been
discrepant with some reporting this as a rare finding and
others indicating this is a more common finding [46, 47].
Tachyarrhythmia has also been noted [46, 52-54].

Management OF MIS-C

MIS-C management includes supportive care and immu-
nomodulatory therapy (Table 2). Guidance statements on
the management of MIS-C endorsed by the American Col-
lege of Rheumatology have been published [55, 56]. Patients
with MIS-C are often hemodynamically unstable and require
intensive care unit hospitalization [13ee, 26e]. In extreme
cases, extracorporeal membranous oxygenation (ECMO)
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Table 2 Immunomodulatory treatment of multisystem inflammatory syndrome in children (MIS-C)

Agent

Dosing and regimen

Special considerations

IVIG

Glucocorticoids
Prednisone
Prednisolone
Methylprednisolone

Anakinra

Tocilizumab

2 gm/kg/dose
Maximum 70-100 g/dose

Mild disease: 1-2 mg/kg/day
Moderate disease: 10 mg/kg/day
Severe disease: 30 mg/kg/day
Maximum 1000 mg/dose

>4 mg/kg/day IV or SC

<30 kg, 12 mg/kg/dose IV
>30 kg, 8 mg/kg/dose IV

IVIG dosing is based on ideal body weight
In patients with cardiac dysfunction, IVIG may be given in divided doses of 1 gm/kg
daily over 2 days

Add low-to-moderate dose glucocorticoids to IVIG for patients with shock and/or
organ-threatening disease

Add high-dose, IV glucocorticoids for patients refractory to IVIG and low-to-moderate
dose glucocorticoids and/or requiring multiple inotropes and/or vasopressors

Consider in patients with disease refractory to IVIG and glucocorticoids, features of
macrophage activation syndrome, shock requiring multiple inotropes and/or vaso-
pressors, and/or contraindications to long-term use of glucocorticoids

Limited evidence for use based largely on case reports and case series. Considerations
for use are similar to anakinra and availability may vary across centers

Maximum 800 mg/dose

Adapted from [55, 56]

1V intravenous; /VIG intravenous immunoglobulin; SC subcutaneous

may be required with rates reported as 4.4% [21, 57]. MIS-C
mortality rates are 1.7-2% [21, 26e, 27].

Initial treatment of MIS-C cardiac complications is
focused on patient stabilization. In the patient with poor
cardiac output, mechanical ventilation and inotropic sup-
port may be needed [21, 26¢]. Arrhythmias should be treated
accordingly. After or in parallel with the initial stabiliza-
tion process, management includes treating the underlying
inflammation, reducing coronary artery dilation, and mini-
mizing risks for intra-cardiac or coronary artery thrombi.

A stepwise approach to immunomodulatory treat-
ment is recommended, with intravenous immunoglobulin
(IVIG) and/or corticosteroids considered as first-line agents
(Table 2). Among 518 MIS-C patients who received immu-
nomodulatory therapies during the course of their illness, a
majority received IVIG in addition to glucocorticoids (47%)
followed by IVIG, glucocorticoids, and a biologic (21%)
and IVIG alone (17%) [26e¢]. Anakinra, an IL-1 receptor
antagonist, and tocilizumab, a monoclonal antibody directed
against the IL-6 receptor, are the most common biologic
therapies used [21, 22]. Recent evidence is mixed regarding
the effects of immunomodulatory therapy on cardiac out-
comes. One study showed that initial therapy with a com-
bination of IVIG and corticosteroids is superior at reducing
cardiovascular dysfunction and vasodilatory shock, while a
second study revealed no difference in initial therapies on
cardiovascular outcomes [26e, 58e].

Thrombotic complications are common with MIS-C, and
patients with thrombotic complications have higher mortal-
ity [59]. In patients with greater than mild to moderate lev-
els of depressed ventricular function, anti-coagulation with
heparin, enoxaparin, warfarin, and/or anti-platelet agents
should be considered to prevent intra-cardiac thrombi and
subsequent embolic events [60]. Patients with giant coronary
artery aneurysms also require aggressive anti-coagulation,

initially with heparin or enoxaparin with subsequent later
conversion to a regimen of warfarin and anti-platelet agents
[61]. The treatment of coronary artery ectasia and aneu-
rysms has been adapted from the standard treatment of KD
[61-63]. The prescribed cardiac imaging and stress testing
follow-up for coronary artery dilation has also been adapted
from KD protocols [61, 63].

COVID-19 Myocarditis

Myocarditis is a known complication of acute COVID-19
infection in adults [64—69]. Initial reports from Wuhan,
China, noted elevated troponin levels in infected patients
[70, 71]. CMR studies also described a high incidence of
CMR myocardial abnormalities such as T1, T2, and late
gadolinium enhancement [66, 67]. The high incidence of
abnormal CMR findings is discrepant to autopsy studies that
examined patients who died from COVID-19 and report a
myocarditis prevalence of only 1-2% [64, 65, 72]. These
discrepancies are still being investigated as the cardiology
community attempts to better understand the cardiovascular
effects of acute COVID-19 infection.

Possible etiologies for the myocardial damage caused by
COVID-19 include direct viral injury to the myocardium
and myocardial damage as a result of the hyperinflammatory
state [65, 72, 73].

Myocarditis associated with acute COVID-19 infection
has also been seen in pediatric patients [74, 75]. Children
with COVID-19 myocarditis, compared to non-COVID-19
myocarditis, have higher C-reactive protein levels, variable
clinical presentations, shorter duration of need for inotropes,
and a shorter time for recovery of left ventricular systolic
function [74]. The cardiac status of children and young adult
athletes with a history of COVID-19 infection has been an
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area of specific interest. CMR studies of competitive athletes
have shown a high prevalence of hyperenhancement on late
gadolinium enhancement and abnormal T1/T2 values, even
in the setting of a history of mild COVID-19 disease [68,
69, 76]. The clinical implications of these findings and their
importance in the risk stratification of a return to competitive
athletics have yet to be determined.

As vaccination for COVID-19 has become more avail-
able, cases of myocarditis following vaccination have been
reported in both adult and pediatric patients [77, 78]. Myo-
carditis following vaccination is rare but has been previously
described with smallpox and influenza vaccinations [79-81].
The causal relationship of COVID-19 vaccination to these
myocarditis cases has yet to be defined. The pathophysiol-
ogy also needs further investigation, and this is an ongoing,
rapidly evolving area of study.

Conclusion

MIS-C associated with COVID-19 is a serious, potentially
life-threatening illness. Cardiac manifestations are com-
mon and occur on a spectrum of severity. Cardiac pathology
includes coronary artery dilation, ventricular dysfunction,
conduction abnormalities, and arrhythmias. Current treat-
ment strategies have proven effective at resolving many of
these cardiac findings, but there is still room for improve-
ment. Close disease surveillance is ongoing and will further
characterize the cardiac manifestations and potential seque-
lae of MIS-C. Multi-center collaborations and harmonized
registries are key to understanding the natural history, refin-
ing diagnostic criteria, developing risk stratification algo-
rithms, and determining best management.
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