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Abstract
In this multicenter retrospective study we aimed to evaluate the outcome of cardiac involvement in children affected by multisys-
tem inflammatory syndrome (MIS-C), assessed through cardiac magnetic resonance (CMR). Children referring to three Italian
tertiary pediatric centers between February 2020 and November 2021 with a diagnosis of MIS-C, who underwent CMR during
a follow-up visit, were enrolled. Demographic, clinical, laboratory, treatment, and outcome data were collected. Twenty MIS-C
patients (aged 9-17, median 12 years) were included in the study. Heart involvement at onset was testified by hypotension/shock
(55%), laboratory evidence of myocardial involvement (100%), reduced LV ejection fraction (EF) on echocardiography (83%),
and/or need for inotrope agents (40%); they all presented good clinical, laboratory, and echocardiographic response to treatment.
CMR was performed after a median interval of 3 months from discharge. Pericardial effusion and myocardial edema were found
in 5% of patients. Mild residual left ventricular (LV) dysfunction was found in 20% of patients, all showing normal echocardio-
graphic LVEF at discharge. Minimal myocardial scars were found in 25% by late gadolinium enhancement (LGE). One patient
was evaluated at two consecutive time points, showing partial resolution of a myocardial scar after 7 months from its first finding.
Conclusion: Despite the severity of heart involvement in the acute MIS-C phase, the mid-term cardiac outcome is good.
Direct cardiac tissue viral invasion may be involved in MIS-C pathogenesis.

What is Known:

® Heart involvement is common in MIS-C, but conflicting findings have been shown regarding cardiac outcome when assessed through cardiac MRI.

What is New:

o Midterm cardiac MRI shows mild abnormalities in patients recovered from MIS-C with any grade of severity of cardiac involvement at
presentation.
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NIV Non-invasive ventilation

NSAIDs Non-steroidal anti-inflammatory drugs

NT-proBNP  N-terminal fragment brain natriuretic
peptide

PICU Pediatric intensive care unit

PSIR Phase-sensitive inversion recovery

RT-PCR Real-time polymerase chain reaction

SARS-CoV-2 Severe acute respiratory syndrome corona-
virus 2

STIR Short Tau inversion recovery

TSE Turbo spin echo

US Ultrasound
WHO World Health Organization

Background

Since its appearance in late 2019, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection showed a
milder disease course in children when compared to adults
[1]. However, children may develop a hyperinflammatory
response to SARS-CoV-2 infection, called multisystem
inflammatory syndrome (MIS-C) [2]. Heart involvement
is common in MIS-C: myocarditis, ventricular dysfunction,
valvular regurgitation, and pericardial effusion are more
frequently reported than coronary artery abnormalities
(CAA) [3]. Despite the severity of clinical manifestations
at onset, an excellent cardiac outcome has been reported
when evaluated through echocardiography at a 3-month
follow-up [4]. However, conflicting findings concerning
cardiac outcome have been shown when performing CMR
in the acute phase of MIS-C [4-8]. Moreover, exhaus-
tive data on cardiac recovery are lacking, so that cardiac
follow-up recommendations for patients with MIS-C are
still uncertain, being mostly derived from those applied
for Kawasaki disease (KD) and viral myocarditis in the
pre-COVID era [9, 10].

In this multicenter study, we aimed to evaluate the out-
come of cardiac involvement in patients affected by MIS-C,
assessed through CMR.

Methods
Study design and population

In this multicenter retrospective study, all MIS-C patients
referring to three Italian tertiary pediatric centers (Institute
for Maternal and Child Health, IRCCS “Burlo Garofolo”,
Trieste; ASST Spedali Civili, Brescia; Meyer Children’s
University Hospital, Florence) from February 1, 2020, to
November 31, 2021 were enrolled. For the purpose of this
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study, only patients who underwent CMR, prescribed by
the treating physician as standard of care, during follow-
up visits were taken into account. Demographic, clinical,
laboratory, treatment, and outcome data were collected in
an anonymized database. Diagnosis of MIS-C was based on
the WHO case definition [11].

CMR protocol and image analysis

Cardiac MRI was performed on 1.5-Tesla magnetic reso-
nance scanners (Philips Intera®, Philips Ingenia®) with a
cardiac phased-array receiver surface coil, ECG-gating, and
breath-hold technique, using a dedicated cardiac software.
The three centers presented similar protocols. Cine images in
two-, three-, and four-chamber views and a stack of contigu-
ous short-axis slices from the atrioventricular plane to the
apex were acquired using balanced steady-state free preces-
sion (bSSFP) pulse sequence. T2-weighted short tau inver-
sion recovery (STIR) or turbo spin echo (TSE) with fat sup-
pression pulse sequences were acquired with the same slice
coverage as cine images. Approximately 10 min after intrave-
nous administration of 0.1 mmol/kg gadolinium-based con-
trast agent, late gadolinium enhancement (LGE) images were
acquired using segmented T1-weighted inversion-recovery
prepared gradient-echo or phase sensitive inversion recovery
(PSIR) pulse sequences, individually adjusting inversion time
to optimize nulling of apparently normal myocardium. Pre-
and post-contrast T1-mapping was conducted with a MOLLI
sequence in three short axis slices (basal, midventricular and
apical). T2 mapping was conducted with a GRASE sequence
in the same short axis slices. Studies were evaluated by a
radiologist and/or a cardiologist with specific expertise in
cardiac MRI at each center.

LV and RV volumes and function were measured using the
standard volumetric technique from the cine short axis stack,
with the endocardial border traced at end-diastole and end-
systole for each slice and the epicardial border traced at end-
diastole [12]. Volume and mass measures were indexed to
body surface area. On T2-weighted images, edema was con-
sidered present when a signal hyperintensity was observed
in two orthogonal planes and/or the ratio of signal inten-
sity between the myocardium and the mean signal intensity
of the skeletal muscle was>2 [13, 14]. Presence of LGE
was defined by the presence of areas with increased signal
intensity following administration of contrast medium in two
orthogonal planes. Global T1 and T2 values were obtained
by averaging all segmental T1 and T2 values, respectively.

Data analysis

Categorical variables were reported as absolute numbers and
percentages. Continuous variables were expressed as means
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and standard deviations (SD) or as median and inter-quartile
ranges (IQR), if not normally distributed.

Results
Population characteristics

Twenty children with a previous diagnosis of MIS-C had
been evaluated with a cardiac MRI during their follow-up
and were therefore included in the study. Data regarding
their demographic characteristics, evidence of previous
SARS-CoV-2 infection, and baseline symptoms at hospi-
tal admission for MIS-C, as well as laboratory markers,
echocardiographic findings, treatment, and time of stay, are
shown in Table 1.

Most of the children were male (15/20, 75%) and Cauca-
sian (16/20, 80%), with an age ranging from 9 to 17 years
(median 12, IQR 11-14). Evidence of previous SARS-
CoV-2 infection was based on detectable IgG and/or IgM
antibodies in 16/20 children (80%), and a positive naso-
pharyngeal swab assessed by RT-PCR in 11/20 (55%); for
two patients with negative serology and no reported positive
RT-PCR, diagnosis of MIS-C was based on a recent contact
with a subject with COVID-19 patient and on typical clini-
cal presentation (with fever, myocarditis, shock, markedly
elevated inflammatory markers, and no microbial cause)
respectively.

All the patients presented with fever on admission. Gas-
trointestinal involvement (vomiting, diarrhea, abdominal
pain) was present in 14/20 patients (70%); conjunctivitis,
rash, and cheilitis/oral mucositis were present in 11/20
(55%), 9720 (45%), and 6/20 (30%) patients respectively;
dyspnea and/or cough in 7/20 (35%); and headache in 6/20
(30%). Remarkably, 11/20 patients (55%) presented with
hypotension and/or shock. Six patients (30%) received oxy-
gen support, with 2 of them requiring non-invasive ventila-
tion (NIV); one patient needed mechanical ventilation (MV)
and was the only one in our cohort to experience a cardiac
arrest.

Markers of inflammation were markedly increased in all
of our patients, with a median value of CRP of 152 mg/L
(IQR 109-234). Laboratory evidence of myocardial involve-
ment was found in all patients as well, either as elevated
high-sensitivity troponin-T (hs-TnT, median 338 pg/mL,
IQR 197-708), high-sensitivity troponin-I (hs-Tnl, median
135 pg/mL, IQR 84-322), or NT-proBNP (median 5158 pg/
mL, IQR 2110-28,941).

Echocardiography was performed in 18/20 patients
(90%) on admission, resulting normal in two patients only
(11%). Remarkably, reduced LVEF was found in 15/18
patients (83%), mostly with a mild (9/15; 60%) or moder-
ate (3/15; 20%) depression; severely reduced LVEF was

observed in the remaining 3 patients (20%, 15% of the
entire cohort). Valvular regurgitation and pericardial effu-
sion were found in 5/18 (28%) and 3/18 (17%) patients,
respectively. Three patients (17%) experienced CA abnor-
malities, one with ectasia of the left anterior descending
CA and two with aneurysms (left circumflex and left main
CAs, respectively).

Apart from patient 1, who was treated with non-steroidal
anti-inflammatory drugs (NSAIDs) and colchicine, all the
other patients (19/20, 95%) received intravenous immune
globulins (IVIG, 2 g/kg), combined with intravenous meth-
ylprednisolone in 18/20 (90%), either with a 1-2-mg/kg/
day dosing regimen (10/18, 56%) or with 30-mg/kg pulses
(8/18, 44%). Low-dose aspirin was started in 7/20 cases
(35%). Eight (40%) patients required inotrope agents (such
as adrenalin, dopamine, milrinone) and five (25%) biological
therapy (anakinra) to control the disease. Ten patients (50%)
were admitted to pediatric intensive care unit (PICU), either
because requiring inotropes or non-invasive or mechanical
ventilation, for a median time of 7.5 days (IQR 6-13.5),
while the median total time of hospitalization was 19 days
(IQR 11-26).

All the patients showed a good response to treatment and
were discharged free of symptoms and with normal (9/20
patients, 45%) or markedly reduced (11/20 patients, 55%)
levels of CRP, troponin, and NT-proBNP. Echocardiography
was performed at discharge in most of our patients (19/20,
95%), with normal findings in most of them (15/19, 79%).
Patients 15 and 16 (10%) showed residual mildly depressed
LVEF, although improved compared to the ultrasound (US)
at disease onset, and mild mitral regurgitation. Patient 16
showed residual pericardial effusion as well. Signs of resid-
ual myopericarditis were found in patients 1 and 9. No CA
abnormalities were found.

Cardiac MRI

Apart from patient 1 who was studied 10 days after MIS-C
onset, all of the patients received cardiac MRI with an inter-
val of at least 1 month, with a median of 3 months (IQR 2-6)
and a maximum of 9 months. Cardiac MRI was performed at
two consecutive time points in patient 20, at 2 and 9 months
respectively. Data regarding cardiac volumetric, functional
and tissue characteristics are shown in Table 2.

Sixteen patients (80%) had normal biventricular volumes
and function. Mildly reduced LVEF was found in all of the
remaining 4/20 (20%): patient 1, with the shortest follow up
and signs of myopericarditis on discharge, and patients 2,
11, and 13 who all showed normal LVEF on echocardiogra-
phy at discharge. Notably, patient 13 was also the only with
increased indexed left ventricular size (LVEDVI 112 ml/m?).
Prolonged T1 time as a sign of either persisting myocar-
dial edema or fibrosis was found in 3/20 cases (15%), who
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Fig.1 CMR imaging in a
patient with previous MIS-C,
showing subepicardial/intramy-
ocardial LGE in the basal infer-
olateral wall of the left ventricle
(red arrows). CMR, cardiac
magnetic resonance; MIS-C,
multisystem inflammatory
syndrome in children; LGE, late
gadolinium enhancement

were studied with an interval ranging from 4 (patient 13) to
8 months (patient 17). Prolonged T2 time as a more specific
sign of myocardial edema was found in patient 8 only (1/20,
5%), who was studied with an interval of 2 months. A thin
layer of pericardial effusion was revealed in patient 11 only
(5%). Minimal late gadolinium enhancement (Fig. 1) was
shown in 5/20 participants (25%), with patient 20 present-
ing it at a maximum 9-month interval after MIS-C onset,
although reduced in entity compared to his previous MRI
evaluation performed after 2 months; apart from patient 1,
all of the remaining patients showing LGE (no. 5, 6, 14, and
20) had normal echocardiography at discharge.

Discussion

This is a multicenter study to evaluate cardiac involvement
evolution of MIS-C patients through cardiac MRI.

Heart involvement is common in MIS-C, and the most
frequent clinical manifestations are ventricular dysfunction,
valvular regurgitation, arrhythmias, pericardial effusion, and
CAA. In a study including 503 patients with MIS-C evalu-
ated through echocardiography, depressed LVEF was found
in 34%, being severely depressed in 22% of them, while
CA aneurysm, mostly mild (93%), were found in 13% [3].
In another study including 286 MIS-C cases who under-
went echocardiography, 42% had mitral regurgitation and
28% showed pericardial effusion [4]. Adequate supportive
therapy and immune-modulatory treatment lead to complete
resolution within days to weeks with low mortality rates
[15]. Cardiac outcomes evaluated through echocardiography
at a 3-month follow-up are excellent, with normalized LVEF
and CA aneurysm resolution in nearly all patients [3, 4].

However, conflicting findings concerning cardiac out-
come have been shown when performing CMR in the acute
phase of MIS-C (i.e., within 1 month from onset). While
a small case series [5] reported no myocardial damage,

myocardial edema was demonstrated in all of the four
patients from another case series [6]. In another study [7],
myocardial edema was found in half of the 20 reported chil-
dren, depressed LVEF in 35%, and a subendocardial scar
in one patient. In another cohort including 17 children [8],
35% showed LGE, 12% pericardial effusion, and only one
(6%) myocardial edema. Finally, in the large cohort studied
by Valverde et al. [4], cardiac MRI was performed in 42
children showing myocardial edema in one-third, pericardial
effusion in 24%, and LGE in 14%.

Remarkably, in our cohort, all the patients presented a
severe acute disease and suffered from acute cardiac involve-
ment, with an 83% prevalence of depressed LVEF (being
severely reduced in 20%) which is at least two times higher
than reported frequency in non-selected MIS-C patients [3].
CA abnormalities, valvular regurgitation, and pericardial effu-
sion frequencies in our cohort were instead in line with exist-
ing literature [3, 4]. More than half of them presented with
hypotension and/or shock, similarly to larger studied cohorts
[4]; a nonfatal cardiac arrest was observed as well. LV systolic
dysfunction was still present in 10% at discharge, comparably
to other reports [16]. In fact, our data, although limited to a
few cases, are to consider representative of children with any
grade of severity of cardiac involvement from MIS-C.

The interval occurred between MIS-C onset, and cardiac
MRI in our cohort was variable, as a result of the multi-
center design and the retrospective protocol of our study,
with patient 1, in particular, being evaluated in the acute
phase of the MIS-C episode. The findings in this patient
of a mildly depressed LVEF and of LGE are not therefore
surprising when considering other cohorts evaluated in the
acute phase [4-8], with a considerable prevalence of myo-
cardial edema, depressed LVEF, pericardial effusion, and
LGE as an expression of a recent cardiac involvement, as
mentioned above.

A few other studies have evaluated MIS-C cardiac
involvement evolution through cardiac MRI at a midterm
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timepoint. In the case series by Tannoury et al. [17], car-
diac MRI was performed in two MIS-C patients 3.5 and
1.5 months after recovery respectively, showing mild myo-
cardial scarring as evident by LGE in the latter. In con-
trast, in the retrospective study by Bartoszek et al. [18], 19
patients with evidence of previous MIS-C cardiac involve-
ment were studied through cardiac MRI 3 months after
recovery, showing no signs of LGE nor depressed LVEF,
but pericardial effusion in 16% and myocardial edema as
assessed through T2 signal intensity ratio (though with nor-
mal T1 and T2 mapping values) in only 1 patient (5%). In
their prospective controlled study, Webster et al. [19] did
not find depressed LVEF or myocardial edema in any of
6 MIS-C patients at a median of 2 months from the acute
phase, although elevated troponin had been found in only
two of their MIS-C participants and only two had showed
reduced LVEF on echocardiography during initial admis-
sion. Moreover, they did not evaluate LGE as no gadolinium
contrast agent was administered. Finally, Barris et al. [20]
reported of 9 MIS-C patients with cardiac involvement in
the acute phase, as testified by either elevated troponin or
reduced LVEF, who underwent cardiac MRI after a median
9.4-month interval, with no evidence of depressed LVEF
or LGE but a considerable prevalence (44%) of myocardial
edema. Of note, the latter was assessed through T2 signal
intensity ratio and not through T1 and T2 mapping, which
can overcome some of its limitations [21].

In contrast to all of these studies, we found a 20% preva-
lence of mildly reduced LVEF, at a maximum interval of
4 months after MIS-C onset. Persisting mild LV dysfunc-
tion at a 4-9-month interval, although infrequent, has been
described in a pediatric MIS-C cohort evaluated through
echocardiography [22]. However, the clinical relevance
of this finding remains unclear considering that all of our
patients with reduced LVEF when assessed through cardiac
MRI had normal echocardiography at discharge. Notably,
the two techniques are not directly comparable when assess-
ing cardiac volumes and function, since cardiac MRI allows
a three-dimensional measurement while echocardiography
relies on a summation-of-disks approach (Simpson’s biplane
rule). It would therefore be interesting to compare cardiac
MRI and echocardiography data obtained at the same time
for each patient, data that unfortunately were not available
in our cohort. Such a comparison would be of great help
in MIS-C patients when questioning if the differences we
observed between the two techniques actually rely on an
MRI overinterpretation, an ongoing pathological process
leading to scarring and fibrosis (although all but one of the
patients presenting LGE in our cohort had normal LVEF
on cardiac MRI), or a more precise measurement through

@ Springer

cardiac MRI as observed in patients affected by other dis-
orders [23].

The MRI protocol in our study included T2 mapping,
through which we found a 5% prevalence of myocardial
edema, as a sign of ongoing myocarditis persisting up to
2 months after the acute phase. Moreover, we found a 5%
prevalence of persisting minimal pericardial effusion at
3 months after the onset. These results confirm the findings
by Bartoszek et al. [18].

Finally, in contrast to all of the previous observations,
we observed LGE as an expression of persisting scars in
25% of our patients, although minimal in the entity. MIS-C
is considered the result of an abnormal immune response to
SARS-CoV-2 where cardiac involvement could recognize
its pathophysiology in postinfectious myocarditis, simi-
larly to Kawasaki-related myocarditis [24], which usually
occurs without residual myocardial fibrosis [25]. Neverthe-
less, myocardial scars are typical findings in either viral or
immune-mediated myocarditis [26]. In particular, in a pro-
spective study including 18 adolescents with acute myocar-
ditis in the “pre-COVID era,” cardiac MRI performed after
6-9 months revealed a 44% prevalence of persisting scars
[27]. Given the post-mortem findings showing virus parti-
cles in the cardiac tissue of patients died for MIS-C [28],
a direct viral invasion could be hypothesized as the cause
of damage in MIS-C. Remarkably, the long-term risk of a
major adverse cardiac event such as ventricular arrhythmias
or sudden cardiac death in patients with myocarditis is more
than doubled in presence of persistent scars, even though
their extent should be considered when assessing this risk
[29]. We are not able to assess such a risk in our cohort,
and, more importantly, to predict the evolution of myocardial
scars in MIS-C patients. Of note, the one patient (no. 20) in
our cohort receiving two consecutive cardiac MRI evalua-
tions showed a reduction of LGE entity after 7 months from
its first finding.

In conclusion, our data suggest that despite the severity
of heart involvement in the acute MIS-C phase, the cardiac
outcome is good. Larger longitudinal studies are needed on
MIS-C patients in order to confirm this positive evolution and
to establish the effective need and duration for physical activ-
ity restrictions or specific cardioprotective treatment [30].

Our study has four main limitations. Firstly is the small sam-
ple size, which carries a risk of selection bias, although attenu-
ated by the multicenter design of our study; secondly, the vari-
able time interval between acute MIS-C and cardiac MRI scan;
thirdly, the heterogeneity of the radiologists who analyzed car-
diac MRI results, without any double or triple check to evaluate
inter-reader variability; and finally, the lack of a control group,
which could help to avoid MRI findings overinterpretation [31].
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