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Abstract

Multisystem Inflammatory Syndrome in Children: A Comprehensive Review over the Past Five Years This review explores many
facets of Multisystem Inflammatory Syndrome in Children (MIS-C) over the previous 5 years. In the time since the COVID 19
pandemic gripped our medical systems, we can now explore the data that has been collected from the previous years.
The literature has allowed us to better understand the impact of COVID |9 and the post illness occurrence of a severe systemic
inflammatory disease on our youngest patient populations. This paper will outline the pathophysiology of MIS-C, the treatments
utilized, short and long-term patient outcomes including epidemiological factors.
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Introduction

In late April 2020, several months after the onset of the
COVID-19 pandemic, there were reports from different coun-
tries of children who became critically ill with a severe systemic
inflammatory disease, presenting with an unusually high rate of
myocarditis, shock, and a high prevalence of abdominal
symptoms..''® This disease is now known as multisystem
inflammatory syndrome in children (MIS-C) or pediatric
inflammatory multisystem syndrome temporally associated with
SARS-CoV-2 (PIMS-TS). MIS-C generally presents 2—6 weeks
after acute COVID-19, and is characterized by fever, multi-organ
dysfunction, and laboratory evidence of severe inflammation.
Fever, nausea, vomiting, and abdominal pain are common symp-
toms, and cardiovascular involvement including myocarditis,
decreased ventricular function, and coronary artery aneurysms
are often reported in patients hospitalized with MIS-C. During
the peak of disease severity, 75% to 80% of the patients were
admitted to the ICU; 40-60% required vasoactive support and
10-20% required invasive mechanical ventilation.'""'* The diag-
nostic criteria used by the World Health Organization (https:/
www.who.int/news-room/commentaries/detail/multisystem-
inflammatory-syndrome-in-children-and-adolescents-with-covid-19)
and the Centers for Disease Control (https:/ndc.services.cdc.
gov/case-definitions/multisystem-inflammatory-syndrome-in-

children-mis-c/) both require the presence of fever at least 24 h
prior to diagnosis, multiorgan involvement, elevation of inflam-
matory markers, evidence of a recent COVID-19 infection, and
exclusion of other possible etiologies.'*'* In 2023, the CDC
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case definition was updated to utilize more specific diagnostic
criteria and to reduce misclassification with other pediatric
inflammatory conditions.

MIS-C Pathology and Pathophysiology

MIS-C symptoms and pathophysiology share features with
several hyper-inflammatory  diseases—Kawasaki disease
(KD), toxic shock syndrome (TSS), and macrophage activation
syndrome (MAS). When MIS-C surfaced as an unknown
disease, it was initially thought to be a variant of KD but is
now recognized to be a distinct illness.'> KD tends to occur
in children aged 6 months to 5 years with a slight male predom-
inance and a higher incidence in children of Asian descent;
MIS-C tends to occur in patients over 6 years old, without a
gender predominance. Myocardial inflammation, cardiac dys-
function and cardiogenic shock are more

common in MIS-C; coronary dilatation and aneurysms are
more often common in KD. Gastrointestinal and respiratory
manifestations are more prevalent in MIS-C. The immunologic
response to KD and to MIS-C share similarities, with a greater
degree of systemic inflammation and organ involvement in
MIS-C."?

Neutrophil Activation

Neutrophil activity is a key contributor to the hyper-
inflammation and immune dysregulation which are hallmarks
of MIS-C. Boribong et al'® report that neutrophil activation in
MIS-C results in gene expression profiles that resemble those
in sepsis and acute respiratory distress syndrome (ARDS),
with a predominantly granulocytic myeloid-derived monocyte
cell signature. The most highly upregulated genes are those
involved in neutrophil activation and in reactive oxygen
species production; the most highly enriched pathways coincide
with those seen in neutrophils of adult ARDS patients.
Additional upregulated pathways involve active metabolic pro-
cesses, such as oxidative phosphorylation, glycolysis, and
mTORCI signaling, as well as pathways involved in tissue
damage, including neutrophil degranulation, tumor necrosis
factor-a (TNF-a) signaling, and interleukin-1 (IL-1) signaling.
The neutrophil pathways that are activated in MIS-C differ
from those in pediatric acute COVID-19, which is characterized
by anti-viral interferon-mediated pathways, with highly upregu-
lated genes being those involved in neutrophil activation, recruit-
ment, and chemotaxis,'®>° As expected, there is also an
increased expression in particular, TNF-a, IL-1, and IL-6."%"'®

Neutrophil-Extracellular Trap (NET) Formation

While neutrophils are essential in the defense against infectious
agents, an overly exuberant neutrophil response can be harmful
to the host. Formation of neutrophil-extracellular traps (NETs)
is an example and contributes to the pathogenesis of adult
COVID-19.""7% It has also been implicated in MIS-C, with a
current hypothesis suggesting'® that SARS-CoV-2 antigen:

antibody immune complexes, formed during acute COVID-19
infection, become a trigger for NET formation when these
patients subsequently develop MIS-C. Testing this theory in
in-vitro experiments, Boribong et al'® showed that addition of
Spike protein to convalescent plasma from pediatric
COVID-19 patients induced NET formation, but not when
added to plasma from control patients. As part of an interna-
tional study, Carmona-Rivera et al*> detected elevated levels
of NET remnants in the blood of patients with MIS-C and
those with chilblain-like COVID skin lesions (CLL) in a
cohort of MIS-C patients from Chile. The level of degraded
NET products was associated with disease severity, including
symptoms of respiratory compromise, shock, and cardiac dys-
function. In contrast to patients with MIS-C, pediatric patients
with mild acute COVID-19 infection do not exhibit extensive
NET formation.”* These data suggest that NETs do play a
role in the pathogenesis of MIS-C.

T-Lymphocyte Activation

Activation of T-lymphocytes constitute another cellular response
that adds to the hyper-inflammatory state in MIS-C. Porritt et al*>
found an expansion of T cells expressing the T-cell receptor
(TCR) beta variable gene 11e2 (TRBV11-2), encoding Vbeta
(Vb) 213 in many patients with severe MIS-C. These
TRBV11-2-positive polyclonal T cells are active in cell adhesion,
activation, and the mitochondrial pathway of apoptosis. This
clonal expansion can be extensive, with TRBVI11-2 T cells
forming as much as 24% of clonal T cells. The extent of this expan-
sion correlated with MIS-C severity and serum cytokine levels, and
the frequency of TRBV11-2 clones decreased along with levels of
MIS-C biomarkers within 1-2 weeks after glucocorticoid adminis-
tration. Other T-cell clonal expansions have also been reported in
MIS-C.2*® Ramaswamy et al report that T and B cell clonal
expansion, as well as cytotoxic gene expression in CD8+ T cells,
appear to be associated with MIS-C severity.>’

The discovery of T cell clonal expansion, along with similar
manifestations of shock in MIS-C and in Toxic Shock
Syndrome (TSS), stimulated a search for an epitope on
SARS-CoV-2 that may have structural similarities to the
Staphylococcus enterotoxin superantigen, which elicits a pow-
erful immune response even at low antigen concentrations.>® It
does so by binding to class I MHC molecules on T lympho-
cytes with high affinity, resulting in the proliferation of T
cells expressing the TcR-VB (T cell receptor-p chain variable
region) gene products. Using computational models, Noval
Rivas et al’' identified an epitope on the SARS-CoV-2 spike
glycoprotein that binds T-cell receptors with high affinity and
that shares similarities with the sequences and structure of
Staphylococcal enterotoxin. This epitope has not been found
in the spike proteins of other beta-coronaviruses besides
SARS-CoV-2. The discovery lends support to the super-antigen
hypothesis of MIS-C pathophysiology.>' Consistent with this
theory, pre-treatment with a monoclonal antibody to the
Staphylococcus enterotoxin in cell culture experiments blocks
entry of SARS-CoV-2 into cells in a concentration-dependent
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manner.>? Several HLA classes have been associated with
severe MIS-C in children who demonstrate TRBVI11-2
skewing, raising the question as to whether genetic pre-
dispositions to severe MIS-C may be linked to specific T-cell
clonal expansions.”> Noval Rivas et al report that the
superantigen-like motif in SARS-CoV-2 shares homologies
with a-neurotoxin from snake venom and with neurotoxin-like
regions from rabies virus strains, with conjectures regarding a
possible link to the neurological symptoms seen in MIS-C,
such as headache, lethargy, and confusion.

Antibody-Dependent Enhancement

Antibody-dependent enhancement (ADE) is a process that has
been proposed as another mechanism which induces the exag-
gerated inflammatory response in MIS-C.** In ADE, antibodies
that did not fully neutralize the virus could instead enhance
virus dissemination.>* An analogous situation is recognized in
severe Dengue fever,'* and ADE is an important consideration
in vaccine development.>>*® Support for the ADE theory of
MIS-C pathogenesis comes from the observation that children
with MIS-C have higher antibody titers to Spike protein than
children with acute COVID-19 infection without progression
to MIS-C,***” and that higher IgG antibody levels are associ-
ated with greater severity of illness in SARS-CoV-1 infection.
Wan et al** proposed a model in which antibody binding to
viral Spike protein and to the IgG-Fc receptor is a process
which facilitates viral entry into the cell through canonical viral-
receptor dependent pathways.*

Neutrophil to Lymphocyte Ratio as a Biomarkers for
MIS-C Disease Severity

As leukocytes undergo changes with acute COVID-19 infection
and with MIS-C, leukocyte population parameters, such as the
neutrophil-lymphocyte ratio (NLR), may serve as biomarkers
for MIS-C diagnosis and disease severity.***°~% Gullu et al''
analyzed the utility of several laboratory indices in 374 pediat-
ric patients (292 COVID-19 PCR-positive,12 MIS-C,70
healthy controls) and reported that the NRL, along with
pro-BNP, CKMB, and troponin-I values were all helpful in
diagnosing and predicting disease severity of MIS-C. Kane
et al*® examined the use of monocyte anisocytosis as another
potential biomarker of SARS-CoV-2 disease severity.
Monocyte anisocytosis is a measure of monocyte distribution
width (MDW), which reflects the extent of monocyte differen-
tiation into macrophages and dendritic cells in response to
injury or infection. Children with severe COVID-19 had
higher MDWs (>23) than healthy controls, and children with
MIS-C had the highest MDW (mean: 32 4+ 7.2). The authors
emphasized that MDW values overlap across the spectrum of
SARS-CoV-2 related illness and should only be used as a bio-
marker in combination with clinical presentation. Adding to
these findings, Erdele et al*® reported finding a statistically sig-
nificant association between the mean platelet volume and

cardiac involvement. Collectively, these data suggest hemato-
logical indices can provide important diagnostic and prognostic
information.

Upregulation of Phospholipase A2 Group IIA (PLA2G2A)

In addition to the cell-mediated processes discussed, phospho-
lipase A2 group IIA (PL-2G2A) is a protein which is believed
to contribute to MIS-C pathophysiology. It will be briefly high-
lighted here as it pertains to thromboembolism risk, which is
increased in MIS-C. PLA2G2A is a secreted protein which
functions in phospholipid metabolism in bio-membranes and
may cause vessel injury through the hydrolysis of cell mem-
branes. It is increased in the circulation of patients with
severe sepsis as well as in adult COVID-19 patients who died
of COVID-19 disease, compared to survivors or patients with
mild disease.*” In a study of 50 patients with SARS-CoV-2
infection and 26 healthy control patients admitted to a US hos-
pital, Diorio et al*' found that protein signatures demonstrate
overlap between MIS-C, macrophage activation syndrome
(MAS) and thrombotic microangiopathy (TMA), which are
all inflammatory syndromes, and that PLA2G2A is a marker
of MIS-C with features of TMA.***

Direct SARS-CoV-2 Viral Invasion

Direct SARS-CoV-2 viral invasion provides an additional
mechanism of injury in severe MIS-C. In a study from Sao
Paulo, Brazil, Duarte-Neto et al** reported on findings from
post-mortem studies of five children and adolescents who
died of illness associated with SARS-CoV-2. SARS-CoV-2
was detected in the heart, lungs, and kidneys of all five patients,
in the brain of one patient, in the intestinal tissue of one patient,
and in cardiac and brain endothelial cells of two patients with
MIS-C.

Endothelial Cell Activation and Vascular Dysfunction

Endothelial cell activation and vascular dysfunction are key fea-
tures of MIS-C. Degradation products of the endothelium have
been found in the blood and urine of patients hospitalized with
MIS-C.* Moore et al*® analyzed blood and urine samples from
17 children with MIS-C and found elevated levels of
breakdown products of the endothelial glycocalyx, the matrix
that covers the apical side of vascular endothelium. Since the
glycocalyx is involved in multiple vascular activities, including
regulation of permeability, cytokine signaling, and thrombosis,
glycocalyx injury impacts vascular function significantly.
Not surprisingly, the degree of glycocalyx shedding correlated
with TNF-a concentration and with MIS-C severity.
Similar findings have been reported with other endothelial
breakdown products, including syndecan-1 in blood samples
and chondroitin sulfate in urine samples. Porritt et al*® report
that antibodies from serum of patients with MIS-C can bind
to activated human cardiac microvascular endothelial cells in
culture, suggesting potential antibody/vascular interaction
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which may affect endothelial function in MIS-C patients.
Gelzo et al*’ examined serum levels of MCP-1, VEGF-A and
pANCA and documented different temporal changes in these
biomarkers of endothelial damage in 45 hospitalized MIS-C
patients.

To characterize vascular dysfunction in MIS-C patients,
Kreslova et al*® utilized the reactive hyperemia index (RHI),
a measure of the magnitude of limb reperfusion following a
brief period of arterial occlusion, and an established technique
for noninvasive assessment of peripheral microvascular func-
tion. Blunted reactive hyperemia is an indication of impaired
microvascular function and a predictor of all-cause and cardio-
vascular morbidity and mortality in adults.*’ In this study from
the Czech Republic, 27 pediatric patients with MIS-C and 23
healthy controls were evaluated 3 or more months after
MIS-C treatment at 3 hospitals. Patients with MIS-C exhibited
a significantly lower RHI than healthy controls (n = 23), reflect-
ing a substantial level of endothelial dysfunction. Additionally,
the study looked at the association between RHI and serum
levels of cystatin C (Cys C), a potential biomarker of increased
cardiovascular risk in adults.’® The data revealed that serum
Cys C levels were independently associated with a diminished
RHI, suggesting that Cys C may be a marker of endothelial dys-
function in MIS-C, and that the combination of increased serum
Cys C and diminished RHI may further aid in predicting the car-
diovascular consequences of MIS-C.

Ciftel et al’'>? used ultrasound to evaluate endothelial dys-
function and arterial stiffness in 38 patients with MIS-C and 38
healthy controls in Turkey. Ventricular parameters and ascend-
ing aorta diameter were obtained using echocardiography.
Endothelial function was evaluated using flow-mediated dila-
tion, assessed by measuring the brachial artery diameter.
Compared to healthy controls, the MIS-C group had decreased
flow-mediated dilation, aortic strain and aortic distensibility,
with correlations to reduced ejection fraction (EF). This study
provides evidence that pediatric patients with MIS-C exhibit
physiologically measurable endothelial dysfunction and arterial
stiffness, which had direct correlations with reductions in EF.

In the clinical setting, vascular dysfunction may be mani-
fested as vasoplegia, a condition in which systemic vascular
resistance is inappropriately low in the presence of normovole-
mia and normal or increased cardiac output. A critical conse-
quence of vasoplegia is an inability to maintain adequate
blood pressure for organ and tissue perfusion, resulting in vaso-
dilatory shock and end organ injury. Although cardiac dysfunc-
tion is a major cause of shock in MIS-C, vasoplegia may be an
additional or concomitant etiology of shock. In a single center
case-cohort study in the US, Alali et al*® described the hemody-
namic profile of 14 patients with MIS-C who were admitted to
the ICU between March 2020 and May 2021 and who required
vasoactive support for treatment of shock. These patients had
hyperdynamic cardiac index (CI) and low systemic vascular
resistance (SVRIi) in the first 24 h, a reflection of the different
etiologies of shock in MIS-C and the need for careful titration
of medications with ionotropic, vasoconstricting, or vasodilat-
ing properties.

Gastrointestinal Tract—a Potential Source of
SARS-CoV-2 Viral Antigenemia

Yonker et al>* (U.S.) proposed that gastrointestinal (GI) sources
of SARS-CoV-2 viral antigenemia may propel the development
of MIS-C. SARS-CoV-2 Spike protein has been detected in
stool samples using polymerase chain reaction (PCR) at the
time of patient presentation with MIS-C weeks after the initial
infection. Nasopharyngeal swabs from most MIS-C patients
test negative for SARS-CoV-2 by PCR, while anti-
SARS-CoV-2 IgG are often elevated, suggesting prior expo-
sure. Mayordomo-Colunga et al’> reported the presence of
SARS-CoV-2 Spike protein in the intestinal cells of a patient
with MIS-C; a relevant finding as viral invasion is known to
compromise the blood-intestinal barrier. The increased perme-
ability may provide a portal for Spike protein from the GI
tract to enter the circulation. Supporting this idea,
Jarmarillo-Esparza et al reported in a retrospective observa-
tional study in Mexico of 248 patients with acute COVID-19,
that pediatric patients with COVID-19 have an increased risk
of developing MIS-C if they exhibit gastrointestinal symp-
toms.”® Yonker et al found that the level of zonulin, a protein
that regulates intestinal permeability, is increased in the blood
stream of patients with MIS-C.>* This increase suggests
zonulin dysfunction, which is associated with decreased intesti-
nal barrier function. To investigate the possibility of restoring
intestinal epithelial integrity, Yonker et al®’ are conducting a
clinical trial in which Larazotide, an inhibitor of zonulin
release, is used as one of the therapies for pediatric
COVID-19 or MIS-C patients with gastrointestinal symptoms.

END-Organ Dysfunction

MIS-C is associated with compromised function in multiple
organs. The most well studied organ systems will be reviewed
here.

Cardiac Dysfunction

Cardiac injury has been reported in 50-80% of children who
required hospitalization for MIS-C.’® Cardiac pathologies
include myocarditis, ventricular dysfunction, cardiogenic
shock, cardiac arrhythmias, coronary artery dilations and coro-
nary aneurysms.'' Proposed pathways involve direct myocyte
injury after the SARS-CoV-2 virus enters the myocyte via the
angiotensin-converting enzyme 2, or ACE2 “receptor”.>® This
is consistent with the high level of ACE2 expression in the
heart, including the pericardium, adipocytes, fibroblasts, myo-
cytes, and coronary arteries.°” Additionally, the hyperinflam-
matory state associated with COVID-19 infection also causes
myocyte damage by T-lymphocyte activation and cytokine
release.”

Reported cardiac manifestation varies, with data showing
acute heart failure to be one of the most common cardiac presen-
tations in MIS-C. Cardiac presentation includes left ventricular
(LV) dysfunction (28-55% of patients), coronary artery dilation
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or aneurysms (12%-21% of patients), myocarditis (17%-18% of
patients), and pericardial effusion (23% of patients).* Jone et al*®
reported that 50% of MIS-C patients with cardiac abnormalities
experience cardiogenic shock. Cardiac markers such as troponin
and BNP are commonly elevated.®' In a small cohort study,
Kelly et al®* observed that elevation of cardiac markers paral-
leled the severity of echocardiographic findings in children
with MIS-C. Electrocardiographic changes are not specific and
include sinus tachycardia, ST elevation, T wave changes, QRS
prolongation, atrioventricular block, and bundle-branch
block.®" Cardiac echo typically shows regional or global hypo-
kinesia and myocardial edema,>® and may include left ventricu-
lar dysfunction, wvalvulitis, coronary artery changes, and
pericardial effusion.®> Cardiac MRI is also used to diagnose
myocarditis based on the Lake Louise Consensus Criteria,
which includes myocardial edema and another marker of inflam-
matory myocardial injury such as: 1) global or regional increase
of myocardial T2 relaxation time or an increased signal intensity
in T2-weighted images and 2) increased myocardial T1, extra-
cellular volume, or late gadolinium enhancement.®* Limited
data from post-mortem examinations in pediatric patients with
MIS-C showed cardiac interstitial and perivascular myeloid
inflammation without necrosis and prominent epicardial and
peri-vascular inflammation without vessel involvement.®’
COVID mRNA has been recovered in some cases.””
Dolhnikoff et al®® reported the presence of SARS-CoV-2
antigen in cardiomyocytes and cardiac endothelium, along
with diffuse perivascular interstitial inflammation, severe myo-
carditis, and cardiac necrosis. De Cervins et al®’ reported that
MIS-C patients with myocarditis had sustained nuclear factor
kappa-B (NF-kB) activity and TNF-a signaling, as well as
decreased type I and type II interferon responses in their mono-
cytes and dendritic cells, compared to MIS-C patients without
cardiac involvement. These data highlight the active role of
monocytes and dendritic cells in the pathophysiology of myo-
carditis in MIS-C.

Alsaied et al'' described the characteristics of coronary
artery dilation and aneurysms s in MIS-C,'%*%? with coronary
abnormalities reported in 6% to 24% of patients.”’" Although
the majority of patients demonstrated small aneurysms, there
have been rare cases of large/giant aneurysms (z-score >10)
and aneurysms that developed later during the convalescent
period."®® The pathologic mechanism of coronary artery dila-
tion and aneurysm is postulated to be related to fever and circu-
lating inflammatory mediators, with disruption of the arterial
wall as is seen in KD. Most patients are started on antiplatelet
therapy, and most cases are mild and do not result in thrombosis
or ischemia.

Cardiac-specific treatment include supportive therapy for
cardiogenic shock, using standard ionotropic agents including
epinephrine, norepinephrine, and dopamine, anti-arrhythmic
medications as needed, and IVIG as an immune-modulating
agent. Many of the abnormalities have resolved by the time
of short-term follow-up. Most patients with LV dysfunction
had resolution at 6 months, and even the few with persistent
abnormalities had very mild dysfunction that was no longer

clinically significant during follow-up.”® Outcomes with
regard to coronary artery dilation and aneurysms in MIS-C
have been favorable with many abnormalities normalizing
within 30 days,’* although 5.2% of patients had persistent
abnormities at 6 months follow-up.”® Long-term outcomes are
not yet known, but short-term outcomes are better than that in
KD, which may rarely include thrombosis or aneurysm
rupture.”* The current recommendation is to repeat an echo
4-6 weeks after diagnosis to screen for late aneurysms.'’

Pulmonary Dysfunction

Severe pulmonary disease is less prevalent in MIS-C compared
to acute COVID-19. Lung pathology could result from the
hyper-inflammation or secondary to cardiac pathology.
Respiratory failure resulting in the need for invasive mechanical
ventilation (MV) has been reported in 30%-70% of pediatric
COVID-19 patients and 15-18% for patients with MIS-C.'%">
Ghezzi et al®® reviewed lung imaging of 21 patients with a diag-
nosis of MIS-C admitted to a hospital in Italy between October
2020 and February 2021. Chest X-ray (CXR) and lung ultra-
sound (U/S) were performed within 24-48 h of admission.
Pulmonary abnormalities were found in all patients by CXR,
with perihilar interstitial thickening being the most common
finding. Other abnormalities included consolidations in the
lower lobes and pleural effusions. 18 patients had abnormal
findings on ultrasound, including B lines in the lower lobes.
Pulmonary function was assessed in every patient by structured
light plethysmography (SLP). A mild obstructive disorder was
observed in 15/21 patients (71.4%). Six months after hospital
discharge, all patients had normal findings on echocardiogra-
phy, lung US, SLP and spirometry. In another study, Ibrahim
et al’® reviewed all critically ill patients (n=35) with MIS-C
admitted to the a pediatric intensive care unit in Egypt from
June to July 2020, when the syndrome was a novel diagnosis
and pulmonary CT was performed for all severe MIS-C patients
within 48 h of admission. Although most patients did not have
respiratory manifestations, 22 (71%) had pulmonary CT find-
ings, including architecture distortion, consolidation ground
glass opacities pleural effusion and/or thickening, and axillary
and mediastinal lymphadenopathy. In a retrospective study,
Biko et al”’ analyzed lung imaging in pediatric patients with
COVID-19 and MIS-C from March to May 2020. During this
period, 313 (5%) tested positive for SARS-CoV-2 associated
parameters. Of these, 92/313 (29%) were asymptomatic and
55/313 (18%) were admitted to the hospital. US, CT, or MRI
was performed in 23 out of 55 children, 9 of whom had
MIS-C. CXRs were the most common examination (51/55 s),
and chest CT was the least common (1/55) and most demon-
strated no abnormality (34/51). The most common acute
finding was interstitial opacities (in 8 of 10 children with
MIS-C), alveolar opacities (2/10), followed by pleural effusion
(4/10).

Dominguez-Rojas et al’® conducted an observational study
of pediatric patients with acute COVID-19 or MIS-C who
required mechanical ventilation in four pediatric referral
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hospitals in Peru. They found that lung mechanic parameters
differed between the groups, with a higher elastic component
in patients with acute COVID-19 and a higher resistive compo-
nent in patients with MIS-C. The use of pressors was more fre-
quent in the MIS-C group, even after excluding patients with
moderate and severe left ventricular failure to exclude cardio-
genic pulmonary edema. Both groups had similar LOS in the
PICU, but intubated pediatric patients with acute COVID-19
had fewer ventilator-free days and higher mortality. The
patients with COVID-19 had higher driving pressure, with
lung mechanics similar to that in classic ARDS, while the
patients with MIS-C had a wider difference between plateau
and peak pressure, with lung mechanics similar to that in
obstructive pulmonary failure.

Gastrointestinal Dysfunction

Gastrointestinal disturbances are common in MIS-C, with symp-
toms in up to 60-85% of cases.”*">"** Common symptoms
include abdominal pain, nausea, vomiting, and diarrhea, and are
usually mild and transient, although more severe or prolonged
symptoms have been reported. Miller et al*® reviewed data of 44
patients with MIS-C (single hospital, U.S., April—May 2020)
and found that most patients had markedly elevated inflammatory
markers, including ESR, CRP, and mildly decreased albumin.
Transaminases were elevated in 52.3%, and lipase was elevated
more than 3 times the upper limit of normal in 1 patient.
Imaging studies were obtained in 15 patients. 3 patients (20.0%)
had normal findings; others had findings of mesenteric adenitis,
biliary sludge or acalculous cholecystitis, ascites, mesenteric fat
edema, and bowel wall thickening. In a report of 8 patients with
MIS-C and 4 patients with acute COVID-19 at 2 hospitals in
Italy, Amoroso et al®’ found that vascular thrombosis was a
major cause of the presentation of acute abdomen.

Sayed et al** performed a retrospective review of the Viral
Infection and Respiratory Illness Universal Study registry, in
a prospective observational, multicenter international cohort
study of hospitalized children with acute COVID-19 or
MIS-C from March to November 2020. In a cohort of 789
patients, GI involvement was present in 500 (63%). Critical
illness occurred in 392 (49%) patients and 18 (2.3%) patients
died. Those with GI involvement were older (median age of 8
yr), and 18.2% had an underlying GI comorbidity. GI symp-
toms and liver derangements were more common among
patients with MIS-C.

Chen et al®® cited findings from a literature review, reporting
that 90% of 72 children with MIS-C had gastrointestinal manifes-
tations, mostly abdominal pain, vomiting, and diarrhea, and that
10% of these patients had rare presentations mimicking appendi-
citis and peritonitis. In a multicenter retrospective cohort study of
695 children in Italy, of whom 91.7% had acute COVID-19 and
8.3% had a diagnosis of MIS-C, Lo Vecchio et al*” reported that
the presence of GI symptoms was associated with a higher risk of
hospital and ICU admission. Sixty-five children (9.5%) showed
severe GI involvement, including disseminated adenomesenteri-
tis (39.6%), appendicitis (33.5%), abdominal fluid collection

(21.3%), pancreatitis (6.9%), or intussusception (4.6%). In a
single center retrospective review from Turkey, Boybeyi-Turer
et al®® also reported a high prevalence of abdominal symptoms
in a cohort of 13 children with MIS-C and 2 with COVID-19,
and the symptoms often overlap with those of appendicitis, intus-
susception, and inflammatory bowel disease. Amoroso et al®’
performed a retrospective case control study to evaluate the his-
tological characteristics of SARS-CoV-2 positive pediatric
patients undergoing laparoscopic exploration for acute
abdomen. The study enrolled 8 MIS-C patients and 4
SARS-CoV-2 positive patients who underwent intestinal resec-
tion versus 36 control appendectomies from 2 pediatric tertiary
referral centers in Italy between March 2020 and July 2021.
All SARS-CoV-2 related surgical samples showed thrombotic
patterns, which were significantly less frequent in
SARS-CoV-2 negative appendectomies, suggesting that
SARS-CoV-2 can cause thrombotic damage in abdominal
tissues both in acute COVID-19 and in MIS-C.

Neurological Dysfunction

COVID-19 infection in children, as in adults, has been associ-
ated with a range of central and peripheral neurologic complica-
tions, including encephalitis, meningitis, acute demyelinating
encephalomyelitis (ADEM), posterior reversible encephalopa-
thy (PRES), cerebral vasculitis, cerebral venous sinus thrombo-
sis (CVST), development of cytotoxic lesions and acute
cerebral edema, acute hemorrhagic necrotizing encephalitis,
Guillain Barre Syndrome (GBS), transverse myelitis, and cere-
bellitis.”"*> The mechanisms underlying these various patholo-
gies may include direct viral infection of CNS from
hematogenous or retrograde dissemination, neuroinflammation,
post-infectious immune dysregulation, or secondary injury
from a hyperinflammatory state. Patients with MIS-C fre-
quently have neurologic symptoms, and pediatric case series
have found a high incidence of neurologic involvement—in
12-47% of patients in patients meeting criteria for
MIS-C.%%*%% In one large, multicenter registry of pediatric
patients admitted to 5 hospitals in the U.S. with acute
COVID-19 or MIS-C, LaRovere et al’’ reported that 35% of
the patients with MIS-C had neurologic involvement.
Overall,12% of patients in this report had “life-threatening neu-
rologic conditions,” including severe encephalopathy, ischemic
or hemorrhagic stroke, GBS, acute CNS infection or ADEM, or
acute fulminant cerebral edema. ADEM appeared to be the most
common complication associated with MIS-C. followed by
cerebrovascular disease. Patients with MIS-C and neurologic
involvement may present with severe headache, altered mental
status, behavior changes, hypersomnia, altered consciousness,
weakness, seizures, meningismus, or cranial nerve palsies. In a
retrospective study of 75 patients admitted to a hospital in
England from March to June 2020, Sa et al reported that children
with neurologic features of MIS-C had significantly higher
inflammatory markers than children with MIS-C without neuro-
logic features, lending support to the hypothesis that the neuro-
logic involvement in MIS-C may be immune-mediated.”
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MIS-C encephalitis remains poorly understood. SARS-CoV-2
in rare instances has been isolated from the CSF of patients with
acute COVID,'® and has also been identified in brain tissue on
autopsy, even months after acute infection. However, encephali-
tis may arise from immune-mediated mechanisms secondary to
cytokine storm, monocyte and macrophage activation and the
release of inflammatory mediators such as interleukin-6
(IL-6).101:102 Hypothesized mechanisms include endothelial
injury, inflammation, and activation of inflammatory -cas-
cades.'® Lesions of the corpus callosum have been reported
on imaging, and may indicate signs of selective vulnerability,
particularly of the splenium to cytokine storm, due to a high
density of cytokine and glutamate receptors in this area.'®
Neurological dysfunction at 6- and 12-months after hospital dis-
charge have been documented, raising concern regarding the per-
sistence of neuropsychiatric abnormalities.'*>

Renal Dysfunction

Acute kidney injury (AKI) occurs in 25% to 33% of the patients
with MIS-C.'%%'%7 The mechanism is believed to be multifacto-
rial and described in a review by Sethi et al'®® as a combination
of renal vascular injuries due to endothelial dysfunction and
complement and coagulation activation,'” imbalance in
renin-angiotensin-aldosterone system activation promoting glo-
merular dysfunction and vasoconstriction,''® obstruction of the
glomerular capillaries by red blood cells similar to the case in
thrombotic microangiopathy,''" and drug toxicity and organ
cross-talk effects.'''''?

Tripathi et al''* performed a systematic review and meta-
analysis describing incidence, mortality, and need for renal
replacement therapy (RRT) in patients with MIS-C; based on
24 multi-center studies, with 6186 children included in the sys-
tematic review and 11 of these studies with 4947 children
included in the meta-analysis. The proportion of patients with
MIS-C developing AKI was 20%, with 20-23% of these
patients requiring renal replacement therapy (RRT), suggesting
that patients with MIS-C have a similar risk of AKI and RRT
requirement when compared to the general population of pedi-
atric patients in the ICU (5-37%),"">''® most commonly with
the use of high flow continuous veno-venous hemodiafiltration.

AKI was associated with high ferritin levels, use of nephro-
toxic drugs, need for vasoactive medication, and longer dura-
tion of ICU stay,l%’107 well as with elevations in sC5b9, a
measurement of complement activation.*> Viral infection of
the cell, complement activation and vascular injury have
also been proposed as etiologies.*> Overall mortality in
MIS-C patients in this study was 4%, with an increase in mor-
tality by 4.68 times if the patients develop AKI, analogous to
mortality among general PICU patients with and without
AK] 15116

Coagulation Dysfunction and Thrombo-Embolism

MIS-C is associated with increased rates of thrombo-embolism
(TE).""” There are multiple contributing factors—endothelial

injury, platelet activation, alteration in coagulation factors,
impaired fibrinolysis,''® increased tissue factor,''? neurotrophic
extracellular trap formation,'? dysregulated complement activa-
tion,'?® and decreased fibrinolysis.'*! Children with severe
COVID-19 and MIS-C have been diagnosed with complement-
mediated thrombotic microangiopathy (TMA), thrombocytopenia
and microangiopathic hemolytic anemia,'** along with vascular-
endothelial dysfunction.''” Indices of hypercoagulability have
also been documented in patients with MIS-C using thromboelas-
tography (TEG).!#12*

Rajput et al and Feldstein et al investigated the extent of
symptomatic VTE in patients with MIS-C, found to be 7%
among patients 13-20 years of age.®®'?>'?® Whitworth et al
analyzed EHR data associated with 853 admissions to eight
US hospitals from March to August 2020 (426 admissions for
COVID-19, 138 for MIS-C, 8 for presumed MIS-C, 289 for
asymptomatic SARS-CoV-2 infection),”” and reported the
incidence of thrombosis as follows—COVID-19 —-2.1%;
MIS-C—6.5%; asymptomatic =~ SARS-CoV-2 infection-
0.7%."*" The mortality rate was 28% in pediatric patients
with COVID-19 or MIS-C and thrombo-emboli (TEs); these
patients often had comorbidities that were risk factors for TE,
including cancer, hemothorax, renal failure, thrombotic micro-
angiopathy, complex congenital heart disease, and bowel
obstruction. In a single center in the U.S., Rajput et al'?®
reported that 1 out of 116 patients with MIS-C (March 2020-
December 2021) developed symptomatic non-catheter related
superficial vein thrombosis. Trapani et al'*® performed a sys-
tematic review of all relevant studies published in English
from January 2020 through June 2022, including 62 studies
with 138 patients who had TEs associated with SARS-CoV-2
infection or MIS-C. As expected, TEs were more commonly
found in older children and adolescents, as well as in MIS-C
who developed severe ventricular dysfunction or coronary
artery aneurysms. Patients with pre-existing risk factors for
thrombosis, and the need for a central venous line were more
susceptible.'?’'**  Venous thromboses were the most
common (85 events, 54%), including deep vein thrombosis,
central cerebral venous sinus thrombosis, pulmonary embolism,
and splanchnic vein thrombosis. Arterial thrombosis (38 events,
59%) have been found in cerebral arteries, coronary arteries,
and systemic peripheral arteries, and may cause acute signifi-
cant pathology, including ischemic stroke, intracardiac throm-
bosis, limb ischemia, and multiple organ failure. 61% of the
patients had at least one condition that pre-disposed to TE,
most commonly cancer and obesity. 17 of the 138 patients
with TE died (mortality rate 12%); most of them had arterial
thrombosis. Most patients completely recovered or were
improved at discharge or at follow-up; 6% had persistent seque-
lae of acute ischemic stroke.

Based on consensus opinions of experts from the Pediatric/
Neonatal Scientific and Standardization Subcommittee of the
International Society of Thrombosis and Haemostasis,
Goldenberg et al'*® proposed a regimen for thromboprophy-
laxis for children with MIS-C and additional risk factors for
VTE, consisting of prophylactic-dose enoxaparin at a standard



Journal of Intensive Care Medicine 0(0)

starting dose and adjusted to achieve a target anti-factor Xa
range of 0.1-0.3 U/mL, a goal which was shown to be achiev-
able in a study with 38 pediatric COVID-19 patients.'*° In a
single-center retrospective cohort study of children treated
according to this guideline, there were no cases of significant
DVT in 116 of 121 patients with confirmed MIS-C when
target Xa level was achieved in 24h of admission. This
regimen appears safe, with reports of a small number of bleed-
ing events in patients with co-morbidities. Whitworth et al'?’
reported that 9 patients (1.5%) had major bleeding and §
(1.4%) had clinically non-major bleeding, out of a total of
436 patients with COVID-19 and 138 patients with MIS-C
who received prophylactic anticoagulation. Rajput et al'?
found that 5 patients (4.3%) had clinically relevant nonmajor
bleeding. To balance each patient’s clotting versus bleeding
risk, Sharathkumar et al'*! proposed an algorithm for a person-
alized assessment of thromboembolism and bleeding risk,
incorporating each patient’s baseline risk factors for TE and
for coagulopathy, along with severity of infection or MIS-C,
age, genetics, and markers of inflammation, in the decision
regarding intensity of anticoagulation (prophylactic vs thera-
peutic), choice of anticoagulant, duration of therapy, and
outcome measures.

Treatment and Therapies

When MIS-C initially surfaced as a disease entity, the treatment
was variable, primarily derived from institutional expert con-
sensus opinion. By building on clinical experience, treatment
strategies have evolved along several standard modalities.
Feldstein et al®® analyzed surveillance data from March to
May 2020, synthesizing characteristics of 186 patients with
MIS-C in the U.S. Of this cohort, 148 (80%) were required
ICU care, 37 (20%) required mechanical ventilation, 90
(48%) received vasoactive therapies, 8 (4%) required ECMO
and 3 (2%) died. 74 (40%) patients had KD-like features. 144
(77%) patients received IVIG, 91 (49%) received glucocorti-
coids, and 38 (20%) received interleukin-6 inhibitors (tocilizu-
mab or siltuximab) or interleukin-1Ra inhibitor (anakinra).
Tiwari et al'*? identified 41 patients meeting CDC case defini-
tion of MIS-C from two tertiary care centers in Kerala, India. 33
(80%) of patients were previously healthy and 8 (20%) had
coexisting comorbidities including obesity, asthma, neurologi-
cal disorders, or surgically corrected congenital heart disease.
23 (56%) of patients had abnormal echocardiogram findings
including coronary artery aneurysms, left ventricular dysfunction,
pericardial effusion or global/septal hypokinesia. Treatment was
variable, with 39 (95%) receiving immunomodulatory therapy,
35 (85%) receiving steroids and IVIG, and in 3 (7%) receiving
only steroids. 36 (88%) patients had severe illness and required
ICU admission. 21 (51%) received inotropic support and 8
(20%) required mechanical ventilation. Many similar surveys
have been done, with the majority reporting IVIG or dexametha-
sone as first-line agent, and the addition of glucocorticoids or
IVIG if further therapy was required. Therapies that target
pro-inflammatory cytokines might be added.

Glucocorticoids and Intravenous Immunoglobulin (IVIG)

Glucocorticoids are powerful immunomodulators that lead to
inhibition of proinflammatory genes and have non-genomic
effects on both immune and endothelial cells, further reducing
inflammation. IVIG is theorized to modulate neutrophil activity
and inhibit interleukin-1-p and subsets of T cell and endothelial
cell activities. Additionally, IVIG may inhibit autoantibody
production or directly neutralize autoantibodies in MIS-C.'*?
These two therapies are often used in combination.

Welzel et al'** conducted a randomized trial in a multicenter
study in Switzerland, which compared methylprednisolone 10
mg/kg per day for 3 days (n=37) to a single dose of IVIG 2
gm/kg (n=38). There was no difference for the primary
outcome of hospital LOS (6 days) or death (none). In a second-
ary analysis, 27% of patients in the glucocorticoid group
required respiratory support compared to 55% of those in the
IVIG arm, a statistically significant result.”> There was no dif-
ference between the arms for the occurrence of coronary
artery enlargement. The small sample size in this study
limited the power for treatment comparisons, and many patients
received additional therapies for MIS-C after randomization.

Targeting pro-Inflammatory Cytokines: Receptor
Antagonists and Monoclonal Antibodies

Anakinra, an IL-1 receptor antagonist, has been used in the
treatment of refractory KD and has shown efficacy in decreas-
ing the rate of coronary artery aneurysm development.'*” Since
IL-1a and IL-1 levels are also elevated in MIS-C, it is postu-
lated that Anakinra might be similarly efficacious in the treat-
ment of MIS-C. Similarly, the use of monoclonal antibodies
that target cytokines is also modeled after their use in KD,
since TNF-a and IL-6 are elevated in both MIS-C and
KD'®'%13¢ In this regard, the use of an anti-TNF-a antibody
(Infliximab) and an anti-IL-6 antibody (tocilizumab) have
been added to the list of potential therapies for MIS-C.

Combination Therapies and Treatment Strategies

During the early phase of the pandemic, there was significant
variability among practice styles, as reported by Rosu et al'>’
in a survey of 174 providers. The need for comprehensive
and evidence-based guidelines for the treatment of MIS-C
was soon recognized.*®'3° The Best Available Treatment
Study (BATS)'*" involved a global effort to analyze the
effects of different treatments on patient outcome, in which cli-
nicians uploaded clinical information from patients with sus-
pected or proven MIS-C into a Web-based Research
Electronic Data Capture database. The study population
included 614 children from 32 countries (June 2020 to
February 2021). 124 of these patients did not meet WHO crite-
ria for MIS-C, most often due to missing concrete evidence of
SARS-CoV-2 exposure. Three primary treatments were evalu-
ated: IVIG alone, glucocorticoids alone, and IVIG plus gluco-
corticoids. The primary outcomes were 1). need for inotropic
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support or mechanical ventilation by day 2 or later, or death,
and 2). reduction in disease severity between day 0 and day
2. Of the 614 patients, MIS-C, 246 were treated with IVIG
alone, 99 with glucocorticoids alone, and 208 with IVIG plus
glucocorticoids. 22 children were treated with other therapies,
and 39 patients did not receive any immunomodulatory
therapy. The time to reduction in disease severity was similar
among the three groups, with no significant difference in the
primary outcomes. However, a subgroup analysis that included
only patients who met WHO criteria for MIS-C suggested a
benefit of glucocorticoids alone over IVIG alone for reducing
organ failure and disease severity. Notably, this comparison
may have been influenced by the large percentage of patients
with treatment escalation to IVIG plus glucocorticoids,
thereby decreasing the number of patients receiving IVIG or
steroids alone. Additionally, the group which received IVIG
plus glucocorticoids tended to have more severe illness,
which might have prompted therapy escalation. Secondary out-
comes, such as time to reduction in organ failure and inflamma-
tion, were positive with all 3 therapies with no significant
difference. The retrospective nature of this study precluded
patient randomization for more directed comparisons, and the
limitations encountered by the clinicians and researchers high-
light the many challenges in performing this research. In
another comparative study, Ouldali et al'*' retrospectively ana-
lyzed data from a national surveillance system in France from
April 2020 to January 2021, including 181 children with sus-
pected or diagnosed MIS-C. The data suggested that there
was a higher failure rate with the use of IVIG alone compared
to IVIG plus methylprednisolone. Son et al*' conducted a retro-
spective propensity score matched analysis among 518 children
hospitalized with MIS-C between March and October 2020,
comparing the use of IVIG versus IVIG and glucocorticoids
as initial therapy. Results suggested that initial treatment with
IVIG plus glucocorticoids was associated with a lower risk of
cardiovascular dysfunction after day 2 compared with IVIG
alone. This study lends support to the combination approach.
Shah et al'*? surveyed medications used in a cohort of 233
patients at 4 children’s hospitals in the U.S. from March 2020
to March 2021. The most common therapies were steroids
(88.4%), aspirin (81.1%), IVIG (77.7%) and anticoagulants
(71.2%). Controlling for confounding variables, patients receiv-
ing IVIG within 1 day of hospitalization were less likely to have
hospital length of stay >8 days. Patients receiving low-dose ste-
roids within 1 day of hospitalization were less likely to develop
ventricular dysfunction, increasingly elevated troponin levels,
or hospital length of stay >8 days. Keeping in mind the retro-
spective nature of the study, these data supported the efficacy
of IVIG and steroids in mitigating the more severe effects of
MIS-C. Many additional studies on this subject have been per-
formed and are listed a review by Sharma et al.'”

Cole et al'*® compared the use of IVIG plus infliximab
versus IVIG alone in a retrospective cohort study including
72 children with MIS-C who were hospitalized between April
2020 and February 2021 in a single U.S. center. MIS-C thera-
pies started within 24 h of treatment initiation were considered

as initial therapy. Patients were excluded if the initial therapy
included treatments other than IVIG and/or infliximab. At the
time, the MIS-C guidelines at the institution recommended
IVIG alone as initial therapy, unless there was dilation of the
right coronary artery and/or left anterior descending artery (z
scores >2.5). These guidelines were later adjusted to recom-
mend initial therapy with IVIG plus infliximab for any patients
with right coronary artery and/or left anterior descending artery
dilation (z scores >2.0), left ventricular dysfunction with ejec-
tion fraction <55%, and/or hypotension. In this study, the 72 eli-
gible patients were subdivided into two groups: IVIG alone (20
patients) and IVIG plus infliximab (52 patients). The two
groups were statistically similar, with no significant differences
in age, race and ethnicity, underlying conditions, organ system
involvement, and need for respiratory support or vasoactive
medications. However, there were statistically significant dif-
ferences in admission location, fulfillment of incomplete KD
criteria, and presence of abnormal echocardiogram findings. -
10% of the patients in the IVIG group were admitted to the
ICU, compared to 56% of those treated with both IVIG and
infliximab. 15% of the patients in the IVIG group met incom-
plete KD criteria compared to 42% in the dual treatment
group. Coronary artery dilation and/or LV dysfunction was
more common in the IVIG plus infliximab group (71%) com-
pared with IVIG alone (40%). Primary outcome of this study
was the need for additional immunomodulating agents, with
data showing that IVIG plus infliximab was associated with a
decreased need for additional therapies and decreased develop-
ment of new or worsened LV dysfunction (8% in IVIG plus
infliximab group compared with 25% in IVIG group), shorter
median ICU LOS (3.7 compared with 4.5 days) and more
rapid decrease in CRP. As the authors noted, propensity score
matching was not performed due to the small sample size and
the lack of statistically significant differences between the two
groups, and the results may have been influenced by the
increased severity of illness in the IVIG plus infliximab group.

Although IVIG is a commonly used immunomodulatory
agent in the treatment of MIS-C, some institutional protocols
do not recommend it as an initial agent due to concern that
the large fluid volume of the infusion might worsen cardiac
and pulmonary function. Licciardi et al'** analyzed the out-
comes of patients treated according to their institutional proto-
col in 2020, which utilized IV methylprednisolone alone as
initial therapy, with addition of Anakinra as step-up therapy.
IVIG was reserved for patients with suspected coronary artery
aneurysm or persistent symptoms, or as a third line agent if
needed. Of the 31 patients in this study, as initial therapy 25
received high dose pulse methylprednisolone (10 mg/kg) due
to myocardial involvement and 6 received low dose methyl-
prednisolone (2 mg/kg). Demographics were similar between
the two groups, but pro-BNP level and the presence of hypoten-
sion were statistically different. 67.7% of the 31 patients
responded to initial treatment with IV methylprednisolone.
All patients recovered, with eight patients in the high dose
methylprednisolone group receiving step-up therapy with
Anakinra (25.8%) due to either persistent fever or CRP



10

Journal of Intensive Care Medicine 0(0)

increase. 2 of the 31 patients (6.5%) received an increased dose
of methylprednisolone due to persistent fever. Four patients
received IVIG—due to persistent irritability in one patient, sus-
pected coronary artery dilation in two patients, and a small right
coronary artery aneurysm in one patient. Overall, results
suggest that an IVIG sparing protocol is a viable strategy that
can lead to favorable outcomes in the treatment of MIS-C.

Jonat et al'* discussed an institutional protocol for the man-
agement of MIS-C in a children’s hospital in New York City.
This protocol involved stepwise escalation of therapy based on
the risk stratification of patients into mild, moderate, or severe cat-
egories. Patients who presented with low-level symptoms and
who were considered by the clinician to have small risk of pro-
gressing to a significant hyperinflammatory state were not
started on therapy on initial evaluation. Patients who met KD or
incomplete KD criteria received IVIG, even if treatment for
MIS-C were withheld due to low disease acuity at presentation.
Further treatment was provided based on classification, which
was determined by the Vasoactive-Inotrope Score (VIS),’
amount of respiratory support, and evidence of organ injury.
Mild cases—those with minimal signs of organ injury, requiring
a low level of respiratory support, and no vasoactive medica-
tions—were treated with methylprednisolone 2 mg/kg/day, and
additional pulse steroids or anakinra if illness was refractory.
Moderate cases -those with VIS less than or equal to 10, signifi-
cant supplemental oxygen requirement, and mild organ injury—
were treated with methylprednisolone 10 mg/kg once followed
by 2 mg/kg/day, additional pulse steroids if needed; then anakinra
if refractory to pulse steroids. Severe cases—those with VIS
greater than or equal to 10, need for ventilatory support, moder-
ate/severe ventricular dysfunction or other significant organ
injury- were treated with methylprednisolone 20-30 mg/kg/day
for 1-3 days followed by 2 mg/kg/day. Anakinra was added in
refractory cases, followed by tocilizumab if further escalation of
therapy were necessary. All patients who were treated were
administered broad-spectrum antibiotics until bacterial infection
was excluded, as well as low molecular weight heparin prophy-
laxis or low dose aspirin, and IVIG 2 g/kg up to 100 g with a
second dose in refractory cases. In total 54 patients were included,
with 26 patients admitted before and 28 patients after protocol
activation. None of these patients had severe presentations—
none required invasive mechanical ventilation or mechanical cir-
culatory support. Among the 54 patients who were hospitalized
from March to June 2020, a total of 31 patients (57%) were admit-
ted to the PICU. The authors noted that there were fewer PICU
admissions after the protocol was implemented. Most of the
patients (50/54), both pre and post protocol, received some
form of immunomodulator, either glucocorticoid or IVIG. The
lack of patients in the severe category, as well as the fact that
the two groups were hospitalized at different time points in the
epidemic, were limiting factors in the interpretation of the data,
again illustrating the difficulties in performing comparative
studies during a pandemic involving a new disease entity.

A single-center observational cohort study by Dizon et al,'*®
conducted from May to November 2020, evaluated the use of
Anakinra. Of 46 patients with confirmed MIS-C, 14 received

IVIG, 23 received IVIG plus anakinra, and 9 received IVIG,
corticosteroids, and Anakinra. A greater proportion of patients
had presentation of shock in the IVIG plus Anakinra group—
65% versus 21% in the IVIG monotherapy group. Patients
with shock received a longer course and higher doses of
Anakinra than those without. Patients treated with IVIG plus
anakinra showed improvement in fever and cardiac function
with or without corticosteroids. Overall, this study showed
promising evidence for anakinra as an adjunctive therapy for
patients with severe MIS-C.

A subsequent study by Jonat et al "~ investigated the impact
of early treatment with glucocorticoids (within 48 h of admis-
sion) on hospital LOS. This multicenter retrospective cohort
study took place between March to April 2021 and included
131 patients. The primary outcome was hospital LOS; second-
ary outcomes included ICU LOS, changes in pediatric sequen-
tial organ failure assessment (pSOFA) score, COVID-19
severity score, and duration of vasoactive or inotropic infu-
sions. Early glucocorticoid treatment was associated with
reduced pSOFA scores (2 vsl), improved COVID-19 severity
scores (31% vs 11%) and shorter ICU LOS (4 vs9 days). It
was noted that patients who received early glucocorticoids gen-
erally had lower mean arterial pressure within 24 h of arrival (54
mm Hg vs 62 mm Hg, comparing within similar age groups)
and a higher rate of requiring vasoactive support (49% vs
17%), respiratory support, and ICU admission (74% vs 31%),
Poisson regression was used to analyze the association
between early glucocorticoid treatment and hospital LOS,
with an adjusted analysis for all variables with a p-value <.1
in the bivariate analysis. This analysis showed that both early
glucocorticoid and early IVIG administration were indepen-
dently linked to shorter hospital LOS.

Algarni et al'*® compared clinical practice guidelines from
different organizations and societies for the management of
MIS-C, including those from the American Academy of
Pediatrics (AAP), the American College of Rheumatology
(ACR), the Spectrum Health Helen DeVos Children’s
Hospital (HDVCH), Nature Research, and Children’s
Hospital of The King’s Daughters (CHKD). Although there
were some differences in recommendations for pharmacologic
therapies, there was a high level of consensus on the use of anti-
inflammatory therapies including IVIG and steroid therapy, and
antiplatelet therapy with low-dose aspirin. The authors pro-
posed the use of a unified guideline that combines common rec-
ommendations from these institutions.

1133

Anti-Coagulation and Antiplatelet Therapies

Thromboprophylaxis for pediatric patients with MIS-C posed
an initial challenge as many factors needed to be considered
including the effect of disease severity and co-morbidities on
the risk of bleeding and the risk of thromboembolism. With
similarities in presentation to that of KD, anti-coagulation and
anti-platelet regimens were extrapolated from the 2017
American Heart Association Guideline for management of
Kawasaki Disease. This topic is further discussed in section 2.9.
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CDC Guidelines

To develop initial guidelines for the management of MIS-C, a
panel of experts was convened by the CDC to evaluate evidence
from available clinical studies. The experts formulated a set of
recommendations, providing a rating for the strength of each
recommendation and a rating for the evidence that supports
the recommendation, as well as the rationale and dosing guide-
lines. (CDC guidelines are available at https:/www.
covidl9treatmentguidelines.nih.gov/). For initial therapy for
patients hospitalized with MIS-C, the guidelines recommend
IVIG in combination with low to moderate doses of glucocor-
ticoids. Glucocorticoid monotherapy as an alternative initial
treatment is recommended only if IVIG is unavailable or contra-
indicated. Conversely, IVIG monotherapy is recommended
only if glucocorticoids are contraindicated.

A positive response to immunomodulatory therapy is gener-
ally manifested as clinical improvements within 24 h of treat-
ment, with resolution of fever, improvement of organ function,
and reduction of levels of inflammatory markers, particularly
CRP. Conversely, worsening trends usually signal refractory
disease that requires escalation of therapy. For children with
refractory MIS-C, the Panel recommends additional immuno-
modulatory therapy with high-dose anakinra, higher-dose gluco-
corticoids, or infliximab. In some patients with severe illness,
intensification therapy may include dual therapy with higher-
dose glucocorticoids plus anakinra or higher-dose glucocorti-
coids plus infliximab. Anakinra and infliximab should not be
used in combination. A second dose of IVIG is not recommended
for intensification therapy for patients with refractory
MIS-C. Infliximab should not be used in patients with MIS-C
and features of macrophage activation syndrome. Patients who
receive multiple immunomodulatory agents should be monitored
closely due to increased risk of infection.

To mitigate the increased thromboembolism risk in MIS-C,
CDC guidelines recommend the use of low-dose aspirin for
patients who do not have risk factors for bleeding. Children
treated with aspirin and steroids should receive prophylactic H2
blockers or proton pump inhibitors. Patients with MIS-C who
have large CAAs (Z-score >10) should receive therapeutic antico-
agulation according to the American Heart Association guidelines
for Kawasaki disease. Patients with MIS-C and moderate to severe
left ventricular dysfunction who have no risk factors for bleeding
should also receive therapeutic anticoagulation.

Mechanical Support

Mechanical ventilation is the most common form of mechanical
support in the treatment of patients with MIS-C. Mechanical
ventilation for MIS-C patients include oxygen administered
by routine face mask and nasal cannulas, high flow nasal can-
nulas, non-invasive positive pressure ventilation using BIPAP
or CPAP, and invasive positive pressure ventilation through
endotracheal intubation. Mechanical ventilation strategies
align with those used in general PICU patients, depending on
whether their physiology fall within the category of mild, mod-
erate, or severe respiratory distress.

Extracorporeal life support (ECLS), most commonly using
extracorporeal membrane oxygenation (ECMO), is a rarely
used but important rescue therapy for a small number of patients
with MIS-C. Bembea et al'*” published a comprehensive anal-
ysis of ECMO requirement in MIS-C or acute COVID-19. Of
the 2733 eligible pediatric patients admitted to the ICU and
meeting CDC definition for MIS-C or acute COVID-19, there
were 1530 MIS-C patients and 1203 patients with
COVID-19. 37 (2.4%) MIS-C patients, and 71 (5.9%)
COVID-19 patients required ECMO. Lack of COVID vaccina-
tion was a common factor in both groups, although more of the
patients with MIS-C were not eligible for vaccination. ECMO
was generally initiated earlier (median 1 vs 5 days from hospital
admission) for MIS-C compared to acute COVID-19. As
expected, patients with MIS-C required veno-arterial ECMO
more often for cardiac dysfunction, and patients with acute
COVID-19 required veno-venous ECMO more often for respi-
ratory failure. Extracorporeal cardiopulmonary resuscitation
(ECPR) rates were comparable in the MIS-C (19%) and acute
COVID-19 (13%) groups. High levels of ferritin and of inflam-
matory markers were seen in patients with MIS-C that required
ECMO."3#148:149 Recognizing that children with MIS-C may
require specialized support, Naber et al highlighted the impor-
tance of timely and direct communication between referral
centers and referring institutions, to allow for the safe and punc-
tual allocation of ECMO when necessary.'*° Renal replacement
therapy (RRT) is another form of support that is rarely needed
but necessary in the patients with MIS-C who have developed
severe AKI. The proportion of patients with MIS-C developing
AKI has been reported to be approximately 20%, with 20-23%
of these patients requiring renal replacement therapy (RRT).''*
These numbers are comparable to those in the general PICU
population with comparable disease severity. Due to the fre-
quency of hemodynamic instability, high flow continuous
veno-venous hemodiafiltration is the most commonly used
form of RRT in this group of patients.

Therapeutic plasma exchange (TPE) has been reported as a
treatment modality in MIS-C by Emeksiz et al'>! in an observa-
tional, descriptive, retrospective study in a PICU in Turkey. Of
65 patients with MIS-C of different severities, 27 patients with
severe MIS-C were treated with TPE as an initial therapy.
Patients were scheduled to undergo TPE if they had early
acute lung injury, hypotension despite inotropic support, pro-
gression to multiple organ failure, lung infiltrates >50%
within 2448 h, or LV ejection fraction (LVEF)<50%. TPE
was used upon admission and repeated as needed with a 24 h
delay after administration of any therapeutic medications. The
authors reported a reduction of PELOD scores after TPE,
with the limitations of small sample size and the retrospective
observational nature of the study.

Vaccines and MIS-C

Vaccination against SARS-CoV-2 has been shown to decrease
the rate of acute COVID-19 infection and of MIS-C.'**7'%¢ In
the fall of 2021, Pfizer presented results of a prospective,
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placebo-controlled, phase 3 trial of their mRNA vaccine in 5- to
11-year-old children in which about 1500 children received 2
doses of the vaccine given 3 weeks apart and 750 children
received placebo. At least 1 week after the second dose, 16
cases of symptomatic COVID-19 occurred in the placebo
group and 3 in the vaccine group for a calculated efficacy of
90.9%.">7 Subsequently, two other studies evaluated the effi-
cacy of 2 doses of Pfizer’s mRNA vaccine administered to chil-
dren aged 5-11 years from November 2021 to March
2022."5815% The protective efficacy was 31% against asymp-
tomatic or symptomatic infection, 46% against emergency
department or urgent care, and 74% against hospitalization. In
2023, Watanabe et al reported on results of a systematic
review and meta-analysis that included 17 published studies
of 10,935,541 vaccinated and 2,635,251 unvaccinated chil-
dren—providing data that mRNA vaccines protected children
against serious acute disease caused by SARS-CoV-2.'%°

Vaccination against SARS-CoV-2 is also associated with a
lower risk of MIS-C.'*”"'* Zhang et al reported that 92.1%
(1332/1446) of MIS-C cases occurred in unvaccinated children,
whereas 3.7% (54/1446) occurred in partially vaccinated and
4.2% (60/1446) in fully vaccinated children.'>* Additionally,
an analysis was done by Yousaf et al that included all individuals
aged 5-20 years in the MIS-C national surveillance dataset. This
study demonstrated that those who have completed the two-dose
primary series of COVID-19 vaccination had less severe disease
than their unvaccinated counterparts.'>® Unvaccinated MIS-C
patients had a 23% higher risk of ICU-level care compared
with vaccinated MIS-C patients, though there were no significant
differences in hospital or ICU length of stay. Overall, studies
such as these support the efficacy of COVID vaccination in
decreasing MIS-C incidence and severity.

In regards to potential harm associated with COVID-19 vac-
cines, a very small number of patients have developed an
MIS-C-like inflammatory illness after vaccination, with the
most severe adverse effect being myocarditis and pericardi-
tis.'®!162 This disease entity is commonly known as multisys-
tem inflammatory disease after COVID-19 vaccination
(MIS-V) and has been reported in studies from many parts of
the world,'®~'"? with a universally low incidence. In an analy-
sis including 21,335,331 individuals aged 12-20 years who had
received one or more doses of a COVID-19 vaccine in the U.S.
as of August 31, 2021, 21 individuals with MIS-C were identi-
fied, making the overall reporting rate for MIS-C after vaccina-
tion 1.0 case per million individuals receiving one or more
doses in this age group. All 21 individuals were hospitalized;
12 (57%) were admitted to an intensive care unit and all were
discharged home. The median age was 16 years (range
12-20); 13 (62%) were male and eight (38%) were female. 15
(71%) had laboratory evidence of past or recent SARS-CoV-2
infection, and six (29%) did not. The reporting rate in only
those without evidence of SARS-CoV-2 infection was 0.3
cases per million vaccinated individuals.

Another analysis'®* of the myocarditis risk was done by
Patone et al in a group of greater than 40 million people aged
13 and over who received at least 1 dose of ChAdOx1

(AstraZeneca), BNT162b2 (Pfizer), or mRNA-1273
(Moderna) vaccine and were admitted to the hospital or died
from myocarditis between December 2020 and December
2021.The results were stratified by age and sex. The risk of
vaccine-associated myocarditis was found to be small, with
up to an additional 2 events per million people in the 28-day
period after exposure to all vaccine doses other than
mRNA-1273. This is a substantially lower number than the
35 additional myocarditis events observed with SARS-CoV-2
infection before vaccination. However, when age and sex are
taken into account, the risk of vaccine-associated myocarditis
is consistently higher in younger men, particularly after a
second dose of mRNA-1273; the number of additional events
during those 28 days was estimated to be 97 per million
people exposed. An important finding is that the risk of myocar-
ditis in this group during the study time period was higher after
a second dose of mRNA-1273 than the risk after infection. In
younger women, the number of additional events per million
after a second dose of mRNA-1273 was similar to the
number after infection. Reassuringly, left ventricular longitudi-
nal strain (LVLS) was reported by Nv et al'”* to be mild in the
majority of patients at presentation and improved during conva-
lescence. On the other hand, a retrospective observational mul-
ticenter study conducted by Jain et al from April 2021 to
November 2022'® showed that patients with COVID-19
vaccine-associated myocarditis (termed C-VAM by the
authors) had a higher prevalence of myocardial scarring (man-
ifested as late gadolinium enhancement (LGE) on cardiac mag-
netic resonance (CMR) imaging) at follow-up at a median of
178 days. Despite presenting with a lower degree of cardiac
dysfunction than patients with MIS-C, patients with MIS-V
had higher troponin levels and a higher prevalence of LGE
during the acute illness as well as at follow-up exam. One pro-
posed explanation for this discrepancy is that cardiac dysfunc-
tion in C-VAM results from direct myocardial injury, whereas
in MIS-C it is a downstream effect of overall systemic inflam-
mation, and distinct inflammatory and androgenic states have
been identified in the two groups.'®>'”* The persistence of
LGE, a marker of myocardial scarring, warrants close monitor-
ing of these patients to determine any long term functional
effects.'® In an ongoing study, the vaccine-associated myocar-
ditis/pericarditis (CAMP) study, Truong et al will collect hospi-
tal and follow-up data for up to 5 years after illness onset.'”
Another study suggested that increasing the time interval
between booster doses may decrease the risk of MIS-V.'®
Research endeavors such as these will provide guidance regarding
the optimal type and timing of vaccines offered to children and
adolescents acknowledging the risk -benefit profile of the individ-
ual and the prevalent COVID strain(s) in circulation as the land-
scape of SARS-CoV2 phylogeny continues to evolve.'**!7

The question has been raised as to whether administration of
COVID-19 vaccines is safe for children with a history of
MIS-C. An international study found no relapses or additional
severe inflammatory side effects following administration of
COVID-19 vaccines to 273 patients with a history of
MIS-C.”? Of note, the data was collected in 32 countries with
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substantial variations in vaccine policies—while universal vac-
cination is recommended in some countries for children over 6
months old, vaccination is recommended in other countries for
children only if they have a chronic health condition that
increases the risk of severe SARS-CoV2 disease. In spite of
this limitation, it appears that COVID-19 vaccination does not
cause additional adverse effects when administered to children
with a history of MIS-C, compared with children without a
history of MIS-C.”*!"7

Multisystem Inflammatory Syndrome in
Neonates (MIS-N)

Multisystem Inflammatory Syndrome has been reported in the
neonatal population (MIS-N) and is also characterized by ele-
vated inflammatory markers and the detection of serum antibod-
ies against the SARS-CoV-2 virus. The prevalence of
SARS-CoV-2 infection in neonates born to a mother with
viral positivity during pregnancy is estimated to be ~2% and
of those infants that test positive, 50% are symptomatic.'’®
Similar to other patient cohorts, SARS-CoV-2 symptomatology
in neonates is heterogenous and varies in severity.'”” MIS-N
diagnosed within the first three days of life is referred to as
early-onset and between three and 28 days of life is considered
late-onset. Though MIS-N is uncommon, the mortality rate has
been reported as 8—10%. 818!

Pathophysiology of MIS-N

The pathophysiology of MIS-N remains poorly understood, in
part due to the conflicting mechanistic theories regarding verti-
cal SARS-CoV-2 transmission. As previously described, the
ACE2 receptor in conjunction with the serine protease
TMPRSS2 enables the SARS-CoV-2 virus to infect cells in
multiple organs.'®* One case study conducted found that the
placenta of infected mothers rarely (2 of 19) had evidence of
SARS-COV-2 virus."® The authors concluded that the rarity of
infected placental tissue may be at least in part due to the limited
expression of TMPRSS2 and the preferential expression of ACE2
receptors away from the maternal vasculature.'®® The available evi-
dence is most congruent with maternal SARS-CoV-2 infection and
transfer of maternal antibodies to the fetus which leads to a complex
immunological cascade of events including aberrant inflamma-
tion.'**'®> Alternative theories have speculated that MIS-N is the
result of cervicovaginal transmission of the virus during the
second stage of labor or due to infection acquired during the early
postnatal period, 17182184185

Clinical Manifestations of MIS-N

Clinical manifestations of MIS-N range from mild to severe and
include: rash, thermoregulatory changes, feeding problems,
respiratory distress, seizures, coagulopathies, persistent pulmo-
nary hypertension, myocarditis, cardiac ventricular dysfunc-
tion, and arrhythmias.'”'8*'8¢ In early 2023, Mascarenhas

et al published a review of 27 studies that included a total of
104 patients diagnosed with MIS-N. 84% of patients presented
with cardiac pathology, 64% presented with respiratory symp-
toms, and 20% presented with fever.'? General diagnostic cri-
teria include manifestation of symptoms within the first 28 days
of life, the involvement of two or more organ systems, elevated
inflammatory biomarkers (particularly IL-6 and D-dimer), evi-
dence of SARS-CoV-2 antibodies or a maternal history of
infection or exposure during the peripartum period, and the
absence of an alternative diagnosis.'®!'®?

Treatment of MIS-N

Treatment for MIS-N centers on supporting the infant’s hemo-
dynamics with mechanical ventilation, inotrope therapy, and
careful fluid balance as well as the administration of systemic
steroids and IVIG. Medical providers caring for ill neonates
must maintain a high index of suspicion for this heterogeneous
syndrome. Future work should be aimed at understanding the
pathophysiologic mechanisms to improve diagnosis and
inform targeted therapy.

Multisystem Inflammatory Syndrome in
Adults (MIS-A)

Following the emergence of MIS-C in April 2020, descriptions
of a similar clinical entity in adults were reported.'®” The CDC
case definition for MIS-A was developed in 2021 and includes
an illness in patients >/= 21 years with fever for at least 24 h
and primary clinical criteria of either severe cardiac illness or
rash and non-purulent conjunctivitis and at least two of the fol-
lowing secondary clinical criteria: new-onset neurologic signs
and symptoms; shock or hypotension not attributable to
medical therapy; abdominal pain, vomiting or diarrhea; or throm-
bocytopenia (platelet count<150,000/microliter). In addition,
patients must have laboratory evidence of inflammation (elevated
CRP, ferritin, IL-6, ESR, or procalcitonin) and a positive
SARS-CoV-2 test for current or recent infection. While not
fully elucidated, the underlying pathophysiology in MIS-A is
felt to involve a dysregulated immune response following
COVID-19, as occurs with MIS-C. A systemic review of 53
articles with a total of 79 MIS-A patients in 2022 found that
most patients were (mean age 31 years), male (73.2%), with
1/3 having comorbidities, including obesity. In this review,
no patients had coronary artery aneurysms compared to
roughly 7% in children diagnosed with MIS-C.'*® While treat-
ment protocols have been well-established for MIS-C, consen-
sus on optimal treatment guidelines for MIS-A have not yet
been put in place.'® Practically, clinicians often extrapolate
from treatment strategies for MIS-C to aid in the therapy of
MIS-A, and the CDC states that it is reasonable to do so at
this time. Lastly, although the incidence of MIS-A is relatively
rare compared to MIS-C, the mortality rate of MIS-A has been
measured at 5-7%"°%!?! compared to just 0.09% in one large
retrospective cohort study in the United States.'®*
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Epidemiology of MIS-C
Incidence

MIS-C is a rare pediatric complication of COVID-19, with an
initial incidence in the U.S. of 45 to 54 cases/100,000
SARS-CoV-2 infections in children <15 years old during the
peak years of its course.*"'”> MIS-C typically presents 2—6
weeks after SARS-CoV-2 infection, with a sharp decline in the
incidence in the U.S. after February 2022, as illustrated by the
graph from the CDC (https:/covid.cdc.gov/covid-data-tracker/
#mis-national-surveillance). The incidence of MIS-C has contin-
ued to decrease when the incidence of COVID-19 appeared to
have reached a steady state (https:/covid.cdc.gov/covid-data-
tracker/#mis-national-surveillance). Determining the true inci-
dence of MIS-C is challenging due to the many contributing
factors, including geographic location, prevalent virus strain,
patient age, vaccination rates, community level of immunity, and
public health measures. The rate of reporting by clinicians greatly
affects the calculation of incidence. As home testing became
more prevalent, low level infections may not come to medical atten-
tion. Additionally, testing may be less readily available in low
resource settings in the home or clinical setting, leading to a
lower number of reported cases. An appraisal of the epidemiology
on a global scale is beyond the scope of this review; the focus here
will be the changing landscape of MIS-C since 2020.

Severity of lllness—Acute COVID-19 Versus MIS-C

Efforts to characterize the disease severity of MIS-C have been
made by comparing it with that of acute COVID-19. A prospec-
tive cohort study of patient encounters at 56 facilities in the U.S.
through September 2021 was undertaken by Martin et al'®* This
study analyzed patient data from the National COVID Cohort
Collaborative and compared 8241 children with acute
COVID-19 with 707 children with MIS-C. 818 (10%) of the
8241 children with acute COVID-19 met criteria for severe
illness, whereas 261 (37%) out of 707 children with MIS-C met
criteria. Of the patients with MIS-C, 117 (17%) required invasive
mechanical ventilation, 191 (27%) received vasopressor or inotro-
pic support, <20 (0%) needed extracorporeal membrane oxygen-
ation (ECMO), and <20 (0%) died or were discharged to hospice.
In the COVID-19 cohort, 514 (6%) received invasive mechanical
ventilation, 426 (5%) required vasopressor or inotropic support,
25 (0.3%) were on ECMO during hospitalization, and 95 (1%)
died or were discharged to hospice. Compared to patients with
acute COVID-19, more children with MIS-C had a severe clinical
trajectory, with more frequent vasopressor or inotropic support
and invasive mechanical ventilation. In this cohort, variables
that were associated with increased odds of MIS-C versus acute
COVID-19 were: male, Black race, age less than 12 years,
obesity, and the absence of preexisting chronic comorbidities.

MIS-C Trends Over Time

Acute MIS-C cases peaked in January and February of 2021,
with a sharp decline after February 2022, two to three months

. . . 1 1 1
after the Omicron variant appeared in the U.S.0%188:195.196

MIS-C severity has also decreased from 2020 to 2022..'95-2%°
Sperotto et al**! performed a multi-center observational retro-
spective study, interrogating EHR from all patients with
MIS-C hospitalized between February 2020 and May 2022 in
seven pediatric hospitals in France, Spain, UK, and the U.S.
Of 598 patients with MIS-C, 383 (64%) were admitted in the
Alpha era, 111 (19%) in the Delta era, and 104 (17%) in
the Omicron era. Patients admitted during the Omicron versus
the Alpha era were younger, had less frequent occurrence of
SIRS, lower lymphocyte count, lower troponin, and less fre-
quent use of anticoagulation therapy. Length of hospitalization
was shorter after the Alpha era. Rao et al*** performed a retro-
spective review of EHR data of 1139 patients with MIS-C or pre-
sumed MIS-C, seen at 8 institutions in the U.S. between March
2020 and September 2022. 41.4% were admitted to the ICU,
16.1% required mechanical ventilation (invasive and non-
invasive), and 15 (1.3%) children died. A higher proportion of
children had a severe presentation in the earlier phase of the pan-
demic. 52.3% of children with MIS-C presented with severe
illness during the pre-Delta period, versus 39.6% during the
post-Delta period. Lopez et al'®?% reported that the
Paediatric Active Enhanced Disease Surveillance (PAEDS)
network in Australia®® (www.paeds.org.au) identified 107
cases of MIS-C from May 2020 to April 2022; with a reduction
in cases over time, particularly during the Omicron period,
which occurred from December 2021 to April 2022 in
Australia. Similar observations were reported from the United
Kingdom, Israel, and Denmark.?**~2% It is unclear how global
vaccination rates may have contributed to this shift.

The most recent report from the CDC'®! provided a similar
picture. MIS-C incidence reported to the CDC in 2023 was 0.11
cases per million person-months, an 80% decline compared
with that during April-December 2022 (0.56 cases per
million person-months), and a 98% decrease from the peak of
6.79 early in the COVID-19 pandemic (October 2020-April
2021). The median age of MIS-C patients with illness onset
in 2023 was 7 years (Table), whereas the median age during
February 2020-January 2022 was 9 years, and during April-
December 2022 was 5 years. Among the 117 MIS-C patients
with illness onset in 2023, 68 (58%) had no underlying
medical conditions; 58 (50%) required intensive care unit
(ICU)-level care, 40 (34%) experienced shock, and 31 (27%)
experienced cardiac dysfunction. The prevalence is similar to
published national MIS-C surveillance data for 2116 cases
reported during July 9, 2021- January 31, 2022 (52% requiring
ICU-level care, 38% with shock, and 29% with cardiac dys-
function), and are improved compared with data for cases
reported for the total 4470 cases during the earliest part of the
pandemic, from February 19, 2020-July 31, 2021 (63% requir-
ing ICU-level care, 45% with shock, and 31% with cardiac dys-
function)'*>'?2%7  (https:/covid.cdc.gov/covid-data-tracker/
#mis-national-surveillance; Accessed March 11, 2024).

Snooks et al'®? carried out a retrospective cohort study using
the Virtual Pediatric Systems Database including all children
with MIS-C admitted to the PICU in 115 hospitals in Canada
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and the U.S, between January 2020 and June 2021. Of 145,580
children admitted to the PICU during this period, 1338 children
(0.9%) were admitted with MIS-C, with the largest numbers
admitted in quarter 1 of 2021 (n=626). The median PICU
LOS was 2.7 days with a median hospital LOS of 6.6 days.
15.2% received mechanical ventilation with a median duration
of mechanical ventilation of 3.1 days. There were 11 in-hospital
deaths. During the study period, there was a significant decrease
in the median PICU and hospital LOS and in the frequency of
mechanical ventilation, with the most significant decrease
occurring between the quarter 3 and quarter 4 of 2020. The
authors postulated that the change was related to improvements
in disease recognition and therapeutics rather than to a change
in viral strains, since the decline preceded the viral changes,
and the original SARS-CoV-2 virus and related strains were
predominant through 2020.

Socio-Economic and Racial Disparities in SARS-CoV-2
Infections among Children

A cross-sectional study was conducted by Goyal et al**® at a

U.S. urban SARS-CoV-2 testing site where 1000 children
were tested in 2020, found higher infection rates in Hispanic
and black children.

Of the 207 positive cases, 46.4% were Hispanic, 30% were
Non-Hispanic Black, and 7.3% were White—in a city where
the population was 11.3% Hispanic, 46% Non-Hispanic Black,
and 46% Non-Hispanic White.>*® Patient- and/or family-reported
exposure differed by median family income (MFI), with higher
rates of exposure in less socioeconomically advantaged house-
holds; one postulated factor being the higher rate of parental
occupation with on-site rather than remote work. Positivity
rates increased over time among Hispanic children, but not
among other racial and/or ethnic groups. Similarly, Javalkar
et al’® undertook a multicenter retrospective case-control
study at 3 academic centers in the U.S. in 2020. Their findings
indicated that lower socio-economic status (SES) or higher
social vulnerability index (SVI), Hispanic ethnicity, and
Black race independently increased risk for MIS-C. CDC sur-
veillance data (https:/covid.cdc.gov/covid-data-tracker/#mis-
national-surveillance) also report that Hispanic/Latino and
Non-Hispanic Black populations are disproportionately
affected by COVID-19, suggesting that additional studies of
MIS-C are needed to learn why some racial or ethnic groups
may be disproportionately affected and to understand the risk
factors for this disease. These studies show that racial and
socio-economic disparities remain an imperative healthcare
issue.

Outcomes: A Global Perspective

The quantification of outcomes in MIS-C iis challenging, as
outcomes are variable globally and domestically. Outcomes
during the acute illness of MIS-C have been discussed in

conjunction with the therapeutic agents in Section 4; this
section will briefly review patient outcomes with a global
perspective.

Hoste et al’* conducted a detailed review of the published lit-
erature world-wide with 953 cases from 68 publications in
2020; some countries or institutions would be more heavily rep-
resented by virtue of publishing more often. Of the 953 patients,
53% presented with shock, 73% required ICU admission and
3.8% required ECMO. Despite this large aggregate with criti-
cally ill patients, the mortality rate remained low at 1.9%. 2
patients had persistent neurological damage following their
acute phase of illness. Sik et al*'® undertook a retrospective
multicenter cohort study examining 322 children with MIS-C
in 41 PICUs in Turkey.?'® Sixteen (5%) of the children died
and 8 children had underlying conditions such as cancer or con-
genital heart defects. Ibrahim et al’® reported on a cohort of 35
patients who were hospitalized in a PICU in Egypt from June to
July 2020. There was a 90.3% survival rate and a mortality rate
of. 9.7% The authors pointed out that the high mortality rate is
likely due to the late presentation of some patients, as well as to
comorbid conditions—the 3 patients who died were subse-
quently diagnosed with malignancies. Nachega et al*'' con-
ducted a cohort study using a retrospective record review of
data from 25 hospitals in the Democratic Republic of the
Congo, Ghana, Kenya, Nigeria, South Africa, and Uganda
from March to December 2020, including 469 hospitalized
patients aged 0 to 19 years with SARS-CoV-2 infection. 18
of 297 cases (6.1%) were clinically suspected (6 patients) or
confirmed (12 patients) as having MIS-C. The overall rate of
discharge was 89%, with a mortality rate of 8.3%.

The mortality rate may vary significantly within the same
country, as illustrated by the following reports from a geograph-
ically large country such as Brazil. A multi-institutional study
by Lima-Setta et al,*'?> which included 56 patients in 17
PICUs in 5 Brazilian states, found that the median length of
PICU stay was six days, and one death occurred (1.8%). The
authors concluded that these patients shared similar disease
and outcome parameters with many other cohorts of patients
with MIS-C. In another study, Almeida et al*'® analyzed
EMR data from 16 public and private hospitals providing sec-
ondary and tertiary care in the metropolitan area of Sdo
Paulo, Brazil. 101 patients met the MIS-C criteria and were
evaluated. The median age was 67 months, 60% were male,
28.7% were black or afro-descendant and 62.3% were admitted
to public hospitals. 16.8% of patients had underlying medical
conditions. 43.5% had a Kawasaki disease-like phenotype
and a lower median age. Children with severe MIS-C were
older (median age 91 months vs 36 months); 73.3% required
intensive care, 20.8% required mechanical ventilation and
35.6% required inotropic support. Four deaths occurred (CFR
=3.9%), three of which were in healthy participants.

Farias et al reported on a prospective cohort study with 208
critically ill children and adolescents, with 67 (32.2%) patients
in MIS-C group, and 141 (67.8%) patients in the severe
COVID-19 group. The patients were admitted to three tertiary
pediatric intensive care units in the Brazilian Amazon,
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between April 2020 and July 2022. Mechanical ventilation
support, cardiogenic shock and acute respiratory distress syn-
drome occurred in 47%, 30% and 34.1% of patients, respec-
tively; and there were 37 (18%) deaths. The authors
postulated that the increased incidence of poor outcomes was
a result of the high prevalence of malnutrition (62%) and
comorbidities (60.6%). Jiang et al’”’ conducted a literature
review and meta-analysis of diverse patient populations from
both low/middle-income countries and high-income countries
and explored the disparities in outcomes. The data indicated
that compared to high-income countries, low/middle- income
countries had a lower percentage of pediatric MIS-C patients
with an ICU admission or on mechanical ventilation, and a
much higher mortality rate. Similarly, Irfan et al*'* conducted
a metanalysis of 129 case studies from 31 countries comprising
9335 children with COVID-19 associated illness, and compared
disease characteristics, management and outcomes according to
World Bank country income level, and arrived at the following
conclusion: In low-income and middle-income countries
(LMIC), a lower proportion of cases were admitted to intensive
care units (ICUs) (9.9% vs 26.0%) compared to high-income
countries (HIC), yet pooled proportion of deaths among hospi-
talized children was higher (relative risk 2.14). Among the hos-
pitalized patients, 40 deaths were reported in HICs compared
with 56 in LMICs (pooled proportion 2.9% vs 5.2%).
Thirty-one studies (n=1208) with 22 from HIC (n=602)
reported series of children presenting with MIS-C. Nearly
half of the children who met MIS-C criteria (638/1208)
were admitted to the PICU, and (449/638, 70.3%) of these
ICU admissions were patients from HIC, compared with
22.9% in the overall analysis. The authors concluded that
the difference in access to intensive care may be is a likely
contributor to the mortality difference. These data highlight
the challenges faced by clinicians and patients, contingent
upon the available resources and the infrastructure for health-
care delivery.

Post Acute Sequelae of MIS-C

Capone et al*'® evaluated 31 patients at 2 weeks, 8 weeks, and 6
months after discharge from inpatient care at a hospital in
New York from April to June 2020 with a diagnosis of
MIS-C. In the acute phase of MIS-C, 66% of patients had car-
diovascular manifestations which included LV systolic and dia-
stolic dysfunction, coronary dilation, and coronary artery
aneurysm. At the 2 week follow up, 2 patients reported
fatigue with ordinary activity. Although LV function returned
to normal for all but one patient who continued with mild dys-
function, and coronary abnormalities were improving, 5
patients continued to have mild diastolic dysfunction. At the
8 week follow-up, 5 patients reported fatigue with ordinary
activity, all patients had normal LV function, all coronary aneu-
rysms/dilation had resolved, 4 patients continued with diastolic
dysfunction and coronary abnormalities persisted in 5 patients.
Patients were then evaluated again at 6 months and were found
to be asymptomatic and at their physical baseline. One patient

continued to have LV diastolic dysfunction, but all cardiac
manifestations resolved in all other pediatric patients who
were evaluated for this study.

Kahn et al?'® conducted a national, longitudinal, multicenter
study in Sweden, using follow-up data of all patients with
MIS-C in the country. All cases were reported to a national reg-
istry, and all patients were evaluated as part of a nationally stan-
dardized follow-up program which was established in
December 2020. Of the 243 cases of MIS-C in Sweden as of
May 2021, 177 were seen after the standardized follow-up
program was established, and consent was obtained for 133
patients, who were eligible for this study. At 2 weeks after
MIS-C was diagnosed, 43% of 119 patients had abnormal
results, including complete blood cell counts, platelet counts,
albumin levels, electrocardiograms and echocardiograms. At
8 weeks, 36% of 89 had persistent symptoms, with fatigue
being the most common complaint; 5% of 67 patients had
abnormalities in the echocardiogram.

Maddux et al*'’*!'® performed a multicenter prospective
observational cohort study, with outpatient surveys at 2 to 4
months after admission for 60 children and adolescents who
were hospitalized for acute COVID-19 or MIS-C at 25 pediatric
hospitals in the U.S. Fatigue or weakness were the most
common symptoms in both children with acute COVID-19
and MIS-C, followed by cough and shortness of breath in the
acute COVID-19 group, and headache in the MIS-C group.
More than 1 in 5 patients with MIS-C were unable to walk or
exercise at their previous level. 12 patients (8%) had a
re-admission. Rollins et al'®® studied neurological and psychi-
atric symptoms in 64 patients with MIS-C and 34 healthy con-
trols, evaluated from November 2020 to November 2021 at 6—
12 months after hospital discharge in Canada and the U.S.
Patients who were hospitalized for MIS-C had more abnormal
neurologic examinations, worse working memory performance,
more somatization and depression symptoms, and lower quality
of life 6 to 12 months after hospital discharge, when compared
with siblings or community controls. These studies highlight
the need to recognize the potential of persistent impairments
after patients have recovered from the acute effects of
MIS-C. Recent publications from a number of countries
suggest that pediatric long COVID may occur in a small
number of children after acute SARS-CoV-2 infection, with
most recovering fully over weeks to months.'*?*> Whether
long COVID truly occurs after MIS-C, and which strategies
would best support patients during the post- MIS-C period,
are questions that await answers from further research.

Conclusion

MIS-C emerged in 2020 as a serious pediatric illness that pre-
sented several weeks after acute SARS-CoV-2 infection. An
improved understanding of its pathophysiology and of the spec-
trum of response to viral illness has since been attained. There is
still much to be learned regarding the mechanisms and suscep-
tibilities that lead to MIS-C and the potential for persistent dys-
function and development of long COVID in its wake.



Shyong et al.

17

Author Contributions

OS, NA, SVB, KAG, LH, SAM, SAO, PHY, JL—writing

SVB, RWC, OS, PHY, JL—editing

RWC, VM, LMY, JL- content review

JL—design, planning, organization, revisions

All authors approve of submission of the manuscript for publication.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

As part of the Region 1 Regional Emerging Special Pathogens
Treatment Center, RWC and JL receive partial funding from the US
Department of Health and Human Services’ Administration for
Strategic Preparedness and Response (HHS ASPR).

US Department of Health and Human Services’ Administration for
Strategic Preparedness and Response,

ORCID iDs

Olivia Shyong

https:/orcid.org/0009-0008-4168-8354

Krista Gallagher (2 https:/orcid.org/0009-0001-6881-6423
References
1. Verdoni L, Mazza A, Gervasoni A, et al. An outbreak of severe

Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2
epidemic: an observational cohort study. Lancet. Jun 6
2020;395:1771-1778. doi:10.1016/S0140-6736(20)31103-X
Cattalini M, Della Paolera S, Zunica F, et al. Defining Kawasaki
disease and pediatric inflammatory multisystem syndrome-tempo-
rally associated to SARS-CoV-2 infection during SARS-CoV-2
epidemic in Italy: results from a national, multicenter survey.
Pediatr Rheumatol Online J. Mar 16 2021;19(1):29. doi:10.
1186/s12969-021-00511-7

Parri N, Lenge M, Cantoni B, et al. COVID-19 in 17 Italian
Pediatric  Emergency  Departments.  Pediatrics.  Dec
2020;146(6). doi:10.1542/peds.2020-1235

Parri N, Magista AM, Marchetti F, et al. Characteristic of COVID-19
infection in pediatric patients: Early findings from two Italian pediat-
ric research networks. Eur J Pediatr. Aug 2020;179(8):1315-1323.
doi:10.1007/s00431-020-03683-8.

Davies P, Evans C, Kanthimathinathan HK, et al. Intensive care
admissions of children with paediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2 (PIMS-TS)
in the UK: A multicentre observational study. Lancet Child
Adolesc  Health. Sep  2020;4(9):669-677. doi:10.1016/
S2352-4642(20)30215-7

Moraleda C, Serna-Pascual M, Soriano-Arandes A, et al. Multi-
inflammatory Syndrome in Children Related to Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in Spain.
Clin Infect Dis. May 4 2021;72(9):¢397-e401. doi:10.1093/cid/
ciaal042

Pouletty M, Borocco C, Ouldali N, et al. Paediatric multisystem
inflammatory syndrome temporally associated with SARS-
CoV-2 mimicking kawasaki disease (Kawa-COVID-19): A mul-
ticentre cohort. Ann Rheum Dis. Aug 2020;79(8):999-1006. doi:
10.1136/annrheumdis-2020-217960

10.

11.

12.

14.

16.

18.

19.

20.

21.

22.

23.

24.

. Varga P, Balajthy A, Biro E, et al. Multicolored MIS-C, a single-

centre cohort study. BMC Pediatr. Apr 21 2023;23(1):190. doi:
10.1186/s12887-023-03997-0

. Berry CS, Melbourne-Chambers RH, Harrison AN, et al.

Hospitalized children with SARS-CoV-2 infection and MIS-C
in Jamaica: A dive into the first 15 months of the novel
pandemic. Front Pediatr. 2022;10:904788. doi: 10.3389/fped.
2022.904788

Dufort EM, Koumans EH, Chow EJ, et al. Multisystem inflamma-
tory syndrome in children in New York state. N Engl J Med. Jul
23 2020;383(4):347-358. doi: 10.1056/NEJMo0a2021756
Alsaied T, Tremoulet AH, Burns JC, et al. Review of Cardiac
Involvement in Multisystem Inflammatory Syndrome in
Children. Circulation. Jan 5 2021;143(1):78-88. doi: 10.1161/
CIRCULATIONAHA.120.049836

Sperotto F, Friedman KG, Son MBF, VanderPluym CJ, Newburger
JW, Dionne A. Cardiac manifestations in SARS-CoV-2-associated
multisystem inflammatory syndrome in children: a comprehensive
review and proposed clinical approach. Eur J Pediatr. Feb
2021;180(2):307-322. doi: 10.1007/s00431-020-03766-6

. Haslak F, Gunalp A, Kasapcopur O. A cursed goodbye kiss from

severe acute respiratory syndrome-coronavirus-2 to its pediatric
hosts: Multisystem inflammatory syndrome in children. Curr
Opin Rheumatol. Jan 1 2023;35(1):6-16. doi: 10.1097/BOR.
0000000000000910

La Torre F, Taddio A, Conti C, Cattalini M. Multi-Inflammatory
Syndrome in Children (MIS-C) in 2023: Is It Time to Forget
about It? Children (Basel). May 31 2023;10(6). doi: 10.3390/
children10060980

. Sharma C, Ganigara M, Galeotti C, et al. Multisystem inflamma-

tory syndrome in children and kawasaki disease: A critical com-
parison. Nat Rev Rheumatol. Dec 2021;17(12):731-748. doi: 10.
1038/541584-021-00709-9

Boribong BP, LaSalle TJ, Bartsch YC, et al. Neutrophil profiles
of pediatric COVID-19 and multisystem inflammatory syndrome
in children. Cell Rep Med. Dec 20 2022;3(12):100848. doi: 10.
1016/j.xcrm.2022.100848

. Curatola A, Chiaretti A, Ferretti S, et al. Cytokine Response to

SARS-CoV-2 Infection in Children.
2021;13(9). doi: 10.3390/v13091868
Gurlevik SL, Ozsurekei Y, Sag E, et al. The difference of the inflam-
matory milieu in MIS-C and severe COVID-19. Pediatr Res. Dec
2022;92(6):1805-1814. doi: 10.1038/s41390-022-02029-4
Barnes BJ, Adrover JM, Baxter-Stoltzfus A, et al. Targeting
potential drivers of COVID-19: Neutrophil extracellular traps.
J Exp Med. Jun 1 2020;217(6). doi: 10.1084/jem.20200652
Borges L, Pithon-Curi TC, Curi R, Hatanaka E. COVID-19 and
neutrophils: The relationship between hyperinflammation and neu-
trophil ~extracellular traps. Mediators Inflamm. Dec 2
2020;2020:8829674. doi: 10.1155/2020/8829674

Veras FP, Pontelli MC, Silva CM, et al. SARS-CoV-2-triggered
neutrophil extracellular traps mediate COVID-19 pathology.
J Exp Med. Dec 7 2020;217(12). doi: 10.1084/jem.20201129
Rada B. Neutrophil Extracellular Traps. Methods Mol Biol.
2019;1982:517-528. doi:10.1007/978-1-4939-9424-3 31
Carmona-Rivera C, Zhang Y, Dobbs K, et al. Multicenter analysis
of neutrophil extracellular trap dysregulation in adult and pediatric
COVID-19. JCI Insight. Aug 22 2022;7(16). doi: 10.1172/jci.
insight.160332

Seery V, Raiden SC, Algieri SC, et al. Blood neutrophils from
children with COVID-19 exhibit both inflammatory and anti-

Viruses. Sep 18


https://orcid.org/0009-0008-4168-8354
https://orcid.org/0009-0008-4168-8354
https://orcid.org/0009-0001-6881-6423
https://orcid.org/0009-0001-6881-6423
https://doi.org/10.1016/S0140-6736(20)31103-X
https://doi.org/10.1016/S0140-6736(20)31103-X
https://doi.org/10.1016/S0140-6736(20)31103-X
https://doi.org/10.1186/s12969-021-00511-7
https://doi.org/10.1186/s12969-021-00511-7
https://doi.org/10.1186/s12969-021-00511-7
https://doi.org/10.1186/s12969-021-00511-7
https://doi.org/10.1186/s12969-021-00511-7
https://doi.org/10.1542/peds.2020-1235
https://doi.org/10.1542/peds.2020-1235
https://doi.org/10.1007/s00431-020-03683-8
https://doi.org/10.1007/s00431-020-03683-8
https://doi.org/10.1007/s00431-020-03683-8
https://doi.org/10.1007/s00431-020-03683-8
https://doi.org/10.1016/S2352-4642(20)30215-7
https://doi.org/10.1016/S2352-4642(20)30215-7
https://doi.org/10.1016/S2352-4642(20)30215-7
https://doi.org/10.1016/S2352-4642(20)30215-7
https://doi.org/10.1093/cid/ciaa1042
https://doi.org/10.1093/cid/ciaa1042
https://doi.org/10.1136/annrheumdis-2020-217960
https://doi.org/10.1136/annrheumdis-2020-217960
https://doi.org/10.1136/annrheumdis-2020-217960
https://doi.org/10.1186/s12887-023-03997-0
https://doi.org/10.1186/s12887-023-03997-0
https://doi.org/10.1186/s12887-023-03997-0
https://doi.org/10.1186/s12887-023-03997-0
https://doi.org/10.3389/fped.2022.904788
https://doi.org/10.3389/fped.2022.904788
https://doi.org/10.1056/NEJMoa2021756
https://doi.org/10.1161/CIRCULATIONAHA.120.049836
https://doi.org/10.1161/CIRCULATIONAHA.120.049836
https://doi.org/10.1007/s00431-020-03766-6
https://doi.org/10.1007/s00431-020-03766-6
https://doi.org/10.1007/s00431-020-03766-6
https://doi.org/10.1007/s00431-020-03766-6
https://doi.org/10.1097/BOR.0000000000000910
https://doi.org/10.1097/BOR.0000000000000910
https://doi.org/10.3390/children10060980
https://doi.org/10.3390/children10060980
https://doi.org/10.1038/s41584-021-00709-9
https://doi.org/10.1038/s41584-021-00709-9
https://doi.org/10.1038/s41584-021-00709-9
https://doi.org/10.1038/s41584-021-00709-9
https://doi.org/10.1038/s41584-021-00709-9
https://doi.org/10.1016/j.xcrm.2022.100848
https://doi.org/10.1016/j.xcrm.2022.100848
https://doi.org/10.3390/v13091868
https://doi.org/10.1038/s41390-022-02029-4
https://doi.org/10.1038/s41390-022-02029-4
https://doi.org/10.1038/s41390-022-02029-4
https://doi.org/10.1038/s41390-022-02029-4
https://doi.org/10.1084/jem.20200652
https://doi.org/10.1155/2020/8829674
https://doi.org/10.1084/jem.20201129
https://doi.org/10.1007/978-1-4939-9424-3_31
https://doi.org/10.1007/978-1-4939-9424-3_31
https://doi.org/10.1007/978-1-4939-9424-3_31
https://doi.org/10.1007/978-1-4939-9424-3_31
https://doi.org/10.1007/978-1-4939-9424-3_31
https://doi.org/10.1172/jci.insight.160332
https://doi.org/10.1172/jci.insight.160332

Journal of Intensive Care Medicine 0(0)

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

inflammatory markers. EBioMedicine. May 2021;67:103357.
doi: 10.1016/j.ebiom.2021.103357

Porritt RA, Paschold L, Rivas MN, et al. HLA class I-associated
expansion of TRBV11-2T cells in multisystem inflammatory
syndrome in children. J Clin Invest. May 17 2021;131(10).
doi: 10.1172/IC1146614

Consiglio CR, Cotugno N, Sardh F, et al. The immunology of mul-
tisystem inflammatory syndrome in children with COVID-19. Cell.
Nov 12 2020;183(4):968-981.e7. doi: 10.1016/j.cell.2020.09.016
Gruber CN, Patel RS, Trachtman R, et al. Mapping systemic
inflammation and antibody responses in multisystem inflamma-
tory syndrome in children (MIS-C). Cell. Nov 12
2020;183(4):982-995.e14. doi: 10.1016/j.cell.2020.09.034
Weisberg SP, Connors TJ, Zhu Y, et al. Distinct antibody
responses to SARS-CoV-2 in children and adults across the
COVID-19 clinical spectrum. Nat Immunol. Jan 2021;22(1):25-
31. doi: 10.1038/s41590-020-00826-9

Ramaswamy A, Brodsky NN, Sumida TS, et al. Immune dysre-
gulation and autoreactivity correlate with disease severity in
SARS-CoV-2-associated multisystem inflammatory syndrome
in children. Immunity. May 11 2021;54(5):1083-1095.¢7. doi:
10.1016/j.immuni.2021.04.003

Fraser JD. Clarifying the mechanism of superantigen toxicity.
PLoS Biol. Sep 2011;9(9):¢1001145. doi: 10.1371/journal.pbio.
1001145

Noval Rivas M, Porritt RA, Cheng MH, Bahar I, Arditi M.
Multisystem inflammatory syndrome in children and long
COVID: The SARS-CoV-2 viral superantigen hypothesis. Front
Immunol. Jul 7 2022;13:941009. doi: 10.3389/fimmu.2022.
941009

Cheng MH, Porritt RA, Rivas MN, et al. A monoclonal antibody
against staphylococcal enterotoxin B superantigen inhibits
SARS-CoV-2 entry in vitro. Structure. Sep 2 2021;29(9):951-
962.¢3. doi: 10.1016/j.5tr.2021.04.005

Wan Y, Shang J, Sun S, et al. Molecular Mechanism for
Antibody-Dependent Enhancement of Coronavirus Entry. J
Virol. Feb 14 2020;94(5). doi: 10.1128/JV1.02015-19

Diorio C, Henrickson SE, Vella LA, et al. Multisystem inflam-
matory syndrome in children and COVID-19 are distinct presen-
tations of SARS-CoV-2. J Clin Invest. Nov 2
2020;130(11):5967-5975. doi: 10.1172/JC1140970

Halstead SB, Katzelnick L. COVID-19 Vaccines: Should we fear
ADE? J Infect Dis. Nov 13 2020;222(12):1946-1950. doi: 10.
1093/infdis/jiaa518

Halstead SB, Katzelnick LC, Russell PK, et al. Ethics of a par-
tially effective dengue vaccine: Lessons from the Philippines.
Vaccine. Jul 31 2020;38(35):5572-5576. doi: 10.1016/].
vaccine.2020.06.079

Ricke DO. Two different antibody-dependent enhancement
(ADE) risks for SARS-CoV-2 antibodies. Front Immunol. Feb
24 2021;12:640093. doi: 10.3389/fimmu.2021.640093

Kane AS, Boribong BP, Loiselle M, et al. Monocyte anisocytosis
corresponds with increasing severity of COVID-19 in children.
Front Pediatr. Jun 23 2023;11:1177048. doi: 10.3389/fped.
2023.1177048

Erdede O, Sari E, Kulcu NU, Sezer Yamanel RG. The role of
mean platelet volume in multisystem inflammatory syndrome in
children with cardiac manifestations. Pediatr Infect Dis J. Jul 1
2023;42(7):601-607. doi: 10.1097/INF.0000000000003917
Snider JM, You JK, Wang X, et al. Group IIA secreted phospho-
lipase A2 is associated with the pathobiology leading to

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

COVID-19 mortality. J Clin Invest. Oct 1 2021;131(19). doi:
10.1172/ICI149236

Diorio C, Shraim R, Vella LA, et al. Proteomic profiling of
MIS-C patients indicates heterogeneity relating to interferon
gamma dysregulation and vascular endothelial dysfunction.
Nat  Commun. Dec 10 2021;12(1):7222. doi: 10.1038/
s41467-021-27544-6

Moake JL. Thrombotic microangiopathies. N Engl J Med. Aug
22 2002;347(8):589-600. doi: 10.1056/NEJMra020528

Diorio C, McNerney KO, Lambert M, et al. Evidence of thrombotic
microangiopathy in children with SARS-CoV-2 across the spectrum
of clinical presentations. Blood Adv. Dec 8 2020;4(23):6051-6063.
doi: 10.1182/bloodadvances.2020003471

Duarte-Neto AN, Caldini EG, Gomes-Gouvea MS, et al. An autopsy
study of the spectrum of severe COVID-19 in children: From SARS
to different phenotypes of MIS-C. EClinicalMedicine.
May 2021;35:100850. doi: 10.1016/j.eclinm.2021.100850
Moore KH, Murphy HA, George EM. The glycocalyx: A central
regulator of vascular function. Am J Physiol Regul Integr Comp
Physiol. Apr 1 2021;320(4):R508-R518. doi: 10.1152/ajpregu.
00340.2020

Porritt RA, Binek A, Paschold L, et al. The autoimmune signa-
ture of hyperinflammatory multisystem inflammatory syndrome
in children. J Clin Invest. Oct 15 2021;131(20). doi: 10.1172/
JCI151520

Gelzo M, Giannattasio A, Maglione M, et al. Biomarkers of
Endothelial Damage in Distinct Phases of Multisystem
Inflammatory Syndrome in Children. Metabolites. Jul 24
2022;12(8). doi: 10.3390/metabo12080680

Kreslova M, Jehlicka P, Sykorova A, et al. Circulating Serum
Cystatin C as an Independent Risk Biomarker for Vascular
Endothelial Dysfunction in Patients with COVID-19-Associated
Multisystem Inflammatory Syndrome in Children (MIS-C): A
Prospective Observational Study. Biomedicines. Nov 17
2022;10(11). doi: 10.3390/biomedicines10112956

Rosenberry R, Nelson MD. Reactive hyperemia: A review of
methods, mechanisms, and considerations. Am J Physiol Regul
Integr Comp Physiol. Mar 1 2020;318(3):R605-R618. doi: 10.
1152/ajpregu.00339.2019

Bokenkamp A, Herget-Rosenthal S, Bokenkamp R. Cystatin C,
kidney function and cardiovascular disease. Pediatr Nephrol.
Sep 2006;21(9):1223-1230. doi: 10.1007/s00467-006-0192-5
Ciftel M, Atas N, Yilmaz O. Investigation of endothelial dys-
function and arterial stiffness in multisystem inflammatory syn-
drome in children. Eur J Pediatr. Jan 2022;181(1):91-97. doi:
10.1007/s00431-021-04136-6

Ciftel M, Atas N, Yilmaz O. Correction to: Investigation of endo-
thelial dysfunction and arterial stiffness in multisystem inflam-
matory syndrome in children. Eur J Pediatr. Nov 15 2023.
doi: 10.1007/s00431-023-05310-8

Alali A, O’Neil E, Anders M, et al. Vasoplegic shock represents
a dominant hemodynamic profile of multisystem inflammatory
syndrome following COVID-19 in children and adolescents.
Pediatr Crit Care Med. Jun 1 2022;23(6):¢295-299. doi: 10.
1097/PCC.0000000000002954

Yonker LM, Gilboa T, Ogata AF, et al. Multisystem inflamma-
tory syndrome in children is driven by zonulin-dependent loss
of gut mucosal barrier. J Clin Invest. Jul 15 2021;131(14). doi:
10.1172/JCI149633

Mayordomo-Colunga J, Vivanco-Allende A, Lopez-Alonso I, et al.
SARS-CoV-2 spike protein in intestinal cells of a patient with


https://doi.org/10.1016/j.ebiom.2021.103357
https://doi.org/10.1172/JCI146614
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1016/j.cell.2020.09.034
https://doi.org/10.1038/s41590-020-00826-9
https://doi.org/10.1038/s41590-020-00826-9
https://doi.org/10.1038/s41590-020-00826-9
https://doi.org/10.1038/s41590-020-00826-9
https://doi.org/10.1016/j.immuni.2021.04.003
https://doi.org/10.1371/journal.pbio.1001145
https://doi.org/10.1371/journal.pbio.1001145
https://doi.org/10.3389/fimmu.2022.941009
https://doi.org/10.3389/fimmu.2022.941009
https://doi.org/10.1016/j.str.2021.04.005
https://doi.org/10.1128/JVI.02015-19
https://doi.org/10.1128/JVI.02015-19
https://doi.org/10.1172/JCI140970
https://doi.org/10.1093/infdis/jiaa518
https://doi.org/10.1093/infdis/jiaa518
https://doi.org/10.1016/j.vaccine.2020.06.079
https://doi.org/10.1016/j.vaccine.2020.06.079
https://doi.org/10.3389/fimmu.2021.640093
https://doi.org/10.3389/fped.2023.1177048
https://doi.org/10.3389/fped.2023.1177048
https://doi.org/10.1097/INF.0000000000003917
https://doi.org/10.1172/JCI149236
https://doi.org/10.1038/s41467-021-27544-6
https://doi.org/10.1038/s41467-021-27544-6
https://doi.org/10.1038/s41467-021-27544-6
https://doi.org/10.1038/s41467-021-27544-6
https://doi.org/10.1038/s41467-021-27544-6
https://doi.org/10.1056/NEJMra020528
https://doi.org/10.1182/bloodadvances.2020003471
https://doi.org/10.1016/j.eclinm.2021.100850
https://doi.org/10.1152/ajpregu.00340.2020
https://doi.org/10.1152/ajpregu.00340.2020
https://doi.org/10.1172/JCI151520
https://doi.org/10.1172/JCI151520
https://doi.org/10.3390/metabo12080680
https://doi.org/10.3390/biomedicines10112956
https://doi.org/10.1152/ajpregu.00339.2019
https://doi.org/10.1152/ajpregu.00339.2019
https://doi.org/10.1007/s00467-006-0192-5
https://doi.org/10.1007/s00467-006-0192-5
https://doi.org/10.1007/s00467-006-0192-5
https://doi.org/10.1007/s00467-006-0192-5
https://doi.org/10.1007/s00431-021-04136-6
https://doi.org/10.1007/s00431-021-04136-6
https://doi.org/10.1007/s00431-021-04136-6
https://doi.org/10.1007/s00431-021-04136-6
https://doi.org/10.1007/s00431-023-05310-8
https://doi.org/10.1007/s00431-023-05310-8
https://doi.org/10.1007/s00431-023-05310-8
https://doi.org/10.1007/s00431-023-05310-8
https://doi.org/10.1097/PCC.0000000000002954
https://doi.org/10.1097/PCC.0000000000002954
https://doi.org/10.1172/JCI149633

Shyong et al.

19

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

coronavirus disease 2019 multisystem inflammatory syndrome. J
Pediatr. Apr 2022;243:214-218.e5. doi: 10.1016/j.jpeds.2021.11.
058

Jaramillo-Esparza CM, Vazquez-Frias R. Risk of pediatric
inflammatory multi-system syndrome (PIMS or MIS-C) in pedi-
atric patients with COVID-19 presenting with gastrointestinal
symptoms. Front Pediatr. 2022;10:904793. doi: 10.3389/fped.
2022.904793

Yonker LM, Swank Z, Gilboa T, et al. Zonulin antagonist, larazo-
tide (AT1001), as an adjuvant treatment for multisystem inflam-
matory syndrome in children: A case series. Crit Care Explor.
Feb 2022;10(2):¢0641. doi: 10.1097/CCE.000000000000064 1
Jone PN, John A, Oster ME, et al. SARS-CoV-2 infection and
associated cardiovascular manifestations and complications in
children and young adults: A scientific statement from the
American Heart Association. Circulation. May 10 2022;145(19):
¢1037-e1052. doi: 10.1161/CIR.0000000000001064

Castiello T, Georgiopoulos G, Finocchiaro G, et al. COVID-19
and myocarditis: A systematic review and overview of current
challenges. Heart Fail Rev. Jan 2022;27(1):251-261. doi: 10.
1007/s10741-021-10087-9

Shirbhate E, Pandey J, Patel VK, et al. Understanding the role of
ACE-2 receptor in pathogenesis of COVID-19 disease: A poten-
tial approach for therapeutic intervention. Pharmacol Rep.
Dec 2021;73(6):1539-1550. doi: 10.1007/s43440-021-00303-6
Liu J, Deswal A, Khalid U. COVID-19 myocarditis and long-term
heart failure sequelae. Curr Opin Cardiol. Mar 1 2021;36(2):234-
240. doi: 10.1097/HCO.0000000000000832

Kelly MS, Valle CW, Fernandes ND, Cummings BM,
Lahoud-Rahme M, Chiu JS. Multisystem inflammatory syndrome
in children: Cardiac biomarker profiles and echocardiographic find-
ings in the acute and recovery phases. J Am Soc Echocardiogr.
Oct 2020;33(10):1288-1290. doi: 10.1016/j.echo.2020.08.008
Ghezzi M, Longoni E, Munari A, et al. Lung involvement in chil-
dren with COVID-19 multisystem inflammatory syndrome.
Pediatr Pulmonol. Feb 2023;58(2):615-618. doi: 10.1002/ppul.
26224

Ferreira VM, Schulz-Menger J, Holmvang G, et al
Cardiovascular magnetic resonance in nonischemic myocardial
inflammation: Expert recommendations. J Am Coll Cardiol.
Dec 18 2018;72(24):3158-3176. doi: 10.1016/j.jacc.2018.09.072
Giryes S, McGonagle D. Immune and non-immune mechanisms
that determine vasculitis and coronary artery aneurysm topogra-
phy in kawasaki disease and MIS-C. Autoimmun Rev. Feb
2023;22(2):103240. doi: 10.1016/j.autrev.2022.103240
Dolhnikoff M, Ferreira Ferranti J, de Almeida Monteiro RA,
et al. SARS-CoV-2 in cardiac tissue of a child with
COVID-19-related multisystem inflammatory syndrome.
Lancet Child Adolesc Health. Oct 2020;4(10):790-794. doi: 10.
1016/S2352-4642(20)30257-1

de Cevins C, Luka M, Smith N, et al. A monocyte/dendritic cell
molecular signature of SARS-CoV-2-related multisystem inflam-
matory syndrome in children with severe myocarditis. Med. Sep
10 2021;2(9):1072-1092 ¢1077. doi: 10.1016/j.medj.2021.08.
002

Whittaker E, Bamford A, Kenny J, et al. Clinical characteristics
of 58 children with a pediatric inflammatory multisystem syn-
drome temporally associated with SARS-CoV-2. JAMA. Jul 21
2020;324(3):259-269. doi: 10.1001/jama.2020.10369

Feldstein LR, Rose EB, Horwitz SM, et al. Multisystem inflam-
matory syndrome in U.S. Children and adolescents. N Engl J

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Med. Jul 23
NEJMo0a2021680
Valverde I, Singh Y, Sanchez-de-Toledo J, et al. Acute cardiovas-
cular manifestations in 286 children with multisystem inflammatory
syndrome associated with COVID-19 infection in Europe.
Circulation.  Jan 5 2021;143(1):21-32.  doi:  10.1161/
CIRCULATIONAHA.120.050065

Villacis-Nunez DS, Hashemi S, Nelson MC, et al. Giant coro-
nary aneurysms in multisystem inflammatory syndrome in chil-
dren associated with SARS-CoV-2 infection. JACC Case Rep.
Oct 6 2021;3(13):1499-1508. doi: 10.1016/j.jaccas.2021.06.043
Hoste L, VanPaemel R, Haerynck F.  Multisystem inflammatory
syndrome in children related to COVID-19: a systematic
review. Eur J Pediatr. Jul 2021;180(7)248:114-118. doi: 10.
1016/j.jpeds.2022.05.028

Yasuhara J, Masuda K, Watanabe K, et al. Longitudinal cardiac
outcomes of multisystem inflammatory syndrome in children: A
systematic review and meta-analysis. Pediatr Cardiol. Apr
2023;44(4):892-907. doi: 10.1007/s00246-022-03052-2
Thangathurai J, Kalashnikova M, Takahashi M, Shinbane JS.
Coronary artery aneurysm in kawasaki disease: Coronary CT
angiography through the Lens of pathophysiology and differen-
tial diagnosis. Radiol Cardiothorac Imaging. Oct 2021;3(5):
€200550. doi: 10.1148/ryct.2021200550

Winant AJ, Blumfield E, Liszewski MC, Kurian J, Foust AM,
Lee EY. Thoracic imaging findings of multisystem inflammatory
syndrome in children associated with COVID-19: What radiolo-
gists need to know now. Radiol Cardiothorac Imaging. Aug
2020;2(4):€200346. doi: 10.1148/ryct.2020200346

Ibrahim HM, Mohammad SA, Fouda E, et al. Clinical character-
istics and pulmonary computerized imaging findings of critically
ill Egyptian patients with multisystem inflammatory syndrome in
children. Glob Pediatr Health. 2022;9:2333794X221085386.
doi: 10.1177/2333794X221085386

Biko DM, Ramirez-Suarez KI, Barrera CA, et al. Imaging of
children with COVID-19: Experience from a tertiary children’s
hospital in the United States. Pediatr Radiol. Feb
2021;51(2):239-247. doi: 10.1007/s00247-020-04830-x
Dominguez-Rojas J, Coronado Munoz A, Luna-Delgado Y, et al.
Lung mechanics in pediatric acute respiratory distress syndrome
associated to acute COVID-19 and MIS-C: Implications for ther-
apies and outcomes. Andes Pediatr. Jun 2023;94(3):350-360.
doi: 10.32641/andespediatr.v94i3.4616

Jiang L, Tang K, Irfan O, Li X, Zhang E, Bhutta Z.
Epidemiology, clinical features, and outcomes of multisystem
inflammatory syndrome in children (MIS-C) and adolescents-a
live systematic review and meta-analysis. Curr Pediatr Rep.
2022;10(2):19-30. doi: 10.1007/s40124-022-00264-1

Payne AB, Gilani Z, Godfred-Cato S, et al. Incidence of multi-
system inflammatory syndrome in children among US persons
infected with SARS-CoV-2. JAMA Netw Open. Jun 1
2021;4(6):2116420. doi:  10.1001/jamanetworkopen.2021.
16420

Son MBF, Murray N, Friedman K, et al. Multisystem inflamma-
tory syndrome in children - initial therapy and outcomes. N Eng!
J Med. Jul 1 2021;385(1):23-34. doi: 10.1056/NEJMo0a2102605
Sayed IA, Bhalala U, Strom L, et al. Gastrointestinal manifesta-
tions in hospitalized children with acute SARS-CoV-2 infection
and multisystem inflammatory condition: An analysis of the
VIRUS COVID-19 registry. Pediatr Infect Dis J. Sep 1
2022;41(9):751-758. doi: 10.1097/INF.0000000000003589

2020;383(4):334-346.  doi:  10.1056/


https://doi.org/10.1016/j.jpeds.2021.11.058
https://doi.org/10.1016/j.jpeds.2021.11.058
https://doi.org/10.3389/fped.2022.904793
https://doi.org/10.3389/fped.2022.904793
https://doi.org/10.1097/CCE.0000000000000641
https://doi.org/10.1161/CIR.0000000000001064
https://doi.org/10.1007/s10741-021-10087-9
https://doi.org/10.1007/s10741-021-10087-9
https://doi.org/10.1007/s10741-021-10087-9
https://doi.org/10.1007/s10741-021-10087-9
https://doi.org/10.1007/s10741-021-10087-9
https://doi.org/10.1007/s43440-021-00303-6
https://doi.org/10.1007/s43440-021-00303-6
https://doi.org/10.1007/s43440-021-00303-6
https://doi.org/10.1007/s43440-021-00303-6
https://doi.org/10.1097/HCO.0000000000000832
https://doi.org/10.1016/j.echo.2020.08.008
https://doi.org/10.1002/ppul.26224
https://doi.org/10.1002/ppul.26224
https://doi.org/10.1016/j.jacc.2018.09.072
https://doi.org/10.1016/j.autrev.2022.103240
https://doi.org/10.1016/S2352-4642(20)30257-1
https://doi.org/10.1016/S2352-4642(20)30257-1
https://doi.org/10.1016/S2352-4642(20)30257-1
https://doi.org/10.1016/S2352-4642(20)30257-1
https://doi.org/10.1016/j.medj.2021.08.002
https://doi.org/10.1016/j.medj.2021.08.002
https://doi.org/10.1001/jama.2020.10369
https://doi.org/10.1056/NEJMoa2021680
https://doi.org/10.1056/NEJMoa2021680
https://doi.org/10.1161/CIRCULATIONAHA.120.050065
https://doi.org/10.1161/CIRCULATIONAHA.120.050065
https://doi.org/10.1016/j.jaccas.2021.06.043
https://doi.org/10.1016/j.jpeds.2022.05.028
https://doi.org/10.1016/j.jpeds.2022.05.028
https://doi.org/10.1007/s00246-022-03052-2
https://doi.org/10.1007/s00246-022-03052-2
https://doi.org/10.1007/s00246-022-03052-2
https://doi.org/10.1007/s00246-022-03052-2
https://doi.org/10.1148/ryct.2021200550
https://doi.org/10.1148/ryct.2020200346
https://doi.org/10.1177/2333794X221085386
https://doi.org/10.1007/s00247-020-04830-x
https://doi.org/10.1007/s00247-020-04830-x
https://doi.org/10.1007/s00247-020-04830-x
https://doi.org/10.1007/s00247-020-04830-x
https://doi.org/10.32641/andespediatr.v94i3.4616
https://doi.org/10.1007/s40124-022-00264-1
https://doi.org/10.1007/s40124-022-00264-1
https://doi.org/10.1007/s40124-022-00264-1
https://doi.org/10.1007/s40124-022-00264-1
https://doi.org/10.1001/jamanetworkopen.2021.16420
https://doi.org/10.1001/jamanetworkopen.2021.16420
https://doi.org/10.1056/NEJMoa2102605
https://doi.org/10.1097/INF.0000000000003589

20

Journal of Intensive Care Medicine 0(0)

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

. Sahn B, Eze OP, Edelman MC, et al. Features of intestinal
disease associated with COVID-related multisystem inflamma-
tory syndrome in children. J Pediatr Gastroenterol Nutr. Mar
1 2021;72(3):384-387. doi: 10.1097/MPG.0000000000002953
Miller JB, Gandhi N, Clarke J, McMahan Z. Gastrointestinal
involvement in systemic sclerosis: An update. J Clin Rheumatol.
Sep 2018;24(6):328-337. doi: 10.1097/RHU.0000000000000626
Tang Y, Li W, Baskota M, et al. Multisystem inflammatory syn-
drome in children during the coronavirus disease 2019
(COVID-19) pandemic: A systematic review of published case
studies. Transl Pediatr. Jan 2021;10(1):121-135. doi: 10.21037/
tp-20-188

Miller J, Cantor A, Zachariah P, Ahn D, Martinez M, Margolis
KG. Gastrointestinal symptoms as a Major presentation compo-
nent of a novel multisystem inflammatory syndrome in children
that is related to coronavirus disease 2019: A single center expe-
rience of 44 cases. Gastroenterology. Oct 2020;159(4):1571-
1574. €1572. doi: 10.1053/j.gastro.2020.05.079

Amoroso A, Di Stasio F, Ranucci G, et al. Thrombotic features as
the primary cause of SARS-CoV-2 related acute abdomen in
children. J Pediatr Gastroenterol Nutr. Oct 1 2023;77(4):474-
478. doi: 10.1097/MPG.0000000000003893

Chen TH, Kao WT, Tseng YH. Gastrointestinal involvements in
children with COVID-related multisystem inflammatory syn-
drome. Gastroenterology. Apr 2021;160(5):1887-1888. doi:
10.1053/j.gastr0.2020.06.084

Vecchio A L, Garazzino S, Smarrazzo A, et al. Factors asso-
ciated with severe gastrointestinal diagnoses in children with
SARS-CoV-2 infection or multisystem inflammatory syn-
drome. JAMA Netw Open. Dec 1 2021;4(12):e2139974.
doi: 10.1001/jamanetworkopen.2021.39974

Boybeyi-Turer O, Ozsurekci Y, Gurlevik SL, Oygar PD, Soyer
T, Tanyel FC. Management of acute abdomen during the
active disease course of COVID-19 and multisystem inflamma-
tory syndrome in children. Surg Today. Sep 2022;52(9):1313-
1319. doi: 10.1007/s00595-022-02512-9

Rimensberger PC, Kneyber MCJ, Deep A, et al. Caring for crit-
ically ill children with suspected or proven coronavirus disease
2019 infection: Recommendations by the scientific Sections’ col-
laborative of the European society of pediatric and neonatal
intensive care. Pediatr Crit Care Med. Jan 1 2021;22(1):56-67.
doi: 10.1097/PCC.0000000000002599

Wong AM, Toh CH. Spectrum of neuroimaging mimics in chil-
dren with COVID-19 infection. Biomed J. Feb 2022;45(1):50-
62. doi: 10.1016/j.bj.2021.11.005

Chen TH. Neurological involvement associated with COVID-19
infection in children. J Neurol Sci. Nov 15 2020;418:117096.
doi: 10.1016/j.jns.2020.117096

Kabeerdoss J, Pilania RK, Karkhele R, Kumar TS, Danda D,
Singh S. Severe COVID-19, multisystem inflammatory syn-
drome in children, and kawasaki disease: Immunological mech-
anisms, clinical manifestations and management. Rheumatol Int.
Jan 2021;41(1):19-32. doi: 10.1007/500296-020-04749-4
Mavrogeni SI, Kolovou G, Tsirimpis V, Kafetzis D, Tsolas G,
Fotis L. The importance of heart and brain imaging in children
and adolescents with multisystem inflammatory syndrome in
children (MIS-C). Rheumatol Int. Jun 2021;41(6):1037-1044.
doi: 10.1007/300296-021-04845-z

Siracusa L, Cascio A, Giordano S, et al. Neurological complica-
tions in pediatric patients with SARS-CoV-2 infection: A

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

systematic review of the literature. [tal J Pediatr. Jun
2 2021;47(1):123. doi: 10.1186/s13052-021-01066-9

LaRovere KL, Poussaint TY, Young CC, et al. Changes in distri-
bution of severe neurologic involvement in US pediatric inpa-
tients with COVID-19 or multisystem inflammatory syndrome
in children in 2021 vs 2020. JAMA Neurol. Jan 1
2023;80(1):91-98. doi: 10.1001/jamaneurol.2022.3881

Sandoval F, Julio K, Mendez G, et al. Neurologic features associated
with SARS-CoV-2 infection in children: A case series report. J Child
Neurol. Sep 2021;36(10):853-866. doi: 10.1177/0883073821989164
Sa M, Mirza L, Carter M, et al. Systemic Inflammation Is
Associated With Neurologic Involvement in Pediatric
Inflammatory  Multisystem  Syndrome Associated With
SARS-CoV-2. Neurol Neuroimmunol Neuroinflamm. Jul
2021;8(4). doi: 10.1212/NXI.0000000000000999

Elmakaty I, Ferih K, Karen O, et al. Clinical Implications of
COVID-19 Presence in CSF: Systematic Review of Case
Reports. Cells. Oct 13 2022;11(20). doi: 10.3390/cells11203212
Lewis A, Frontera J, Placantonakis DG, et al. Cerebrospinal fluid
in COVID-19: A systematic review of the literature. J Neurol Sci.
Feb 15 2021;421:117316. doi: 10.1016/j.jns.2021.117316
O’Loughlin L, Alvarez Toledo N, Budrie L, Waechter R, Rayner
J. A systematic review of severe neurological manifestations in
pediatric patients with coexisting SARS-CoV-2 infection.
Neurol Int. Aug 17 2021;13(3):410-427. doi: 10.3390/
neurolint13030041

Lin JE, Asfour A, Sewell TB, et al. Neurological issues in chil-
dren with COVID-19. Neurosci Lett. Jan 19 2021;743:135567.
doi: 10.1016/j.neulet.2020.135567

Starkey J, Kobayashi N, Numaguchi Y, Moritani T. Cytotoxic
lesions of the corpus Callosum that show restricted diffusion:
Mechanisms, causes, and manifestations. Radiographics. Mar-
Apr 2017;37(2):562-576. doi: 10.1148/rg.2017160085

Rollins CK, Calderon J, Wypij D, et al. Neurological and psy-
chological sequelae associated with multisystem inflammatory
syndrome in children. JAMA Netw Open. Jul 3 2023;6(7):
€2324369. doi: 10.1001/jamanetworkopen.2023.24369
Basalely A, Gurusinghe S, Schneider J, et al. Acute kidney injury
in pediatric patients hospitalized with acute COVID-19 and mul-
tisystem inflammatory syndrome in children associated with
COVID-19. Kidney Int. Jul 2021;100(1):138-145. doi: 10.
1016/j.kint.2021.02.026

Deep A, Upadhyay G, du Pre P, et al. Acute kidney injury in pedi-
atric inflammatory multisystem syndrome temporally associated
with severe acute respiratory syndrome coronavirus-2 pandemic:
Experience from PICUs across United Kingdom. Crit Care Med.
Dec 2020;48(12):1809-1818. doi: 10.1097/CCM.000000000000
4662

Sethi SK, Rana A, Adnani H, et al. Kidney involvement in
multisystem inflammatory syndrome in children: A pediatric
nephrologist’s  perspective. Clin  Kidney  J. Sep
2021;14(9):2000-2011. doi: 10.1093/ckj/sfab073

Larsen CP, Bourne TD, Wilson JD, Saqqa O, Sharshir MA.
Collapsing glomerulopathy in a patient with COVID-19.
Kidney Int Rep. Jun 2020;5(6):935-939. doi: 10.1016/j.ekir.
2020.04.002

Vaduganathan M, Vardeny O, Michel T, McMurray JJV, Pfeffer
MA, Solomon SD. Renin-Angiotensin-Aldosterone system
inhibitors in patients with COVID-19. N Engl J Med. Apr 23
2020;382(17):1653-1659. doi: 10.1056/NEJMsr2005760


https://doi.org/10.1097/MPG.0000000000002953
https://doi.org/10.1097/RHU.0000000000000626
https://doi.org/10.21037/tp-20-188
https://doi.org/10.21037/tp-20-188
https://doi.org/10.21037/tp-20-188
https://doi.org/10.21037/tp-20-188
https://doi.org/10.1053/j.gastro.2020.05.079
https://doi.org/10.1097/MPG.0000000000003893
https://doi.org/10.1053/j.gastro.2020.06.084
https://doi.org/10.1001/jamanetworkopen.2021.39974
https://doi.org/10.1007/s00595-022-02512-9
https://doi.org/10.1007/s00595-022-02512-9
https://doi.org/10.1007/s00595-022-02512-9
https://doi.org/10.1007/s00595-022-02512-9
https://doi.org/10.1097/PCC.0000000000002599
https://doi.org/10.1016/j.bj.2021.11.005
https://doi.org/10.1016/j.jns.2020.117096
https://doi.org/10.1007/s00296-020-04749-4
https://doi.org/10.1007/s00296-020-04749-4
https://doi.org/10.1007/s00296-020-04749-4
https://doi.org/10.1007/s00296-020-04749-4
https://doi.org/10.1007/s00296-021-04845-z
https://doi.org/10.1007/s00296-021-04845-z
https://doi.org/10.1007/s00296-021-04845-z
https://doi.org/10.1007/s00296-021-04845-z
https://doi.org/10.1186/s13052-021-01066-9
https://doi.org/10.1186/s13052-021-01066-9
https://doi.org/10.1186/s13052-021-01066-9
https://doi.org/10.1186/s13052-021-01066-9
https://doi.org/10.1001/jamaneurol.2022.3881
https://doi.org/10.1177/0883073821989164
https://doi.org/10.1212/NXI.0000000000000999
https://doi.org/10.3390/cells11203212
https://doi.org/10.1016/j.jns.2021.117316
https://doi.org/10.3390/neurolint13030041
https://doi.org/10.3390/neurolint13030041
https://doi.org/10.1016/j.neulet.2020.135567
https://doi.org/10.1148/rg.2017160085
https://doi.org/10.1001/jamanetworkopen.2023.24369
https://doi.org/10.1016/j.kint.2021.02.026
https://doi.org/10.1016/j.kint.2021.02.026
https://doi.org/10.1097/CCM.0000000000004662
https://doi.org/10.1097/CCM.0000000000004662
https://doi.org/10.1093/ckj/sfab073
https://doi.org/10.1016/j.ekir.2020.04.002
https://doi.org/10.1016/j.ekir.2020.04.002
https://doi.org/10.1056/NEJMsr2005760

Shyong et al.

21

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Su H, Yang M, Wan C, et al. Renal histopathological analysis of
26 postmortem findings of patients with COVID-19 in China.
Kidney Int. Jul 2020;98(1):219-227. doi: 10.1016/j.kint.2020.
04.003

Huang C, Wang Y, Li X, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China.
Lancet. Feb 15 2020;395(10223):497-506. doi: 10.1016/
S0140-6736(20)30183-5

Izzedine H, Jhaveri KD, Perazella MA. COVID-19 therapeutic
options for patients with kidney disease. Kidney Int. Jun
2020;97(6):1297-1298. doi: 10.1016/j.kint.2020.03.015
Tripathi AK, Pilania RK, Bhatt GC, Atlani M, Kumar A, Malik S.
Acute kidney injury following multisystem inflammatory syn-
drome associated with SARS-CoV-2 infection in children: A sys-
tematic review and meta-analysis. Pediatr Nephrol. Feb
2023;38(2):357-370. doi: 10.1007/s00467-022-05701-3
Bouchard J, Acharya A, Cerda J, et al. A prospective interna-
tional multicenter study of AKI in the intensive care unit. Clin
J Am Soc Nephrol. Aug 7 2015;10(8):1324-1331. doi: 10.
2215/CIN.04360514

Restrepo JM, Mondragon MV, Forero-Delgadillo JM, et al.
Acute renal failure in children. Multicenter prospective cohort
study in medium-complexity intensive care units from the
Colombian southeast. PLoS One. 2020;15(8):€0235976. doi:
10.1371/journal.pone.0235976

Shekerdemian LS, Mahmood NR, Wolfe KK, et al. Characteristics
and outcomes of children with coronavirus disease 2019
(COVID-19) infection admitted to US and Canadian pediatric
intensive care units. JAMA Pediatr. Sep 1 2020;174(9):868-873.
doi: 10.1001/jamapediatrics.2020.1948

Kumar R, Rivkin MJ, Raffini L. Thrombotic complications in chil-
dren with coronavirus disease 2019 and multisystem inflammatory
syndrome of childhood. J Thromb  Haemost. Sep
2023;21(9):2313-2326. doi: 10.1016/j.jtha.2023.05.020
Martinez FO, Combes TW, Orsenigo F, Gordon S. Monocyte
activation in systemic COVID-19 infection: Assay and rationale.
EBioMedicine. Sep 2020;59:102964. doi: 10.1016/j.ebiom.2020.
102964

Yu J, Yuan X, Chen H, Chaturvedi S, Braunstein EM, Brodsky
RA. Direct activation of the alternative complement pathway by
SARS-CoV-2 spike proteins is blocked by factor D inhibition.
Blood. Oct 29 2020;136(18):2080-2089. doi: 10.1182/blood.
2020008248

Nougier C, Benoit R, Simon M, et al. Hypofibrinolytic state and
high thrombin generation may play a major role in SARS-COV2
associated  thrombosis. J  Thromb  Haemost.  Sep
2020;18(9):2215-2219. doi: 10.1111/jth.15016

Nicolai L, Leunig A, Brambs S, et al. Inmunothrombotic dysre-
gulation in COVID-19 pneumonia is associated with respiratory
failure and coagulopathy. Circulation. Sep 22 2020;142(12):
1176-1189. doi: 10.1161/CIRCULATIONAHA.120.048488
Raffini L, Huang Y'S, Witmer C, Feudtner C. Dramatic increase
in venous thromboembolism in children’s hospitals in the United
States from 2001 to 2007. Pediatrics. Oct 2009;124(4):1001-
1008. doi: 10.1542/peds.2009-0768

Carpenter SL, Richardson T, Hall M. Increasing rate of pulmo-
nary embolism diagnosed in hospitalized children in the United
States from 2001 to 2014. Blood Adv. Jun 26 2018;2(12):1403-
1408. doi: 10.1182/bloodadvances.2017013292

Feldstein LR, Tenforde MW, Friedman KG, et al. Characteristics
and outcomes of US children and adolescents with multisystem

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

inflammatory syndrome in children (MIS-C) compared with
severe acute COVID-19. JAMA. Mar 16 2021;325(11):1074-
1087. doi: 10.1001/jama.2021.2091

Rajput RV, Sharron MP, Pavuluri P, et al. Clinical impact of a
standardized risk-stratified thromboprophylaxis protocol for
multisystem inflammatory syndrome in children. J Pediatr.
Nov 2023;262:113624. doi: 10.1016/j.jpeds.2023.113624
Whitworth H, Sartain SE, Kumar R, et al. Rate of thrombosis in
children and adolescents hospitalized with COVID-19 or MIS-C.
Blood. Jul 15 2021;138(2):190-198. doi: 10.1182/blood.
2020010218

Trapani S, Rubino C, Lasagni D, et al. Thromboembolic compli-
cations in children with COVID-19 and MIS-C: A narrative
review. Front Pediatr. 2022;10:944743. doi: 10.3389/fped.2022.
944743

Schmitz AH, Wood KE, Burghardt EL, et al. Thromboprophylaxis
for children hospitalized with COVID-19 and MIS-C. Res Pract
Thromb Haemost. Jul 2022;6(5):¢12780. doi: 10.1002/rth2.12780
Goldenberg NA, Sochet A, Albisetti M, et al. Consensus-based clin-
ical recommendations and research priorities for anticoagulant throm-
boprophylaxis in children hospitalized for COVID-19-related illness.
J Thromb Haemost. Nov 2020;18(11):3099-3105. doi: 10.1111/jth.
15073

Sharathkumar AA, Faustino EVS, Takemoto CM. How we
approach thrombosis risk in children with COVID-19 infection
and MIS-C. Pediatr Blood Cancer. Jul 2021;68(7):€29049.
doi: 10.1002/pbc.29049

Tiwari A, Balan S, Rauf A, et al. COVID-19 related multisystem
inflammatory syndrome in children (MIS-C): A hospital-based
prospective cohort study from kerala. India. BMJ paediatr
open. 2021;5(1):001195. doi: 10.1136/bmjpo-2021-001195
Jonat B, Geneslaw AS, Capone CA, et al. Early Treatment of
Multisystem Inflammatory Syndrome in Children. Pediatrics.
Aug 3 2023. doi: 10.1542/peds.2023-061297

Welzel T, Atkinson A, Schobi N, et al. Methylprednisolone
versus intravenous immunoglobulins in children with paediatric
inflammatory multisystem syndrome temporally associated with
SARS-CoV-2 (PIMS-TS): An open-label, multicentre, rando-
mised trial. Lancet Child Adolesc Health. Apr 2023;7(4):238-
248. doi: 10.1016/S2352-4642(23)00020-2

Gambacorta A, Buonsenso D, De Rosa G, et al. Resolution of
Giant Coronary Aneurisms in a Child With Refractory
Kawasaki Disease Treated With Anakinra. Front Pediatr.
2020;8:195. doi: 10.3389/fped.2020.00195

Patel JM. Multisystem inflammatory syndrome in children
(MIS-C). Curr Allergy Asthma Rep. May 2022;22(5):53-60.
doi: 10.1007/s11882-022-01031-4

Rosu CA, Martens AM, Sumner J, et al. Heterogeneity in the
evaluation of suspected MIS-C: A cross-sectional vignette-based
survey. BMC Pediatr. Jul 4 2022;22(1):392. doi: 10.1186/
s12887-022-03446-4

Harahsheh AS, Portman MA, Khoury M, et al. Management of
multisystem  inflammatory =~ syndrome  in  children:
Decision-making regarding a new condition in the absence of
clinical trial data. Can J Cardiol. Jun 2023;39(6):803-814. doi:
10.1016/j.cjca.2022.11.011

Algami AS, Alamri NM, Khayat NZ, Alabdali RA, Alsubhi RS,
Alghamdi SH. Clinical practice guidelines in multisystem inflam-
matory syndrome (MIS-C) related to COVID-19: A critical review
and recommendations. World J Pediatr. Deb 2022;18(2):83-90.
doi: 10.1007/512519-021-00499-w


https://doi.org/10.1016/j.kint.2020.04.003
https://doi.org/10.1016/j.kint.2020.04.003
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.kint.2020.03.015
https://doi.org/10.1007/s00467-022-05701-3
https://doi.org/10.1007/s00467-022-05701-3
https://doi.org/10.1007/s00467-022-05701-3
https://doi.org/10.1007/s00467-022-05701-3
https://doi.org/10.2215/CJN.04360514
https://doi.org/10.2215/CJN.04360514
https://doi.org/10.1371/journal.pone.0235976
https://doi.org/10.1001/jamapediatrics.2020.1948
https://doi.org/10.1016/j.jtha.2023.05.020
https://doi.org/10.1016/j.ebiom.2020.102964
https://doi.org/10.1016/j.ebiom.2020.102964
https://doi.org/10.1182/blood.2020008248
https://doi.org/10.1182/blood.2020008248
https://doi.org/10.1111/jth.15016
https://doi.org/10.1161/CIRCULATIONAHA.120.048488
https://doi.org/10.1542/peds.2009-0768
https://doi.org/10.1542/peds.2009-0768
https://doi.org/10.1182/bloodadvances.2017013292
https://doi.org/10.1001/jama.2021.2091
https://doi.org/10.1016/j.jpeds.2023.113624
https://doi.org/10.1182/blood.2020010218
https://doi.org/10.1182/blood.2020010218
https://doi.org/10.3389/fped.2022.944743
https://doi.org/10.3389/fped.2022.944743
https://doi.org/10.1002/rth2.12780
https://doi.org/10.1111/jth.15073
https://doi.org/10.1111/jth.15073
https://doi.org/10.1002/pbc.29049
https://doi.org/10.1136/bmjpo-2021-001195
https://doi.org/10.1136/bmjpo-2021-001195
https://doi.org/10.1136/bmjpo-2021-001195
https://doi.org/10.1542/peds.2023-061297
https://doi.org/10.1542/peds.2023-061297
https://doi.org/10.1016/S2352-4642(23)00020-2
https://doi.org/10.1016/S2352-4642(23)00020-2
https://doi.org/10.1016/S2352-4642(23)00020-2
https://doi.org/10.3389/fped.2020.00195
https://doi.org/10.1007/s11882-022-01031-4
https://doi.org/10.1007/s11882-022-01031-4
https://doi.org/10.1007/s11882-022-01031-4
https://doi.org/10.1007/s11882-022-01031-4
https://doi.org/10.1186/s12887-022-03446-4
https://doi.org/10.1186/s12887-022-03446-4
https://doi.org/10.1186/s12887-022-03446-4
https://doi.org/10.1186/s12887-022-03446-4
https://doi.org/10.1016/j.cjca.2022.11.011
https://doi.org/10.1007/s12519-021-00499-w
https://doi.org/10.1007/s12519-021-00499-w
https://doi.org/10.1007/s12519-021-00499-w
https://doi.org/10.1007/s12519-021-00499-w

22

Journal of Intensive Care Medicine 0(0)

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

McArdle AJ, Vito O, Patel H, et al. Treatment of multisystem
inflammatory syndrome in children. N Engl J Med. Jul 1
2021;385(1):11-22. doi: 10.1056/NEJMo0a2102968

Ouldali N, Toubiana J, Antona D, et al. Association of intrave-
nous immunoglobulins plus methylprednisolone vs immuno-
globulins alone with course of fever in multisystem
inflammatory syndrome in children. J4AMA. Mar 2
2021;325(9):855-864. doi: 10.1001/jama.2021.0694

Shah AB, Abrams JY, Godfred-Cato S, et al. Treatments and
severe outcomes for patients diagnosed with MIS-C at four child-
ren’s hospitals in the United States, March 16, 2020-March 10,
2021. Pediatr Infect Dis J. Nov 1 2023;42(11):990-998. doi:
10.1097/INF.0000000000004065

Cole LD, Osborne CM, Silveira LJ, et al. IVIG Compared With
IVIG Plus Infliximab in Multisystem Inflammatory Syndrome in
Children. Pediatrics. Dec 1 2021;148(6). doi: 10.1542/peds.
2021-052702

Licciardi F, Baldini L, Dellepiane M, et al. MIS-C Treatment: Is
IVIG always necessary? Front Pediatr. 2021;9:753123. doi: 10.
3389/fped.2021.753123

Jonat B, Gorelik M, Boneparth A, et al. Multisystem inflamma-
tory syndrome in children associated with coronavirus disease
2019 in a children’s hospital in New York city: Patient character-
istics and an institutional protocol for evaluation, management,
and follow-up. Pediatr Crit Care Med. Mar 1 2021;22(3):
¢178-e191. doi: 10.1097/PCC.0000000000002598

Dizon BLP, Redmond C, Gotschlich EC, et al. Clinical outcomes and
safety of anakinra in the treatment of multisystem inflammatory syn-
drome in children: A single center observational study. Pediatr
Rheumatol Online J. Jul 31 2023;21(1):76. doi: 10.1186/
$12969-023-00858-z

Bembea MM, Loftis LL, Thiagarajan RR, et al. Extracorporeal
membrane oxygenation characteristics and outcomes in children
and adolescents with COVID-19 or multisystem inflammatory
syndrome admitted to U.S. ICUs. Pediatr Crit Care Med. May
1 2023;24(5):356-371. doi: 10.1097/PCC.0000000000003212
Abrams JY, Oster ME, Godfred-Cato SE, et al. Factors linked to
severe outcomes in multisystem inflammatory syndrome in chil-
dren (MIS-C) in the USA: A retrospective surveillance study.
Lancet Child Adolesc Health. May 2021;5(5):323-331. doi: 10.
1016/S2352-4642(21)00050-X

Merckx J, Cooke S, El Tal T, et al. Predictors of severe illness in
children with multisystem inflammatory syndrome after
SARS-CoV-2 infection: A multicentre cohort study. CMAJ.
Apr 11 2022;194(14):E513-E523. doi: 10.1503/cmaj.210873
Naber CE, Fernandes ND, Lahoud-Rahme M, et al. Operational
innovation in the provision of pediatric extracorporeal
membrane oxygenation for multisystem inflammatory syndrome
in children. Health Secur. 2022;20(1):50-57. doi: 10.1089/hs.
2021.0119

Emeksiz S, Ozcan S, Perk O, et al. Therapeutic plasma exchange:
A potential management strategy for critically ill MIS-C patients
in the pediatric intensive care unit. Transfus Apher Sci. Jun
2021;60(3):103119. doi: 10.1016/j.transci.2021.103119

Head JR, Collender PA, Leon TM, et al. COVID-19 Vaccination
and incidence of pediatric SARS-CoV-2 infection and hospitali-
zation. JAMA Netw Open. Apr 1 2024;7(4):e247822. doi: 10.
1001/jamanetworkopen.2024.7822

Yousaf AR, Miller AD, Lindsey K, et al. Multisystem inflamma-
tory syndrome in children among persons who completed a
two-dose COVID-19 vaccine primary series compared with

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

those reporting No COVID-19 vaccination, US national MIS-C
surveillance. Pediatr Infect Dis J. Dec 1 2023;42(12):e476-
e478. doi: 10.1097/INF.0000000000004103

Zhang YF, Xia CY, Yang Q, et al. The protective effects of
pediatric vaccination on multisystem inflammatory syndrome
in children stratified by vaccine status, types and virus vari-
ants. Int Immunopharmacol. Dec 2023;125:111105. doi:
10.1016/j.intimp.2023.111105

Offit PA. COVID-19 Vaccines in young children-reassuring evi-
dence for parents. JAMA Pediatr. Apr 1 2023;177(4):333-334.
doi: 10.1001/jamapediatrics.2022.6251

Le Marchand C, Singson JRC, Clark A, et al. Multisystem
inflammatory syndrome in children (MIS-C) cases by vaccina-
tion status in California. Vaccine. Jan 1 2025;43(Pt 1):126499.
doi: 10.1016/j.vaccine.2024.126499

Walter EB, Talaat KR, Sabharwal C, et al. Evaluation of the
BNT162b2 COVID-19 vaccine in children 5 to 11 years of age.
N Engl J Med. Jan 6 2022;386(1):35-46. doi: 10.1056/
NEJMoa2116298

Fowlkes AL, Yoon SK, Lutrick K, et al. Effectiveness of 2-dose
BNT162b2 (pfizer BioNTech) mRNA vaccine in preventing
SARS-CoV-2 infection among children aged 5-11 years and ado-
lescents aged 12-15 years - PROTECT cohort, July 2021-February
2022. MMWR Morb Mortal Wkly Rep. Mar 18 2022;71(11):422-
428. doi: 10.15585/mmwr.mm7111el

Klein NP, Stockwell MS, Demarco M, et al. Effectiveness of
COVID-19 pfizer-BioNTech BNT162b2 mRNA vaccination in
preventing COVID-19-associated emergency department and
urgent care encounters and hospitalizations among nonimmuno-
compromised children and adolescents aged 5-17 years -
VISION network, 10 states, April 2021-January 2022. MMWR
Morb Mortal Wkly Rep. Mar 4 2022;71(9):352-358.

Watanabe A, Kani R, Iwagami M, Takagi H, Yasuhara J, Kuno
T. Assessment of efficacy and safety of mRNA COVID-19 vac-
cines in children aged 5 to 11 years: A systematic review and
meta-analysis. JAMA Pediatr. Apr 1 2023;177(4):384-394. doi:
10.1001/jamapediatrics.2022.6243

Yousaf AR, Lindsey KN, Wu MJ, et al. Notes from the field:
Surveillance for multisystem inflammatory syndrome in children
- United States, 2023. MMWR Morb Mortal Wkly Rep. Mar 14
2024;73(10):225-228. doi: 10.15585/mmwr.mm7310a2

Yousaf AR, Cortese MM, Taylor AW, et al. Reported cases of
multisystem inflammatory syndrome in children aged 12-20
years in the USA who received a COVID-19 vaccine,
December, 2020, through August, 2021: A surveillance investi-
gation. Lancet Child Adolesc Health. May 2022;6(5):303-312.
doi: 10.1016/S2352-4642(22)00028-1

Jain SS, Anderson SA, Steele JM, et al. Cardiac manifestations
and outcomes of COVID-19 vaccine-associated myocarditis in
the young in the USA: Longitudinal results from the myocarditis
after COVID vaccination (MACiV) multicenter study.
EClinicalMedicine. Oct 2024;76:102809. doi: 10.1016/j.
eclinm.2024.102809

Patone M, Mei XW, Handunnetthi L, et al. Risk of myocarditis
after sequential doses of COVID-19 vaccine and SARS-CoV-2
infection by age and sex. Circulation. Sep 6 2022;146:743-
754. doi: 10.1161/CIRCULATIONAHA.122.059970

Yu CK, Tsao S, Ng CW, et al. Cardiovascular assessment up to one
year after COVID-19 vaccine-associated myocarditis. Circulation.
Aug 2023;148(5):436-439. doi: 10.1161/CIRCULATIONAHA.
123.064772


https://doi.org/10.1056/NEJMoa2102968
https://doi.org/10.1001/jama.2021.0694
https://doi.org/10.1097/INF.0000000000004065
https://doi.org/10.1542/peds.2021-052702
https://doi.org/10.1542/peds.2021-052702
https://doi.org/10.1542/peds.2021-052702
https://doi.org/10.3389/fped.2021.753123
https://doi.org/10.3389/fped.2021.753123
https://doi.org/10.1097/PCC.0000000000002598
https://doi.org/10.1186/s12969-023-00858-z
https://doi.org/10.1186/s12969-023-00858-z
https://doi.org/10.1186/s12969-023-00858-z
https://doi.org/10.1186/s12969-023-00858-z
https://doi.org/10.1186/s12969-023-00858-z
https://doi.org/10.1097/PCC.0000000000003212
https://doi.org/10.1016/S2352-4642(21)00050-X
https://doi.org/10.1016/S2352-4642(21)00050-X
https://doi.org/10.1016/S2352-4642(21)00050-X
https://doi.org/10.1016/S2352-4642(21)00050-X
https://doi.org/10.1503/cmaj.210873
https://doi.org/10.1089/hs.2021.0119
https://doi.org/10.1089/hs.2021.0119
https://doi.org/10.1016/j.transci.2021.103119
https://doi.org/10.1001/jamanetworkopen.2024.7822
https://doi.org/10.1001/jamanetworkopen.2024.7822
https://doi.org/10.1097/INF.0000000000004103
https://doi.org/10.1016/j.intimp.2023.111105
https://doi.org/10.1001/jamapediatrics.2022.6251
https://doi.org/10.1016/j.vaccine.2024.126499
https://doi.org/10.1056/NEJMoa2116298
https://doi.org/10.1056/NEJMoa2116298
https://doi.org/10.15585/mmwr.mm7111e1
https://doi.org/10.1001/jamapediatrics.2022.6243
https://doi.org/10.15585/mmwr.mm7310a2
https://doi.org/10.1016/S2352-4642(22)00028-1
https://doi.org/10.1016/S2352-4642(22)00028-1
https://doi.org/10.1016/S2352-4642(22)00028-1
https://doi.org/10.1016/j.eclinm.2024.102809
https://doi.org/10.1016/j.eclinm.2024.102809
https://doi.org/10.1161/CIRCULATIONAHA.122.059970
https://doi.org/10.1161/CIRCULATIONAHA.123.064772
https://doi.org/10.1161/CIRCULATIONAHA.123.064772

Shyong et al.

23

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Soe P, Vanderkooi OG, Sadarangani M, et al. nRNA COVID-19
vaccine safety among children and adolescents: A Canadian
national vaccine safety network cohort study. Lancet Reg
Health Am. Dec 2024;40:100949. doi: 10.1016/j.1ana.2024.
100949

Smith J, Schrader S, Morgan H, et al. Clinical phenotype of
COVID-19 vaccine-associated myocarditis in Victoria, 2021-22: a
cross-sectional study. Med J Aust. Dec 10 2024. doi: 10.5694/
mja2.52557

McCay N, Beirne N, Bereton E, Healy M, Franklin O.
COVID-19 and PIMS-TS-related admissions to paediatric inten-
sive care in the republic of Ireland January 2020 and July 2022
and analysis of cardiovascular manifestations of their disease.
Cardiol ~ Young. Nov 28 2024:1-6. doi: 10.1017/
S1047951124025733

Le Vu S, Bertrand M, Semenzato L, et al. Influence of mRNA
COVID-19 vaccine dosing interval on the risk of myocarditis.
Nat Commun. Sep 5 2024;15(1):7745. doi: 10.1038/
s41467-024-52038-6

Hviid A, Nieminen TA, Pihlstrom N, et al. Booster vaccination
with SARS-CoV-2 mRNA vaccines and myocarditis in
adolescents and young adults: A nordic cohort study. Eur
Heart J. Apr 14 2024;45(15):1327-1335. doi: 10.1093/
eurheartj/ehae056

Lee N, Kim KH, Park JH, et al. COVID-19 Vaccination-Related
pericarditis: A Korean nationwide study. Mayo Clin Proc. Oct
2024;99(10):1577-1588. doi: 10.1016/j.mayocp.2024.03.026
Tham MY, Chan CL, Toh D, et al. An updated analysis on myo-
carditis and pericarditis cases reported following mRNA
SARS-CoV-2 vaccination in Singapore. Singapore Med J. Feb
16 2024. doi: 10.4103/singaporemedj.SMJ-2023-089

Nv B, McCollum S, Faherty E, Steele JM, Karnik R.
Longitudinal assessment of left ventricular function in patients
with myopericarditis after mRNA COVID-19 vaccination.
Pediatr Cardiol. Oct 2024;45(7):1524-1532. doi: 10.1007/
$00246-023-03200-2

Amodio D, Pascucci GR, Cotugno N, et al. Similarities and dif-
ferences between myocarditis following COVID-19 mRNA
vaccine and multiple inflammatory syndrome with cardiac
involvement in children. Clin Immunol. Oct 2023;255:109751.
doi: 10.1016/j.clim.2023.109751

Truong DT, Harty BJ, Bainton J, et al. Design and rationale of the
COVID vaccine-associated myocarditis/pericarditis (CAMP) study.
Am Heart J. Nov 26 2024;281:32-42. doi: 10.1016/j.ahj.2024.11.
008

Munro APS, Jones CE, Faust SN. Vaccination against COVID-19 -
risks and benefits in children. Eur J Pediatr. Mar
2024;183(3):1107-1112. doi: 10.1007/s00431-023-05380-8
Yousaf AR, Kunkel A, Abrams JY, et al. COVID-19 Vaccine
reactogenicity and vaccine attitudes among children and
parents/guardians after multisystem inflammatory syndrome in
children or COVID-19 hospitalization: September 2021-may
2022. Pediatr Infect Dis J. Mar 1 2023;42(3):252-259. doi: 10.
1097/INF.0000000000003803

Mullins E, Hudak ML, Banerjee J, et al. Pregnancy and neonatal
outcomes of COVID-19: Coreporting of common outcomes
from PAN-COVID and AAP-SONPM registries. Ultrasound
Obstet Gynecol. Apr 2021;57(4):573-581. doi: 10.1002/uog.
23619

Raschetti R, Vivanti AJ, Vauloup-Fellous C, Loi B, Benachi A,
De Luca D. Synthesis and systematic review of reported neonatal

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

SARS-CoV-2 infections. Nat Commun.Oct 15 2020;11(1):5164.
doi: 10.1038/s41467-020-18982-9

Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2
cell entry Depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell. Apr 16
2020;181(2):271-280 €278. doi: 10.1016/j.cell.2020.02.052
Mascarenhas D, Goyal M, Haribalakrishna A, Nanavati R, Ish P,
Kunal S. Multisystem inflammatory syndrome in neonates
(MIS-N): A systematic review. FEur J Pediatr. May
2023;182(5):2283-2298. doi: 10.1007/s00431-023-04906-4
Pawar R, Gavade V, Patil N, et al. Neonatal Multisystem
Inflammatory Syndrome (MIS-N) Associated with Prenatal
Maternal SARS-CoV-2: A Case Series. Children (Basel). Jul 2
2021;8(7). doi: 10.3390/children8070572

Hecht JL, Quade B, Deshpande V, et al. SARS-CoV-2 can infect
the placenta and is not associated with specific placental histopa-
thology: A series of 19 placentas from COVID-19-positive
mothers. Mod Pathol. Nov 2020;33(11):2092-2103. doi: 10.
1038/541379-020-0639-4

Molloy EJ, Nakra N, Gale C, Dimitriades VR, Lakshminrusimha
S. Multisystem inflammatory syndrome in children (MIS-C) and
neonates (MIS-N) associated with COVID-19: Optimizing defi-
nition and management. Pediatr Res. May 2023;93(6):1499-
1508. doi: 10.1038/s41390-022-02263-w

Nakra NA, Blumberg DA, Herrera-Guerra A, Lakshminrusimha S.
Multi-System Inflammatory Syndrome in Children (MIS-C)
Following SARS-CoV-2 Infection: Review of Clinical Presentation,
Hypothetical Pathogenesis, and Proposed Management. Children
(Basel). Jul 1 2020;7(7). doi: 10.3390/children7070069

Roy S, Jha VN, Ranjan B. A case series of coagulopathy in
preterm or growth-restricted term neonates born to mothers with
antenatal SARS-CoV-2 infection: Neonatal post-COVID-19 coa-
gulopathy? J Family Med Prim Care. Nov 2022;11(11):7483-
7490. doi: 10.4103/jfmpc.jfmpc_1284_22

Martins A, Policarpo S, Silva-Pinto A, et al. SARS-CoV-2-
related multisystem inflammatory syndrome in adults. Eur J
Case Rep Intern Med. 2021;8(11):003025. doi: 10.12890/
2021_003025

Abrams JY, Belay ED, Godfred-Cato S, et al. Trends in treat-
ments for multisystem inflammatory syndrome in children
(MIS-C), United States, February 2020 - July 2021. Clin
Infect Dis. Sep 30 2022;75(7):1201-1209. doi: 10.1093/cid/
ciac072

Chen CJ, Kao HY, Huang CH, Li CJ, Hung CH, Yong SB. New
insight into the intravenous immunoglobulin treatment in multi-
system inflammatory syndrome in children and adults. ltal J
Pediatr. Jan 25 2024;50(1):18. doi: 10.1186/s13052-024-
01585-1

Kunal S, Ish P, Sakthivel P, Malhotra N, Gupta K. The emerging
threat of multisystem inflammatory syndrome in adults (MIS-A)
in COVID-19: A systematic review. Heart Lung. Jul-Aug
2022;54:7-18. doi: 10.1016/j.hrtlng.2022.03.007

Patel P, DeCuir J, Abrams J, Campbell AP, Godfred-Cato S,
Belay ED. Clinical characteristics of multisystem inflammatory
syndrome in adults: A systematic review. JAMA Netw Open.
Sep 1 2021;4(9):e2126456. doi: 10.1001/jamanetworkopen.
2021.26456

Snooks K, Scanlon MC, Remy KE, et al. Characteristics and out-
comes of critically ill children with multisystem inflammatory
syndrome. Pediatr Crit Care Med. Nov 1 2022;23(11):e530-
e535. doi: 10.1097/PCC.0000000000003054


https://doi.org/10.1016/j.lana.2024.100949
https://doi.org/10.1016/j.lana.2024.100949
https://doi.org/10.5694/mja2.52557
https://doi.org/10.5694/mja2.52557
https://doi.org/10.1017/S1047951124025733
https://doi.org/10.1017/S1047951124025733
https://doi.org/10.1038/s41467-024-52038-6
https://doi.org/10.1038/s41467-024-52038-6
https://doi.org/10.1038/s41467-024-52038-6
https://doi.org/10.1038/s41467-024-52038-6
https://doi.org/10.1038/s41467-024-52038-6
https://doi.org/10.1093/eurheartj/ehae056
https://doi.org/10.1093/eurheartj/ehae056
https://doi.org/10.1016/j.mayocp.2024.03.026
https://doi.org/10.4103/singaporemedj.SMJ-2023-089
https://doi.org/10.4103/singaporemedj.SMJ-2023-089
https://doi.org/10.4103/singaporemedj.SMJ-2023-089
https://doi.org/10.1007/s00246-023-03200-2
https://doi.org/10.1007/s00246-023-03200-2
https://doi.org/10.1007/s00246-023-03200-2
https://doi.org/10.1007/s00246-023-03200-2
https://doi.org/10.1007/s00246-023-03200-2
https://doi.org/10.1016/j.clim.2023.109751
https://doi.org/10.1016/j.ahj.2024.11.008
https://doi.org/10.1016/j.ahj.2024.11.008
https://doi.org/10.1007/s00431-023-05380-8
https://doi.org/10.1007/s00431-023-05380-8
https://doi.org/10.1007/s00431-023-05380-8
https://doi.org/10.1007/s00431-023-05380-8
https://doi.org/10.1097/INF.0000000000003803
https://doi.org/10.1097/INF.0000000000003803
https://doi.org/10.1002/uog.23619
https://doi.org/10.1002/uog.23619
https://doi.org/10.1038/s41467-020-18982-9
https://doi.org/10.1038/s41467-020-18982-9
https://doi.org/10.1038/s41467-020-18982-9
https://doi.org/10.1038/s41467-020-18982-9
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1007/s00431-023-04906-4
https://doi.org/10.1007/s00431-023-04906-4
https://doi.org/10.1007/s00431-023-04906-4
https://doi.org/10.1007/s00431-023-04906-4
https://doi.org/10.3390/children8070572
https://doi.org/10.1038/s41379-020-0639-4
https://doi.org/10.1038/s41379-020-0639-4
https://doi.org/10.1038/s41379-020-0639-4
https://doi.org/10.1038/s41379-020-0639-4
https://doi.org/10.1038/s41379-020-0639-4
https://doi.org/10.1038/s41390-022-02263-w
https://doi.org/10.1038/s41390-022-02263-w
https://doi.org/10.1038/s41390-022-02263-w
https://doi.org/10.1038/s41390-022-02263-w
https://doi.org/10.3390/children7070069
https://doi.org/10.4103/jfmpc.jfmpc_1284_22
https://doi.org/10.12890/2021_003025
https://doi.org/10.12890/2021_003025
https://doi.org/10.1093/cid/ciac072
https://doi.org/10.1093/cid/ciac072
https://doi.org/10.1186/s13052-024-01585-1
https://doi.org/10.1186/s13052-024-01585-1
https://doi.org/10.1186/s13052-024-01585-1
https://doi.org/10.1016/j.hrtlng.2022.03.007
https://doi.org/10.1001/jamanetworkopen.2021.26456
https://doi.org/10.1001/jamanetworkopen.2021.26456
https://doi.org/10.1097/PCC.0000000000003054

24

Journal of Intensive Care Medicine 0(0)

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Shingleton J, Burton L, Williams HE, et al. Risk of paediatric
multisystem inflammatory syndrome (PIMS-TS) during the
SARS-CoV-2 alpha and delta variant waves: National observa-
tional and modelling study, 2020-21, England. Front Pediatr.
2022;10:1034280. doi: 10.3389/fped.2022.1034280

Martin B, DeWitt PE, Russell S, et al. Characteristics, outcomes, and
severity risk factors associated with SARS-CoV-2 infection among
children in the US national COVID cohort collaborative. J4MA
Netw Open. Feb 1 2022;5(2):€2143151. doi: 10.1001/
jamanetworkopen.2021.43151

Miller AD, Yousaf AR, Bornstein E, et al. Multisystem inflamma-
tory syndrome in children during severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) Delta and omicron variant
circulation-United States, July 2021-January 2022. Clin Infect
Dis. Oct 3 2022;75(Suppl 2):S303-S307. doi: 10.1093/cid/ciac471
Miller AD, Zambrano LD, Yousaf AR, et al. Correction to:
Multisystem inflammatory syndrome in children-United States,
February 2020-July 2021. Clin Infect Dis. Aug 24
2022;75(1):186. doi: 10.1093/cid/ciac253

Bowen A, Miller AD, Zambrano LD, et al. Demographic and clin-
ical factors associated with death among persons <21 years old
with multisystem inflammatory syndrome in children-United
States, February 2020-march 2021. Open Forum Infect Dis. Aug
2021;8(8):0fab388. doi: 10.1093/ofid/ofab388

Whittaker R, Greve-Isdahl M, Boas H, Suren P, Buanes EA,
Veneti L. COVID-19 Hospitalization Among Children <18
Years by Variant Wave in Norway. Pediatrics. Sep 1
2022;150(3). doi: 10.1542/peds.2022-057564

Lopez L, Burgner D, Glover C, et al. Lower risk of multi-system
inflammatory syndrome in children (MIS-C) with the omicron
variant. Lancet Reg Health West Pac. Oct 2022;27:100604.
doi: 10.1016/j.lanwpc.2022.100604

Lopez L, Burgner D, Glover C, et al. Corrigendum to "Lower
risk of multi-system Inflammatory Syndrome in Children
(MIS-C) with the Omicron variant" [The Lancet Regional
Health - Western Pacific 27 (2022) 100604]. Lancet Reg
Health West Pac. Jun 2023;35:100808. doi: 10.1016/j.lanwpc.
2023.100808

Sperotto F, Gutierrez-Sacristan A, Makwana S, et al. Clinical
phenotypes and outcomes in children with multisystem inflam-
matory syndrome across SARS-CoV-2 variant eras: A multina-
tional study from the 4CE consortium. EClinicalMedicine. Oct
2023;64:102212. doi: 10.1016/j.eclinm.2023.102212

Rao S, Jing N, Liu X, et al. Spectrum of severity of multisystem
inflammatory syndrome in children: An EHR-based cohort study
from the RECOVER program. Sci Rep. Nov 28
2023;13(1):21005. doi: 10.1038/541598-023-47655-y
Dinsmore N, McRae JE, Quinn HE, et al. Paediatric Active
Enhanced Disease Surveillance (PAEDS) 2019: Prospective
hospital-based surveillance for serious paediatric conditions.
Commun Dis Intell (2018). Sep 30 2021;45. doi: 10.33321/cdi.
2021.45.53

Cohen JM, Carter MJ, Cheung CR, Ladhani S. Evelina paediatric
inflammatory multisystem syndrome temporally related to
S-C-SG. Lower risk of multisystem inflammatory syndrome in
children with the Delta and omicron variants of severe acute
respiratory syndrome coronavirus 2. Clin Infect Dis. Feb
8 2023;76(3):e518-e521. doi: 10.1093/cid/ciac553

Holm M, Espenhain L, Glenthoj J, et al. Risk and phenotype of
multisystem inflammatory syndrome in vaccinated and

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

unvaccinated danish children before and during the omicron
wave. JAMA Pediatr. Aug 1 2022;176(8):821-823. doi: 10.
1001/jamapediatrics.2022.2206

Levy N, Koppel JH, Kaplan O, et al. Severity and incidence of
multisystem inflammatory syndrome in children during 3
SARS-CoV-2 pandemic waves in Israel. JAMA. Jun 28
2022;327(24):2452-2454. doi: 10.1001/jama.2022.8025

Miller AD, Zambrano LD, Yousaf AR, et al. Multisystem inflam-
matory syndrome in children-United States, February 2020-July
2021. Clin Infect Dis. Aug 24 2022;75(1):e1165-e1175. doi: 10.
1093/cid/ciab1007

Goyal MK, Simpson JN, Boyle MD, et al. Racial and/or Ethnic
and Socioeconomic Disparities of SARS-CoV-2 Infection
Among Children. Pediatrics. Oct 2020;146(4). doi: 10.1542/
peds.2020-009951

Javalkar K, Robson VK, Gaffney L, et al. Socioeconomic and
Racial and/or Ethnic Disparities in Multisystem Inflammatory
Syndrome. Pediatrics. May 2021;147(5). doi: 10.1542/peds.
2020-039933

Sik G, Inamlik A, Akcay N, et al. Mortality risk factors among
critically ill children with MIS-C in PICUs: A multicenter study.
Pediatr  Res. Aug 2023;94(2):730-737. doi:  10.1038/
s41390-023-02518-0

Nachega JB, Sam-Agudu NA, Machekano RN, et al. Assessment
of clinical outcomes among children and adolescents
hospitalized with COVID-19 in 6 sub-saharan African countries.
JAMA Pediatr. Mar 1 2022;176(3):e216436. doi: 10.1001/
jamapediatrics.2021.6436

Lima-Setta F, Magalhaes-Barbosa MC, Rodrigues-Santos G,
et al. Multisystem inflammatory syndrome in children (MIS-C)
during SARS-CoV-2 pandemic in Brazil: A multicenter, pro-
spective cohort study. J Pediatr (Rio J). May-Jun
2021;97(3):354-361. doi: 10.1016/j.jped.2020.10.008

Almeida FJ, Jarovsky D, Almeida Farias CG, et al. High Fatality
Rates in Pediatric Multisystem Inflammatory Syndrome: A
Multicenter Experience From the Epicenter of Brazil’s
Coronavirus Pandemic. Pediatr Infect Dis J. Nov 22 2023. doi:
10.1097/INF.0000000000004164

Irfan O, Muttalib F, Tang K, Jiang L, Lassi ZS, Bhutta Z.
Clinical characteristics, treatment and outcomes of paediatric
COVID-19: A systematic review and meta-analysis. Arch Dis
Child. Feb 16 2021;106(5):440-448. doi: 10.1136/archdischild-
2020-321385

Capone CA, Misra N, Ganigara M, et al. Six Month Follow-up of
Patients With Multi-System Inflammatory Syndrome in
Children. Pediatrics. Oct 2021;148(4). doi: 10.1542/peds.
2021-050973

Kahn R, Berg S, Berntson L, et al. Population-based study of
multisystem  inflammatory ~ syndrome  associated = with
COVID-19 found that 36% of children had persistent symptoms.
Acta Paediatr. Feb 2022;111(2):354-362. doi: 10.1111/apa.
16191

Maddux AB, Berbert L, Young CC, et al. Health Impairments in
Children and Adolescents After Hospitalization for Acute
COVID-19 or MIS-C. Pediatrics. Sep 1 2022;150(3). doi: 10.
1542/peds.2022-057798

Maddux AB, Young CC, Kucukak S, et al. Risk factors for health
impairments in children after hospitalization for acute
COVID-19 or MIS-C. Front Pediatr. 2023;11:1260372. doi:
10.3389/fped.2023.1260372


https://doi.org/10.3389/fped.2022.1034280
https://doi.org/10.1001/jamanetworkopen.2021.43151
https://doi.org/10.1001/jamanetworkopen.2021.43151
https://doi.org/10.1093/cid/ciac471
https://doi.org/10.1093/cid/ciac253
https://doi.org/10.1093/ofid/ofab388
https://doi.org/10.1542/peds.2022-057564
https://doi.org/10.1542/peds.2022-057564
https://doi.org/10.1016/j.lanwpc.2022.100604
https://doi.org/10.1016/j.lanwpc.2023.100808
https://doi.org/10.1016/j.lanwpc.2023.100808
https://doi.org/10.1016/j.eclinm.2023.102212
https://doi.org/10.1038/s41598-023-47655-y
https://doi.org/10.1038/s41598-023-47655-y
https://doi.org/10.1038/s41598-023-47655-y
https://doi.org/10.1038/s41598-023-47655-y
https://doi.org/10.33321/cdi.2021.45.53
https://doi.org/10.33321/cdi.2021.45.53
https://doi.org/10.1093/cid/ciac553
https://doi.org/10.1001/jamapediatrics.2022.2206
https://doi.org/10.1001/jamapediatrics.2022.2206
https://doi.org/10.1001/jama.2022.8025
https://doi.org/10.1093/cid/ciab1007
https://doi.org/10.1093/cid/ciab1007
https://doi.org/10.1542/peds.2020-009951
https://doi.org/10.1542/peds.2020-009951
https://doi.org/10.1542/peds.2020-009951
https://doi.org/10.1542/peds.2020-039933
https://doi.org/10.1542/peds.2020-039933
https://doi.org/10.1542/peds.2020-039933
https://doi.org/10.1038/s41390-023-02518-0
https://doi.org/10.1038/s41390-023-02518-0
https://doi.org/10.1038/s41390-023-02518-0
https://doi.org/10.1038/s41390-023-02518-0
https://doi.org/10.1038/s41390-023-02518-0
https://doi.org/10.1001/jamapediatrics.2021.6436
https://doi.org/10.1001/jamapediatrics.2021.6436
https://doi.org/10.1016/j.jped.2020.10.008
https://doi.org/10.1097/INF.0000000000004164
https://doi.org/10.1136/archdischild-2020-321385
https://doi.org/10.1136/archdischild-2020-321385
https://doi.org/10.1136/archdischild-2020-321385
https://doi.org/10.1542/peds.2021-050973
https://doi.org/10.1542/peds.2021-050973
https://doi.org/10.1542/peds.2021-050973
https://doi.org/10.1111/apa.16191
https://doi.org/10.1111/apa.16191
https://doi.org/10.1542/peds.2022-057798
https://doi.org/10.1542/peds.2022-057798
https://doi.org/10.1542/peds.2022-057798
https://doi.org/10.3389/fped.2023.1260372

Shyong et al.

25

219.

220.

221.

Ashkenazi-Hoffnung L, Shmueli E, Ehrlich S, et al. Long
COVID in children: Observations from a designated pediatric
clinic. Pediatr Infect Dis J. Dec 1 2021;40(12):¢509-e511. doi:
10.1097/INF.0000000000003285

Buonsenso D, Munblit D, De Rose C, et al. Preliminary evidence
on long COVID in children. Acta Paediatr. Jul 2021;110(7):2208-
2211. doi: 10.1111/apa.15870

Goldman RD. Long COVID in children. Can Fam Physician.
Apr 2022;68(4):263-265. doi: 10.46747/cfp.6804263

222.

223.

Ludvigsson JF. Case report and systematic review suggest that
children may experience similar long-term effects to adults
after clinical COVID-19. Acta Paediatr. Mar 2021;110(3):914-
921. doi: 10.1111/apa.15673

Say D, Crawford N, McNab S, Wurzel D, Steer A, Tosif
S. Post-acute COVID-19 outcomes in children with
mild and asymptomatic disease. Lancet Child Adolesc
Health. Jun 2021;5(6):e22-e23. doi: 10.1016/S2352-4642(21)
00124-3


https://doi.org/10.1097/INF.0000000000003285
https://doi.org/10.1111/apa.15870
https://doi.org/10.46747/cfp.6804263
https://doi.org/10.1111/apa.15673
https://doi.org/10.1016/S2352-4642(21)00124-3
https://doi.org/10.1016/S2352-4642(21)00124-3
https://doi.org/10.1016/S2352-4642(21)00124-3
https://doi.org/10.1016/S2352-4642(21)00124-3

	 Introduction
	 MIS-C Pathology and Pathophysiology
	 Neutrophil Activation
	 Neutrophil-Extracellular Trap (NET) Formation
	 T-Lymphocyte Activation
	 Antibody-Dependent Enhancement
	 Neutrophil to Lymphocyte Ratio as a Biomarkers for MIS-C Disease Severity
	 Upregulation of Phospholipase A2 Group IIA (PLA2G2A)
	 Direct SARS-CoV-2 Viral Invasion
	 Endothelial Cell Activation and Vascular Dysfunction
	 Gastrointestinal Tract—a Potential Source of SARS-CoV-2 Viral Antigenemia

	 END-Organ Dysfunction
	 Cardiac Dysfunction
	 Pulmonary Dysfunction
	 Gastrointestinal Dysfunction
	 Neurological Dysfunction
	 Renal Dysfunction
	 Coagulation Dysfunction and Thrombo-Embolism

	 Treatment and Therapies
	 Glucocorticoids and Intravenous Immunoglobulin (IVIG)
	 Targeting pro-Inflammatory Cytokines: Receptor Antagonists and Monoclonal Antibodies
	 Combination Therapies and Treatment Strategies
	 Anti-Coagulation and Antiplatelet Therapies
	 CDC Guidelines

	 Mechanical Support
	 Vaccines and MIS-C
	 Multisystem Inflammatory Syndrome in Neonates (MIS-N)
	 Pathophysiology of MIS-N
	 Clinical Manifestations of MIS-N
	 Treatment of MIS-N

	 Multisystem Inflammatory Syndrome in Adults (MIS-A)
	 Epidemiology of MIS-C
	 Incidence
	 Severity of Illness—Acute COVID-19 Versus MIS-C
	 MIS-C Trends Over Time
	 Socio-Economic and Racial Disparities in SARS-CoV-2 Infections among Children
	 Outcomes: A Global Perspective

	 Post Acute Sequelae of MIS-C
	 Conclusion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


