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Background: A severe multisystem inflammatory syndrome in children (MIS-C) related
to SARS-CoV-2 has been described after infection. A limited number of reports have
analyzed the long-term complications related to pro-inflammatory status in MIS-C.
We evaluated multiorgan impairment at the 6-month follow-up in MIS-C.
Methods: We enrolled 33 pediatric patients consecutively hospitalized for MIS-C and
monitored for almost 6 months. The inter-relationship of patient’s features and
disease severity at admission with long term complications was studied by
multivariate analysis.
Results: Endo-metabolic derangement, cardiac injury, respiratory, renal and
gastrointestinal manifestations and neurological involvement are part of the initial
presentation. The most abnormalities appear to resolve within the first few weeks,
without significant long term dysfunction at the 6-months follow-up, except for
endocrine (non-thyroidal illness syndrome in 12.1%, insulin resistance in 21.2%) and
neurological system (27.3% cognitive or psychological, behavioral, adaptive
difficulties). Endocrine and heart involvement at admission represent a significant
factor on the long term sequelae; however no association between severity score
and long-term outcome was noted.
Conclusions: The severity of initial clinical presentation may be associated to organ
domain, however it is not related to long term sequelae. The prevalent organ
restoration supports a predominant indirect immune-mediated injury triggered by a
systemic inflammatory response; however a direct damage due to the viral entry
could be not excluded. Eventhought our preliminary results seem to suggest that
MIS-C is not a long-term risk condition for children health, a longer follow-up is
mandatory to confirm this hypothesis.
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1. Introduction

In March 2020, the World Health Organization declared

COVID-19 a global pandemic (1). COVID-19 is a highly infectious

disease responsible for significant rates of illness, hospitalization,

and death among humans (1). The virus frequently causes

respiratory manifestations such as fever, cough, and dyspnea.

Gastrointestinal symptoms are also reported (2). In some cases, a

severe infection can develop that can be fatal, manifesting as ARDS

and multi-organ failure (2).

Although less frequently compared to the adult population,

COVID-19 affects the pediatric age group. Recently, Ludvigsson

et al. (2020) reported that children accounted for 1%–5% of

COVID-19 cases, with a slight prevalence in the male sex (3). Most

cases involve mild-to-moderate infection, 13% are asymptomatic,

and 3% have severe disease (3); deaths were extremely rare (3).

However, the development of a severe multisystem inflammatory

syndrome in children (MIS-C) related to SARS-CoV-2 has been

described after infection (4–6).

Among the children with a confirmed exposure to COVID-19,

less than 1% developed MIS-C (7). The demographic features of

the patients revealed an age range between 7 and 10 years (8, 9),

depending on the study, with a male predominance. The

pathogenic mechanism of MIS-C remains unclear; the most

accepted theory describes the primary role of a cytokine storm and

the action of the adaptive immunity after SARS-CoV-2 infection

(10, 11). Additionally, certain intrinsic susceptibility factors in the

host have been described and the evidence of molecular mimicry

was also presented for the disease pathogenesis (10).

As reported by Centers for Disease Control and Prevention

(CDC), MIS-C may occur in subjects aged <21 years who test

positive for current or recent SARS-CoV-2 infection by RT-PCR,

serology, or antigen test or presented exposure to COVID-19

within four weeks prior to the onset of symptoms. Patients with

MIS-C shows fever, biochemical evidence of inflammation and

multisystem organ involvement (≥2, including cardiac, renal,

respiratory, hematologic, gastrointestinal, dermatologic, or

neurological system) requiring hospitalization and no alternative

plausible diagnoses (12, 13).

The role of pro-inflammation after acute SARS-CoV-2 infection

in poor prognosis and complications has been described in the

literature (10, 14). A set of persistent symptoms occurring after

documented SARS-CoV2 infection, defined as post-COVID

syndrome (or long COVID), has been described in adults and the

pediatric population (15), not only among those patients who were

hospitalized with severe symptoms but also among those who were

asymptomatic or with only mild symptoms. MIS-C may be

recognized as post-COVID syndrome (16, 17); additionally, long-

term complications related to pro-inflammatory status in children

with MIS-C may not be excluded. To date, a limited number of

reports have analyzed them (18–25).

The aim of this study was to evaluate multiorgan impairment at

the 6-month multidisciplinary follow-up in children and adolescents

with MIS-C, to assess whether MIS-C can be considered a long-term

risk condition for child health; the interrelationship of patient’s

features and severity of disease at admission with long-term

complications was also studied.
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2. Patients and methods

2.1. Patients

In this prospective cohort study of patients, we included all

children and adolescents consecutively hospitalized between

November 2020 and March 2021 to the Pediatric Department of

Children’s Hospital Vittore Buzzi (Milan, Italy) for MIS-C,

defined according to the Centers for Disease Control and

Prevention (CDC) classification (12) and monitored for at least

6 months. As part of this study, for all patients, demographics

and clinical characteristics, comorbidities, clinical presentation,

multi-organ involvement, information about hospitalization

[hospital stay length, need for pediatric intensive-care unit

(PICU), ventilation support, outcomes], and laboratory data

were recorded at admission. At the 6-month multidisciplinary

follow-up, a clinical, biochemical, and instrumental assessment

was repeated.

The study was conducted according to the guidelines of the

Declaration of Helsinki and approved by the Institutional Review

Board of the hospital (protocol number 2021/ST/138); the ethics

committee approved the enrollment of all patients with a

diagnosis of MIS-C admitted to the Vittore Buzzi Children’s

Hospital, Milan, from the beginning of the pandemic, including

baseline and follow-up data. At the beginning of pandemic,

MIS-C was not recognized as specific entity and the need of a

long-follow-up were not clearly defined, thus no pre-existing

ethical approval was available. After being informed about the

nature of the study, children’s guardians gave their written

consent for the participation.
2.2. Methods

2.2.1. Disease indicators and outcomes
The diagnostic procedure for confirming the MIS-C included all

measures described according to the CDC case definition (12). As

proof of SARS-CoV-2 infection we included positive reverse-

transcriptase polymerase chain reaction or positive immunoglobulin

M or G in a rapid test, or positive enzyme-linked immunosorbent

assay, or antigen assay or known contact with a confirmed COVID-

19 patient.

Severity of multisystemic involvement at admission was assessed

devising a sub-score of severity for any of the domains involved:

kidney, heart, gastrointestinal system, central nervous system, lung,

skin-mucosal involvement, endocrine system, metabolic involvement,

electrolyte imbalance.

Each sub-score ranges from 0 to 2 points and the total severity

score was defined as the sum of each of the sub-scores (see

following sections and Table 1 for details about the definition of

each sub-score).

Furthermore, the outcomes considered in this work are referral to

ICU during first hospitalization and long-term complications, the

latter defined as presence at 6-months follow-up evaluation of

at least one complication among the above domains plus presence

of fever.
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TABLE 1 Definitions of severity sub-scores and variables related to hospitalization.

Organ SCORE

0 1 2

Kidney Normal creatinine Increase in creatinine <50% (26) Increase in creatinine >50% (26)

Heart Ejection fraction >45%
(27)

Ejection fraction ≤45% (27) Ejection fraction ≤35% (27)

Gastrointestinal system None Abdominal symptoms (28) Abdominal symptoms and ultrasound
pathological signs eco (28)

Central nervous system None or aspecific
neurological signs

mild encephalopathy
+ focal neurological signs
+/− focal EEG abnormalities

encephalopathy
+ focal neurological signs
+ diffuse EEG abnormalities

Lung None respiratory symptoms and/or O2 therapy and/or Imaging
alteration

Ventilation need

Fever <3 days 3–7 days (29) >7 days (29)

Skin/mucosal involvement None skin Skin and mucosal

Endocrine system None <2 hormonal alterations (Including thyroid and/or adrenal
hormones and/or insulin)

≥2 hormonal alterations

Metabolic involvement None <2 metabolic parameters (Including increased FBG,
dyslipidemia, insulin resistance, hepatic alteration)

≥2 metabolic parameters

Duration of hospitalization in
pediatric intensive care unit

None ≤3 days >3 days

Hospitalization <10 days 11–14 days ≥15 days

Weight loss None ≤0.5 BMI-SD >0.5 BMI-SD

Electrolyte imbalance None 1 (sodium or potassium) 2 altered electrolytes
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2.2.2. Protocol therapy for MIS-C
As previously reported, to control and stop the hyperimmune

response of MIS-C, a standard protocol for treatment based on a

review of the current literature and mainly derived from Kawasaki

disease experience and multidisciplinary expert consensus was

adopted (30).

The cardinal treatment consisted of IVIG at 2 g/kg. In case of

hemodynamic impairment, need for oxygen, and heart failure,

corticosteroids (methylprednisolone) were added. In the case of

mildly reduced LVEF or minimal oxygen support, we gave

methylprednisolone 2 mg/kg for 5 days, followed by gradual

tapering. If there was a significant oxygen requirement, mild organ

injury, and/or moderately reduced LVEF, methylprednisolone

10 mg/kg for one day then 2 mg/kg for 5 days was given before

tapering. If there was a need for respiratory support, inotropic

support, moderate-to-severe organ damage, and/or severe heart

dysfunction, and/or neurological involvement, we used a high

methylprednisolone dose of up to 30 mg/kg for 3 days.

Supportive care (inotropes, fluid resuscitation, diuretics, oxygen

and ventilation, antibiotics, anticoagulation, or anti-thrombotic

prophylaxis) was considered in all the patients, according to

clinical multidisciplinary team evaluation. As previously reported

(30), the anti-thrombotic prophylaxis was started in all patients

>12 years old, and was considered in patients <12 years old, if the

D-dimer was high (>5 times the upper normal value) or if there

was at least one known risk factors for thromboembolism. The

anticoagulation therapy was prescribed in case of thrombosis and

in case of severe LV dysfunction. With the reduction of the D-
Frontiers in Pediatrics 03
dimer or at the normalization of the LV function, heparin was

shifted to low-dose aspirin for 3–4 weeks.

2.2.3. Multidisciplinary evaluations
2.2.3.1. Clinical evaluation
All child and adolescent physical examinations at the diagnosis and

at the 6-month follow-up included anthropometric measurements

of weight and height, body mass index (BMI) calculation, and

evaluation of the pubertal stage as previously detailed (31).

Anthropometric evaluation: anthropometric measurements of

weight and height, body mass index (BMI) calculation, and

evaluation of the pubertal stage was made for each patient. The

weight and height were measured using a mechanical column scale

with an altimeter (Seca 711 and Seca 220), the arm and waist

circumferences were measured with a tape measure (Seca 201), the

tricipital skinfolds were measured using a caliper (Holtain 610).

BMI (kg/m2), and the BMI Z-SCORE was established according to

CDC growth chart reference values (32).

2.2.3.2. Metabolic and hormonal evaluation
A blood sample was obtained in fasting state between 8:30 a.m. and

9:00 a.m. The metabolic profile including total and HDL cholesterol,

fasting plasma glucose (FPG), and triglycerides (TG) was analyzed at

the diagnosis and follow-up (33).

Within 24 h of admission, the evaluation of the endocrinological

profile included: free T3 (FT3), free T4 (FT4) and TSH, fasting

plasma insulin (FPI), cortisol, and ACTH levels.

The presence of non-thyroidal illness syndrome (NTIS) was

considered as previously reported (33).
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As a surrogate of insulin resistance (IR), two indexes were

calculated as:

• Homeostasis model analysis—insulin resistance (HOMA-IR)

index, defined as ((fasting plasma insulin (mU/L) × fasting

plasma glucose (mg/dl))/405) (34). Pathological IR was defined

as a HOMA-IR > 97.5th percentile for sex and pubertal stage (35).

• Triglyceride–glucose (TyG) index, calculated as (log(fasting

triglycerides (mg/dl) × fasting plasma glucose (mg/dl)/2)) (36);

the cutoff point for pathological IR was set at 7.88 (36–39).

Hormonal panels were repeated at the 6-month follow-up.
2.2.3.3. Cardiologic assessment
For all the patients, at admission (and during the hospitalization if

necessary), we considered echocardiographic ventricular measurements

and cardiac electric abnormalities at the ECG and arrhythmias.

Left ventricular (LV) function was qualitatively and

quantitatively assessed by Philips Affinity 70 or Vivid S5 GE

Healthcare, and the left ventricular ejection fraction (LVEF) was

calculated according to Simpson’s biplane method (30).

To decide the therapeutic dosage of steroids, left cardiac function was

classified as follows: normal (LVEF > 55%), mildly–moderately reduced

(LVEF ≤45%), or severely reduced (LVEF ≤35%). We also measured

mitral regurgitation (qualitative and semi-quantitative evaluation), the

degree of pericardial effusion (mild if ≤5 mm, moderate if >5 mm),

and the coronary artery size (Montreal Z-score) (30).

In additional to the conventional echocardiography at six months

after discharge, an echocardiographic (by E95 GE Healthcare) strain

analysis (Global Longitudinal Strain of left ventricle (GLS); Left

Atrial Reservoir Strain (AS); Right Ventricle Free Wall Strain (RVS))

was performed to detect any subclinical cardiac abnormalities.

Off-line analysis was performed offline with independent software

(TOMTEC Imaging Systems GmbH, www.tomtec.de/technical-docs).

Based on the echocardiographic speckle-tracking algorithm in each

subject, apical four-chamber, two-chamber, and three-chamber views

were analyzed for GLS; the apical four-chamber view was analyzed

for AS; and a dedicated apical projection for the right ventricle was

analyzed for RVS. Diastolic function [early and late mitral inflow

peak velocities, tissue doppler images (TDI) of septal and lateral

annular peaks] was also evaluated. Furthermore, all patients

underwent a Holter recording.
2.2.3.4. Lung assessment
Imaging was obtained by x-ray and lung ultrasonography (US). A

chest x-ray was performed at hospital admission, generally within

24 h of admission, and lung US was performed after IVIG therapy.

At six months after discharge, US was performed.

For the x-ray, the following features were considered: the

presence of pulmonary opacities, presence and degree (mild/

moderate) of peri bronchial thickening, presence of pleural

effusion, and cardiomegaly.

A severity score of pulmonary involvement was calculated

adopting a simplified version of the Radiographic Assessment of

Lung Edema Score, previously used both in adults (40) and

children MIS-C patients (41). A score of 0–4 was assigned to each

lung depending on the extent of involvement (0 = no involvement;
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1 = <25%; 2 = 25%–50%; 3 = 50%–75%; 4 = >75% involvement),

with a final severity score ranging from 0 to 8.

At lung US, each lung was divided into 6 regions, for a total of 12,

considering anterior, lateral, and posterior regions of both upper and

lower parts of the chest, in accordance with Copetti and Cattarossi

(42). A US severity score of pulmonary involvement was calculated

using the global lung US aeration score, which considers four

validated US patterns: normal, characterized by the presence of lung

sliding and A-lines (0 points); presence of multiple well-defined

vertical B-lines extending from the pleural line or a small subpleural

consolidation (1 point); presence of multiple confluent vertical B-

lines extending from the pleural line or a small subpleural

consolidation (2 points); presence of lung consolidation with air

bronchograms (3 points). The total score is obtained by summing

the individual scores of all the regions, ranging from 0 to 36 (43).

2.2.3.5. Neurological assessment
All the patients were assessed at admission and during the hospital

stay in accordance with our previously reported assessment

protocol (44).

Neurological examination was carried out by a child neurologist,

and neurological signs and symptoms were classified as:

- Signs of altered mental status—encephalopathy (altered state of

consciousness, irritability or agitation, behavioral changes, i.e.,

emotional lability/impulsivity, mood deflection/anxiety);

- Neurological signs (abnormal eye movements, cranial nerve

dysfunctions, gait disturbances, hemiparesis/hemiplegia, flaccid

paralysis, movement disorders, speech disorders, memory

deficits, visual/auditory hallucinations, seizures, muscle tone

alterations);

- Non-specific symptoms (apathy, lack of appetite, asthenia, changes

in the sleep/wake rhythm, headache, limb or trunk pain,

paresthesia/anesthesia).

EEG was performed with wake and sleep recording in subjects with

altered mental status. EEG abnormalities were classified as focal or

diffuse according to the characteristics of the background activity

slowing and the presence and localization of epileptiform changes

and periodic and rhythmic patterns.

Brain MRI and CSF sampling (including SARS-CoV-2 PCR and

neurotropic viral PCR, isoelectrofocusing and CSF IgG, IgM and light

chains) were performed in subjects with EEG abnormalities.

A severity score was assigned on the basis of the number and type

of clinical and instrumental findings:

SCORE 2—encephalitis (encephalopathy + neurological signs +

diffuse EEG abnormalities).

SCORE 1—mild clinical involvement (mild signs of altered mental

status + one or two focal neurological signs +/− focal EEG

abnormalities).

SCORE 0—aspecific signs and symptoms (no neurological signs, or

with one focal or aspecific neurological signs).

Six months after discharge, neurological assessment, carried out by a

child neurologist, included:

- Neurological examination including non-verbal IQ and ad hoc

structured interview focusing on school performances, memory,

and attention);
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FIGURE 1

From admission to follow-up flow chart.
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- Anamnesis focusing on daily life habits, school performances, social

skills, behavior, anxiety, depression with an ad hoc structured

interview;

- Structured interview evaluating behavioral and adaptive functioning—

Child Behavior Checklist parent’s questionnaire (CBCL);

- Structured interview evaluating quality of life (QoL)—The PedsQL—

Pediatric Quality of Life Inventory™);

- EEG—asleep and awake—in subjects with previous encephalitis.

At this time, a severity score was assigned as follow:

SCORE 2—neurological/neuropsychological signs or EEG

abnormalities AND psychological difficulties or behavioral and

adaptive problems or low QoL;

SCORE 1—neurological/neuropsychological signs or EEG

abnormalities OR psychological difficulties or behavioral and

adaptive problems or low QoL.

2.2.3.6. Gastroenterological evaluation
Abdominal signs (diarrhea, vomiting, or both) were recorded. An

abdominal ultrasound was performed at the diagnosis in all the

patients; ultrasound abnormalities of the appendix and gallbladder

(increased wall thickening and/or stones) and increased ileal and/

or cecal wall thickening were considered.

US abdomen was repeated at the follow-up when abdominal

symptoms were evaluated.
2.2.4. Discharge criteria
All patients were discharged upon achievement of the following

conditions:

• Good general health condition

• Asymptomatic

• Afebrile≥ 72 h

• Decreased inflammatory markers

• Suspension of supportive care

• Decreased doses of corticosteroid therapy

In Figure 1, from a flowchart from admission to follow-up is

reported.
2.3. Statistical methods

A descriptive analysis was performed for all the demographic,

laboratory, and clinical variables both at admission and at the 6-

month follow-up visit on the 33 subjects recruited for the study: since

the non-symmetrical distribution of the variables, continuous variables

were summarized using the median and quartiles; categorical variables

were reported using absolute frequencies and percentages.

With the aim of characterizing multiorgan impairment of the

patients, a multiple correspondence analysis (MCA) (45) was

performed. MCA is a multivariate statistical method of analysis,

which allows to identify association patterns among the categorical

variables and to describe profiles of individuals. This is achieved

through projections of variable categories and individuals in a low-

dimensional space (usually two/three dimensions) that preserves

the largest amount of the total variability of the data. Results of

MCA analysis, i.e., the above projections, are graphically

represented in scatterplots (“MCA scatterplots”). The proportion of
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data variability preserved in the MCA scatterplot is measured by

the index called “explained inertia”. It is worth noting that the

explained inertia is also a measure of association: values of

explained inertia close to 100% indicate that all the variables

included in the analysis are strongly associated one another, while

values close to 0% indicate a situation near to the independence

between each couple of variables.

In the present work MCA was carried out on the sub-scores of

organ and system severity, and, in order to investigate the

association between patterns of multiorgan impairment and

hospitalization-related variables, on the following variables: fever

duration, length of hospitalization, weight loss (see Table 1 for

definitions). Three subjects out of the total 33 were excluded

because of presenting a large proportion of missing data. The

association patterns were evaluated by examining the position of

variable’s categories in the MCA scatterplot: points close to one

another indicate categories that tend to be co-present in subjects.

In a similar fashion, patient profiles were evaluated by examining

the position of points in the respective scatterplot, see the

previously mentioned textbook (45) for details.

With the aim of evaluating the association of patient severity at

admission with referral of the patient to ICU during first

hospitalization and long-term complications, logistic regression was

performed for 23 patients with complete data records. In the

logistic models, referral at ICU and long-term complications were

considered as response variables, while the severity score at

admission was included as explanatory variable. Furthermore, sex

and age, considered as potential confounding variables, were also

included in each model (as explanatory variables). Results were

reported in terms of adjusted ORs with respective 95% C.I.s, and

Wald tests on regression coefficients (Student t distribution). All

tests were two-tailed, and the level of significance was set

conventionally at α = 0.05.

Statistical analyses were conducted using the software R (R Core

Team, 2021; R version 4.1.2) (46) with the package FactoMineR

added (47).
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TABLE 2 Frequency distributions at admission and 6-month follow-up for
severity sub-scores and variables related to hospitalization.

Organs Score Admission/
Hospitalitation

N (%)

6-month
follow-up
N (%)

Zuccotti et al. 10.3389/fped.2022.1080654
3. Results

In Tables 2, 3, the severity scores according to system

involvement and the values of biochemical parameters at

admission and at the 6-month follow-up are reported.

Kidney 0 16 (48.5) 33 (100)

1 6 (18.2) 0 (0)

2 4 (12.1) 0 (0)

NA 7 (21.2) 0 (0)

Heart 0 21 (63.6) 33 (100)

1 7 (21.2) 0 (0)

2 5 (15.2) 0 (0)

Gastrointestinal system 0 0 (0) 33 (100)

1 3 (9.1) 0 (0)

2 30 (90.9) 0 (0)

Central nervous system 0 14 (42.4) 14 (42.4)

1 18 (54.5) 10 (30.3)

2 1 (3.0) 9 (27.3)

Lung 0 8 (24.2) 26 (79)

1 13 (39.4) 7 (21)

2 12 (36.4) 0 (0)

Fever 0 0 (0) 33 (100)
3.1. General clinical conditions

We considered 33 children and adolescents (25M/8F, 51.5%

prepubertal, 75.7% Caucasian) with a median age of 10.00 (7.00,

14.00) years. No underlying diseases and/or previously known

comorbidity were recorded in the patients. All subjects were

unvaccinated for SarsCov2.

The clinical severity and biochemical features of the patient at

admission and follow-up are reported in Tables 2, 3.

Median value of the duration of fever were 6.00 days.

Hospitalizations in a pediatric intensive-care unit were recorded

in 22/33 of cases (66.6%) with a median PICU stay of 3.00 days.

Mechanical ventilation was required in 12/22 (54.5%) subjects.

Overall, a median hospitalization duration of 12.00 days was

recorded.

Weight loss was reported in 26/33 (78.8%) of children.

No patients died. All patients achieved a full clinical recovery.

At the 6-month follow-up all patients showed good general

clinical conditions with weight restoration in all.
1 27 (81.8) 0 (0)

2 6 (18.2) 0 (0)

Skin/mucosal involvement 0 16 (48.5) 33 (100)

1 5 (15.2) 0 (0)

2 12 (36.4) 0 (0)

Endocrine system 0 3 (9.1) 29 (87.9)

1 10 (30.3) 4 (12.1)

2 17 (51.5) 0 (0)
3.2. Skin and/or mucosal involvement

As reported in Tables 2, 3, skin and/or mucosal involvement

were detected in 17/33 of patients (51.8%). In particular, cutaneous

involvement, conjunctivitis, and mucosal involvement were

found in 72.7%, 60.6%, and 27.3%, respectively. Cervical

lymphadenopathy was also recorded in 18.2% of the patients.

At the 6-month follow-up, no patient with skin and/or mucosal

involvement was detected (see Table 2).

NA 3 (9.1) 0 (0)

Metabolic involvement 0 6 (18.2) 26 (78.8)

1 13 (39.4) 7 (21.2)

2 11 (33.3) 0 (0)

NA 3 (9.1) 0 (0)

Duration of hospitalization
in pediatric intensive care
unit

0 11 (33.3) Not
applicable

1 12 (36.4)

2 10 (30.3)

Hospitalization 0 2 (6.1) Not
applicable

1 21 (63.6)

2 10 (30.3)

Weight loss 0 7 (21.2) 33 (100)

1 25 (75.8) 0 (0)

2 1 (3.0) 0 (0)

(continued)
3.3. Metabolic and endocrine system

At admission, at least two pathological metabolic parameters were

observed in 24/33 (72.7%) of patients (see Table 2). In particular,

increased fasting blood glucose levels were detected in 21/33 (63.6%),

low-HDL in 29/33 (87.9%), and hypertriglyceridemia in 17/33 (51.5%).

Pathological TyG index was detected in 32 subjects (97.0%). It

was possible to calculate the HOMA-IR index for only 19 patients,

and among these, 18 (54.5% of total and 94.7% of measured) were

insulin resistant.

A total of 27 of the 33 (81.8%) children showed endocrinological

derangement, including NTIS in 29 of patients (87.8%; in particular,

only low FT3 level in 17/29 cases, low FT3 associated with

combinations of FT4 and/or TSH abnormalities in 9/29 and

isolated high TSH level in 3/29 subjects), pathological cortisol and/

or ACTH levels in 15 subjects (45.4%).

At the 6-month follow-up, all metabolic and endocrinological data

were recorded. Insulin resistance persisted in seven (21.2%) patients and
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TABLE 2 Continued

Organs Score Admission/
Hospitalitation

N (%)

6-month
follow-up
N (%)

Electrolyte imbalance 0 5 (15.2) 33 (100)

1 15 (45.5) 0 (0)

2 9 (27.3) 0 (0)

NA 4 (12.1) 0 (0)

N= absolute frequency; % = percentage.

TABLE 3 Biochemical parameters at admission and 6-months follow-up. For ea
percentiles of values recorded at admission and 6 months follow-up.

Variables

Fasting blood glucose (nv < 100)

Tryglicerides (nv < 150 mg/dl)

Tryg-index (nv <7.88)

HOMA-IR

Total cholesterol (vn <190 mg/dl)

HDL cholesterol (vn. > 40 mg/dl)

GB (n°/mm3)
nv < 2 years: 6–17; 2–8 years: 5.5–15.5; 8–16 years: 4.5–13.5; >16 years: 4.5–13

Platelets (nv 150,000-500,000 mm3)

Hb (g/dl)
nv < 2 years > 105; 2–12 years > 115; 12–18 years males > 130; 12–18 years females > 120

creatinin.(mg/dl)
Nv <1.yr 0,15-0,4; .1–3 yrs 0.2–0.35;.3–7 yrs; 0.25–0.45;.7–11 yrs 0.35–0.6;.11–18 yrs 0.45–

C Reactive Protein (nv <10 mg/L)a

NT-proBNP (nv <125 ng/L)

Troponin (nv <125 ng/L)

Fibrinogenb (nv <4 g/L)

Normal

Pathologic

NA

Total protein (nv >6.5 g/dl)

Albumin (nv >3 g/dl)

D-dimer (nv <200 μg/L)

IL6 (nv <7 ng/L)

Sodium (nv 135–145 mEq/L)

Potassium (nv 3.5–5 mEq/L)

Ferritin (nv 7–140 μg/L)

FT3 (nv 3.5–6.3 pmol)

FT4 (nv 9–19.3 pmol/L)

TSH (nv 0.5–4.2 µIU/ml)

ACTH (vn. 5–60 pg/ml)

Cortisol (vn. 48–195 ng/ml)

nv, normal values.

*C Reactive Protein at time 6 calculated on subjects with values higher than the detection

detection limits of the instrument for 17/33 subjects (51.5%).
bFibrinogen was classified as normal and pathologic according to the cut-off of 4 g/L.
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NTIS in four children (12.1%; pathological level of FT3 and TSH in two

and two subjects, respectively), with resolution of the other metabolic

and endocrinological parameters (see Table 2).
3.4. Heart

The median value of EF% was 50.00. EF impairment was

detected in 46.15% of subjects. Valvular regurgitation, coronary
ch variable, reported in the table there are median values, 25-th and 75-th

Admission 6-month follow-up

110.50 (90.50, 123.75) 87.00 (83.00, 91.00)

195.00 (126.00, 319.00) 78.00 (54.00, 97.00)

9.22 (8.87, 9.64) 8.11 (7.78, 8.31)

4.95 (3.78, 9.44) 2.06 (1.28, 3.17)

120.00 (87.50, 164.00) 156.00 (143.00, 168.00)

17.00 (8.00, 24.00) 47.00 (43.00, 53.00)

9,370.00 (6,680.00, 13,655.00) 6,470.00 (5,735.00, 7,047.50)

161,000.00 (108,000.00, 215,000.00) 290,000.00 (260,750.00, 356,500.00)

10.80 (10.20, 11.90) 13.15 (12.62, 14.15)

0.75
0.54 (0.42, 0.74) 0.46 (0.37, 0.55)

199.90 (103.80, 277.70) 1.80 (1.10, 4.15)

10,225.00 (1,256.00, 14,825.00) Not defined

34.00 (13.25, 72.50) 5.00 (4.00, 5.00)

1 (3.0) 19 (57.6)

25 (75.8) 14 (42.4)

7 (21.2) 0 (0.0)

5.80 (5.30, 6.50) Not defined

2.70 (2.40, 2.88) 4.40 (4.30, 4.70)

2,756.00 (2,107.00, 4,581.00) 323.00 (237.00, 531.00)

162.50 (95.50, 481.00)

132.00 (130.00, 136.00) 140.00 (139.00, 141.00)

3.50 (3.00, 3.90) 4.00 (3.90, 4.20)

742.00 (380.50, 1,230.75) 30.00 (26.00, 41.00)

2.70 (2.02, 3.75) 5.90 (5.20, 6.30)

12.20 (11.03, 14.07) 12.00 (11.30, 12.50)

2.27 (1.18, 3.08) 2.15 (1.66, 2.76)

12.00 (4.00, 17.00) 24.00 (18.85, 32.00)

122.00 (53.50, 198.25) 89.50 (76.75, 121.25)

threshold of the instrument. The C Reactive Protein values at time 6 were below the
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artery dilation (Boston Z score < 2.5), and pericardial effusion were

also detected in 72.8%, 3%, and 21.3% respectively.

Electrocardiogram anomalies were found in 14 patients (42.4%),

without a difference between different EF groups. In particular, as

previously reported (30), we detected:

- ST segment changes and/or negative T waves (38%); type-1

Brugada pattern (9%) and atrial fibrillation (3%);

- rhythm anomalies including first-degree heart block, escape junctional

rhythm alternating with sinus rhythm with premature ventricular

contractions, and a short coupling interval (9% of patients);

- atrial fibrillation in one patient.

At the 6-month follow-up, resolutions to all the cardiac complications

were obtained, including right and left ventricular strain values and

diastolic function (RV systolic function: TAPSE 20.7 (±1.9) mm, s

wave 0.14 (±0.02) m/s, RVFWLS (%)—28.1 (±3.9). LV systolic

function: EF 63.3% (±4.5), LV GLS (%)—22.1 (±1.9). LV diastolic

function: E/A 1.7 (±0.4), E/e’5.8 (±0.9), LAS (%) 45.0 (±6.8).

On Holter examination, no repolarization or rhythm alterations

were detected in all patients, except one, who developed Brugada

phenocopy during the subacute phase, in the presence of negative

family and medical histories. Brugada syndrome was also suspected at

Holter ECG monitoring at 6-month follow-up and the diagnosis was

confirmed eight months later, by a provocative test with ajmaline (48).

The only patient with coronary artery dilatation normalized, and

no new alterations appeared in any patients.
3.5. Central nervous system

At admission, neurological involvement was documented in 30/

33 (90.9%) patients. Signs of altered mental status of variable

severity were present in 14/33 patients (42.42%). Focal neurological

signs were observed in 10/33 patients (30.30%), and non-specific

symptoms were reported in 24/33 patients (72.73%).

EEG was performed in 10 children. Abnormalities were detected

in 7/10. In the child with severe encephalopathy, EEG was

dominated by diffuse high-amplitude delta slow activity. Focal EEG

abnormalities, predominant over the posterior regions, were detected

in the other six children. Five patients underwent brain MRI, with

normal findings. CSF sampling was performed in five patients. All

the examinations were normal. SARS-CoV-2 was not detected.

One child (3%) presented encephalitis with severe

encephalopathy, focal neurological signs, and diffuse EEG

abnormalities (severity SCORE: 2). Eighteen children (39.4%) had

mild clinical involvement with signs of altered mental status and

focal neurological signs with or without focal EEG abnormalities

(severity SCORE 1). Eleven children (33.3%) had only focal or

nonspecific neurological signs and symptoms; among them, four

were completely asymptomatic (severity SCORE 0).

At the 6-month follow-up, the neurological examination and

nonverbal intelligence were normal in all children. Seven children

(21.21%) reported worsening of school performance, memory, and

attention difficulties. Seventeen children (51.51%) reported

psychological symptoms in variable combinations (socialization

difficulties, behavior and anxiety or somatization disorder) that were

confirmed by CBCL results in four. Low QoL was reported by five
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children (15.15%). Focal EEG abnormalities were documented in

two children (the one with previous encephalitis and one with

previous focal EEG abnormalities).

Nine children (27.3%) presented neurological signs or EEG

abnormalities AND psychological, behavioral, or adaptive difficulties

or low QoL (SCORE 2) and ten children (30.3%) presented either

neurological signs or EEG abnormalities OR psychological,

behavioral, or adaptive difficulties or low QoL (SCORE 1).
3.6. Lung

Overall, 25 out of 33 (75.8%) subjects showed lung involvement

(see Table 2).

A total of 12 out of 33 (36.4%) patients required non-invasive

ventilation (severity score 2), and 13 (39.4%) were symptomatic and/or

showed imaging alterations and/or needed oxygen therapy but did not

require ventilatory support (severity score 1). Patients who satisfied

criteria for severity score 2 were not counted for severity score 1.

A lung US and chest radiograph were performed in 30 patients at

admission (90.9%).

US abnormalities were found in 23 out of 30 (76.6%), with a

score ranging from 2 to 8 points.

Radiographic abnormalities were found in 25 (83.3%), with a

score ranging from 2 to 6 points out of 8; only four patients (16%)

with mild x-ray involvement (score 2/8) had no US pathologic

findings. Perihilar interstitial thickening was the most common

finding, present in all pathologic chest x-rays.

Among patients with US pulmonary involvement, only two

patients (8.7%) had a normal chest x-ray; seven patients (30.4%)

showed mild radiographic findings with a total score of 1–2; more

severe radiographic involvement was observed in 10 (43.5%) and 4

(17.4%) who had a US scores of 3–4 and 5–6, respectively; no

patient had an RX score > 6.

The median chest radiograph severity score was 2 (IQR 2–4) and

the median US score was 3 (1.5–6).

At the 6-month follow-up, 7 (21%) out of 33 subjects reported

shortness of breath during exercise, while no one showed imaging

alterations.
3.7. Gastrointestinal system

At admission, at least one abdominal symptom and/or

ultrasound sign was detected in all patients. In particular, vomiting

and abdominal pain were reported in 60.6% and 57.6% of patients,

respectively. In more than 90% of children, ultrasound

abnormalities were found, including US abnormalities of the

appendix (3%), increased gallbladder wall thickening (21.1%), and

increased ileal and/or cecal wall thickening (42.4%).

No gastrointestinal symptoms were recorded at the 6-month

follow-up.
3.8. Kidney

At admission, kidney functional injury was noted in 10/33

(30.3%) of patients, without residual signs at the 6-month follow-up.
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3.9. Multivariate analysis

3.9.1. Patterns of multiorgan impairment
For exploratory purposes, the association between the variables in

Table 1 was evaluated by MCA methods. The percentage of

explained inertia for the MCA scatterplot (Figure 2) is 37.6%,

indicating a low amount of association among the variables.

After a close inspection (performed using indices of quality of

representation) (45), the modalities showing relevant association

were related to the “heart” and “endocrinology” domains: in

Figure 2 it may be seen that the categories heart severity = 1, heart

severity = 2 and endocrine severity = 2 are relatively close one

another (on the right side of the graph), and the same holds true

for the categories heart severity = 0 and endocrine severity = 1 (on

the left side on the graph). The presence of the above two groups

of categories suggests that severe conditions of heart tend to “come

together” with severe conditions of endocrine system, while healthy

conditions of heart associate with mild severity of endocrine system.

Figure 3 shows the representation of individuals. Distinct colors

were used according to the effective scores of severity of heart and

endocrine involvement items, for a total of four distinct sub-

groups. The main sub-groups consist of:

- patients with no heart involvement and moderate endocrine

involvement (green; nine subjects);

- patients with no heart involvement and severe endocrine

involvement (blue; eight subjects);

- patients with moderate/severe heart involvement and severe

endocrine involvement (red; nine subjects).

The fourth group (orange) in the graph gathers a small group of

patients (n = 4) presenting other combinations of the “heart” and

“endocrinology” modalities.

In addition, to evaluate whether the profiles above described

could have distinct outcome prevalence, we considered the

relationships of profiles with length of ICU hospitalization and

long-term complications. These variables were represented in

Figure 3 as supplementary variables (this technique allows to

evaluate further relationships without affecting the patterns of the

points in the MCA scatterplots) (45). It emerged that:
FIGURE 2

Map of variables. In the figure the blue triangles represent the active
variables. kdn: kidney, hrt: heart, gst: gastrointestinal, snc: central
nervous system, lng: lung, fvr: fever duration, skn: skin-mucosal
involvement, end: endocrine system, mtb: metabolic involvement, hsp:
duration of hospitalization, wgt: weight loss, elc: electrolyte imbalance.
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(1) Brief and long permanence categories (respectively, less and more

than three days) in the ICU are represented on the right side of

the plot, while no admission is on the left side. These positions

suggest that patients with a higher level of heart and endocrine

involvement (red) have a higher prevalence of ICU admission,

irrespective of the duration (8/9 patients, 88.9%) while less

severe patients (green) have a lower one (5/9 patients, 55.6%).

The patients with no heart involvement and severe endocrine

involvement (blue) also have a high prevalence of ICU stay (6/

8 patients, 75.0%), but the length of stay could be shorter with

respect to the more severe ones; in fact, the length of stay is

higher than three days for 4/9 patient in the red group, and for

only 1/8 patients in the blue one.

(2) The presence of long-term complications is represented on the

left side of the plot, while their absence is on the right side.

These positions suggest that patients with a lower level of

heart and endocrine involvement (green) have a higher

prevalence of complications at follow-up (7/9, 77.8%), while

more severe patients (red) have a lower one (4/9 patients,

44.4%). The patients with no heart involvement and severe

endocrine involvement (blue) also have a high prevalence of

long-term complications: 6/8 patients (75.0%).

3.9.2. Admission to ICU, long-term complications,
and their association with severity of disease

Over the total 33 patients, 22 (66.7%) were admitted to intensive

care; long-term complications were present in 23 patients (69.7%). Of

the 22 patients admitted to ICU, 13 (59.1%) had long-term

complications, while this proportion was higher in those not

admitted to ICU (10/11 patients, 90.9%). However, no statistically

significant difference emerged by a formal comparison: this was

assessed by the Fisher exact test, obtaining an OR of long-term

complications of 0.15 (patients admitted to ICU vs. patients not

admitted), 95% C.I.: 0.003 to 1.430 (p = 0.1085). Concerning the

types of complication, the most widespread were neurological and

metabolic (second column of Table 2); in particular, neurological
FIGURE 3

Map of individuals. Each dot represents a single patient and the variables
duration of hospitalization in pediatric intensive care (INT) and the
presence of long-term complications (LTC) are used as supplementary
variables (black triangles). - green: patients with heart severity = 0 and
endocrine severity = 1; - red: patients with heart severity = 1,2 and
endocrine severity = 2; - blue: patients with heart severity = 0 and
endocrine severity = 2; - orange: others.
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ones were present in almost the totality of patients with

complications at follow-up: 19/23 (82.6%).

Moreover, if we consider only the neurological domain, it can be

noted in Table 2 that there is a relevant number of patients (n = 9)

with severe long-term complications (i.e., severity = 2), which is in

contrast with the situation at admission, where only one patient

resulted with severe neurological impairment. By making further

tabulations, among the 9 patients with severity = 2 at follow-up, 7/9

had severity = 1 for the neurological domain at admission, and 2/9

had severity = 0 at admission.

However, it should be noted that the neurological scores were

defined differently at admission and follow-up times, respectively

(see 2.2.3 Multidisciplinary evaluations: Neurological assessment).

The association between the intensive-care variable (dichotomized

as access/non-access to intensive care) and the severity score was

investigated through a logistic regression analysis. The adjusted OR

was 1.71 (95% CI: 0.92–3.17, p-value = 0.088). With limited

statistical evidence, the result can be interpreted as a moderate

association between the two variables.

Finally, the association between the long-term outcome variable and

the total score was studied through logistic regression analysis as before.

The adjusted OR was 0.834 (95% CI: 0.55–1.27), without statistical

evidence to conclude for the presence of association (p = 0.400).
4. Discussion

MIS-C is a severe consequence of SARS-CoV2 infection in

children that is associated with significant multiorgan

compromission (49). Literature data on the long-term outcome of

MIS-C is limited (18–25).

We reported the evolution of the multiorgan impairment at the 6-

month multidisciplinary follow-up, showing that despite the severity of

initial presentation, most abnormalities appear to resolve within the

first few weeks, without significant long-term organ dysfunction,

except for the endocrine and neurological systems (4). Endocrine

and heart involvement at admission represent a significant factor on

the long-term sequelae; however, no association between the severity

score and long-term outcome was noted.

Additionally, for cardiac injury, respiratory and gastrointestinal

manifestations, renal dysfunction, and neurological involvement

that are usually described in MIS-C, in our cohort, at admission,

most of the children showed endocrinological derangement

including NTIS, impaired glucose–insulin metabolism, and

pathological cortisol and/or ACTH levels.

NTIS can be detected in many critical illnesses and represents

imbalances in hormonal production, metabolism, and action (50).

This condition was also frequently observed during the COVID-19

pandemic (51–55) and has been correlated with the severity of

COVID-19 disease (56).

The thyroid is a crucial organ in maintaining many long-term

functions of the body, in particular, cardiovascular, respiratory, and

catabolic tasks (33). The alteration of thyroid function in the acute

phase, typically associated with low levels of total triiodothyronine

(T3), may support the predominance of catabolic situation during

hyper-inflammatory condition and consequent adaptive metabolic

response to save energy. Similarly to other reports (57, 58), being
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referral center for MIS-C, we reported an high percentage of patient

(66%) with severe disease requiring admission to ICU. The link

between endocrinological derangement and the severity score at

admission may support that the cytokines, released during illness,

represent a major determinant of NTIS (59); however, the exact

mechanism through which the hormone profile influence the clinical

course, as well as that of many other critical illnesses, is not clear yet.

The adaptive response allows vital organs to conserve energy, and

it appears to be driven by counter-regulatory hormones and cytokines,

which may also be mediators of IR, and result in mild/moderate

hyperglycemia that provides fuel for the brain after stress conditions.

In this pediatric cohort, the copresence of alteration of IR markers

and lipids, thyroid values, and electrolytes confirm catabolic illness

and the impairment of glucose homeostasis within the body. As

previously discussed, the pathological values in HOMA-IR and TyG

indexes suggest a both hepatic and peripheral impaired insulin

action (36). The action of counter-regulatory hormones on IR in

skeletal muscles might be mediated through an increase in the

circulating free fatty acid level, despite hyperinsulinemia (60, 61).

Our results are not surprising in terms of adaptive metabolic

response. Nevertheless, in this clinical context and also considering

the persistence of long-term alterations on thyroid and glucose–

insulin metabolism, a bidirectional relationship between COVID-19

and neuroendocrine system could be also considered.

The high ACE2 and TMPRSS2 expression in the thyroid may

facilitate Sars-Cov2 entry. Additionally, as reported by Scappaticcio

et al. (62), there is strong evidence that the entire hypothalamic–

pituitary–thyroid (HPT) axis may be an important target for SARS-

CoV-2 damage; selective transient pituitary dysregulation due to both

the direct cytotoxic effect of the virus at the pituitary level and an

indirect effect via the activation of proinflammatory cytokines may

be considered. This COVID-19-induced damage to the hypothalamus

and pituitary was also supported by electrolyte abnormalities

reported at admission that may be associated with a syndrome of

inappropriate antidiuretic hormone resulting in hyponatremia (63, 64).

A relationship between COVID-19 and pancreatic function has

been also described. The pancreatic β cells are permissive to SARS-

CoV-2 infection with receptor angiotensin-converting enzyme 2

(ACE2) as its entry, promoting cell damage and functional impairment.

The response of the hypothalamic–pituitary–adrenal axis in

critically ill patients is poorly understood; however, an appropriate

activation of HPA is described (65, 66). In children, altered cortisol

levels may occur; high cortisol levels likely reflect more severe

stress, whereas low levels may point to an insufficient response to

stress, labeled relative adrenal insufficiency. ACTH mediate cortisol

release in the acute phase (67), whereas an “inadequate” response

to ACTH is involved during prolonged critical illness.

Considering the ACE2 and TMPRSS2 expression in

adrenocortical cells, a direct virus–cell interaction may be not

excluded. Additionally, the role of several cytokines on modulation

cortisol production as well as the glucocorticoid receptor number

and/or affinity should be considered. The hyper-inflammatory state

and cytokine storm in MISC could be crucial in the appropriate

activation of HPA, also considering the spontaneous recovery of

the alterations during long-term follow-up.

Endocrine and heart involvement seem to be correlated, and their

association represent a significant factor on the long-term sequelae.
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As also previously reported (30), in the acute phase, the

cardiovascular system is generally affected with mild-to-moderate

left ventricle systolic depression; electrocardiogram anomalies,

rhythm, mitral regurgitation, and coronary were also showed.

Despite significant differences in clinical presentations and the

need for intensive care at the admission, in all patients, cardiac

involvement completely recovered after treatment. Cardiologic

findings at the 6-month follow-up support the idea that cardiac

involvement in MIS-C is a reversable and transient condition. In

our cohort, all patients, even those with severe cardiac involvement

in the acute phase, recovered their health completely in a relatively

short time frame (6 months), and this supports the idea that

cardiac dysfunction could be related to the hyper-inflammatory

state that causes myocardial stunning, perivascular edema, and

cytokine storm and—only in the minority—direct myocardial post-

viral immunomediated damage. Additionally, the altered BNP

plasma levels could suggest the role of the heart as an endocrine

organ, participating in cardiovascular homeostasis and metabolism

in addition to its pumping function in the acute phase of disease.

This aspect could, however, explain the link between endo-

metabolic derangement and heart involvement at admission.

Respiratory symptoms are not a prominent feature in MIS-C, but

some children may present, e.g., cough, dyspnea, and in some case,

the need for ventilation (68, 69).

No patients in our cohort needed invasive ventilation, in contrast

with a recent metanalysis reporting a percentage of up to 30% of

children needing mechanical ventilation (70).

However, it should be noted that in our cohort, the majority of

patients were white, while in the metanalysis by Yasuhara et al.,

most of patients were not white, suggesting that race/ethnicity may

affect the disease course and also the severity of organ involvement.

In contrast to adult COVID-19, primary respiratory failure does

not seem to be a predominant cause for ICU admission in MISC.

Lung involvement has been hypothesized to be secondary due to

cardiogenic pulmonary edema or primary due to the cytokine storm

itself or to a direct parenchymal damage caused by the virus (69). In

our population, at the MCA, no association between heart and lung

involvement was noted, suggesting that they may be organ targets

independent of the other. During the acute phase, while all

patients had complete cardiac recovery after treatment, lung US

was still altered in some patients before discharge, supporting that

the lung needed a longer recovery time compared to other organs,

despite less severe involvement.

At six months, some patients in our cohort referred to shortness

of breath during exercise, in agreement with literature data (71),

while lung US as well as echocardiogram were both unremarkable.

Overall, these findings seem to support the hypothesis that lung

involvement is probably mostly due to the cytokine storms of the

acute phase, which do not provoke anatomical damage.

Children with MIS-C may present various neurological

complications, some with a severe prognosis (9, 72, 73). In our

sample, the incidence of neurological involvement was found to be

much higher than the rates of up to around 50% reported in the

literature (9, 72, 73); this difference is very likely due to the fact

that the patients in the present study were all assessed, at

admission and during the follow-up, by a child neurologist who

was able to detect and evaluate even mild neurological signs and
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symptoms, and it confirms that specialist assessment of

neurological aspects should be routinely included in the workup of

patients with MIS-C. Although very frequent, the neurological

involvement observed in our sample during the acute phase was

not serious in most cases and the majority of the affected children

had mild and short-lasting symptoms. This is in line with the

findings of Larovere et al., who reported transient symptoms in

88% of their subjects with neurological involvement (73). In the

most seriously affected children, the clinical picture was dominated

by encephalopathy that disappeared with immunomodulatory

therapy. Neurological assessment at discharge was normal, EEG

improved from the first week, and in the majority of children,

background activity normalized within two or three weeks.

At the six-month follow-up, the neurological assessment, again

carried out by a child neurologist, focused not only on the clinical

examination and EEG, but also on cognitive functions (non-verbal

intelligence, ad hoc structured interview focusing on school

performance, attention, and memory), behavioral and adaptive

functioning, and quality of life. Severe neurological sequelae and

EEG abnormalities were no longer present, but at this time, the

majority of children presented cognitive difficulties (attention and

memory disturbances), psychological difficulties (i.e., anxiety,

depression), behavioral and adaptive problems (i.e., sleep

disturbances or decline in academic performance), or low QoL.

Our observations suggest that the spectrum of neurological

involvement in this syndrome could be wider and more complex

than is currently thought. The neurological involvement during

MIS-C tends to be dominated by the signs of acute encephalopathy

that usually disappear, but follow-up allowed us to document

cognitive, psychological, and behavioral sequelae in the majority of

children. The severities of these sequelae are not related to the

severities of systemic involvement but need to be addressed.

Gastrointestinal symptoms are recognized to be associated with the

presentation of MIS-C (74). GI signs and symptoms and US alterations

also appear prominently as presenting features of MIS-C in our patients,

mimicking GI infection or even inflammatory bowel disease and surgical

conditions. The GI tract is known to have high expression of ACE2

receptors in the human body, leading to viral entry into the cell.

Additional mechanisms are proposed to explain the gastrointestinal

involvement, such as indirect immune-mediated injury triggered by a

systemic inflammatory response and disruption of the intestinal

microecological balance, leading to excessive inflammation of the gut

(74). During follow-up, complete intestinal recovery was detected,

supporting that indirect injury, more so than cell damage, could be a

crucial player in the GI symptoms that occur in MIS-C presentation.

Kidney involvement in children with MIS-C is common, as noted in

our patients. Several reports described a direct viral tropism of COVID-

19- and MIS-C-associated renal damage (75). Additionally, the

abnormal immune response to the virus leading to tubular injury and

podocytopathy, inflammatory process, hemodynamic instability, and

vascular endothelial dysfunction has been described (76). Even though

we only considered an increase in creatinine as a sign of poor kidney

function, renal involvement seems to be limited at the acute phase of

the disease, and long-term renal sequelae were not noted.

We recognize some limitations of the study. The small sample

size limits the strength of the analysis; further multicenter studies

are necessary to increase the sample size to extend and validate
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these results. We were unable to compare metabolic and

endocrinological data of the same patients before and during MIS-

C to define the direct influence of COVID-19 on marker levels;

however, the anamnestic data can support the exclusion of a pre-

existing disease. Finally, the neurological scores were defined

differently at admission and follow-up times, including

psychological difficulties and/or behavioral and adaptive problems

at the 6-month evaluation; this aspect can limit the interpretation

of the impact of COVID-19 on long-term neurological impairment.
5. Conclusions

MIS-C represents a critical illness in children and adolescents,

requiring pediatric intensive-care unit (PICU) admission in most cases.

Endocrinological and metabolic derangement; cardiac injury;

respiratory, renal, and gastrointestinal manifestations; and neurological

involvement are part of the initial presentation. The severity of initial

clinical presentation may be associated with the organ domain;

however, it is not related to the presence of long-term sequelae.

During follow-up, multiorgan damage appears to resolve, except for

the endocrine and neurological systems, which showed long-term

abnormalities. Long-term follow-up allowed us to document cognitive,

psychological, and behavioral sequelae in the vast majority of children.

The prevalent organ restoration supports a predominant indirect

immune-mediated injury triggered by a systemic inflammatory

response; however, considering the long-term sequela, direct damage

due to the viral entry could be not excluded. Even though our

preliminary results seem to suggest that MIS-C is not a long-term risk

condition for child health, a longer follow-up is necessary to confirm

this hypothesis. Finally, long-term monitoring in larger samples is also

needed to evaluate the infection impact on cognition and development.

Since MIS-C in children is a life-threatening event, vaccination

strategies could be considered as preventive tools. The role of

COVID-19 vaccine in prevention of severe infection among children,

particularly in at high-risk children (77, 78), is reported and among

healthy children the chances of MIS-C are more prevalent in the

absence of vaccination (79–82). In patients with a history of MIS-C,

an International consensus on vaccination against SARS-CoV-2 is

hampered by a lack of evidence both on safety and efficacy (83).
Data availability statement

The original contributions presented in the study are included in

the article/supplementary files, further inquiries can be directed to

the corresponding author/s.
Frontiers in Pediatrics 12
Ethics statement

The studies involving human participants were reviewed and

approved by Institutional Review Board of the Vittore Buzzi

Children’s Hospital (Milano Area 2, protocol number 2021/ST/

138). Written informed consent to participate in this study was

provided by the participants’ legal guardian/next of kin.
Author contributions

Conceptualization: GZ, VC, SM, ED, SMB, LB, EV, AM, GM,

EMB; Data curation: VC, SM, ED, SMB, LB, EV, AM, GM, EMB;

Formal analysis: AM, GM, EMB; Funding acquisition: GZ;

Investigation: VC, SM, ED, SMB, LB, EV, AM, GM, MG, SZ, VF,

PC, SO, LG, RDS, GP, EZ, DD; Software: AM, GM, EMB;

Supervision: GZ, EMB; Writing—original draft: VC, SM, ED, SMB,

LB, EV, AM, GM, MG, SZ, VF, PC, SO, LG, RDS, GP, EZ, DD;

Writing—review & editing: GZ, VC, SM, ED, SMB, LB, EV, AM,

GM, EMB. All authors contributed to the article and approved the

submitted version.
Funding

HORIZON-HLTH-2021-CORONA-01 CoVICIS project number

101046041.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Multisystem inflammatory syndrome in children and adolescents temporally
related to COVID-19. Available at: https://www.who.int/news-room/commentaries/
detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
(Accessed December 14, 2022).

2. Cascella M, Rajnik M, Cuomo A, Dulebohn SC, Di Napoli R. Features, evaluation
and treatment coronavirus (COVID-19). Treasure Island, FL: StatPearls (2020).
Available at: http://www.ncbi.nlm.nih.gov/pubmed/32150360
3. Ludvigsson JF. Systematic review of COVID-19 in children shows milder cases and a
better prognosis than adults. Acta Paediatr. (2020) 109:1088–95. doi: 10.1111/APA.15270

4. Fremed MA, Farooqi KM. Longitudinal outcomes and monitoring of patients with
multisystem inflammatory syndrome in children. Front Pediatr. (2022) 10:820229.
doi: 10.3389/FPED.2022.820229

5. Zhu F, Ang JY. COVID-19 Infection in children: diagnosis and management. Curr
Infect Dis Rep. (2022) 24:51–62. doi: 10.1007/S11908-022-00779-0
frontiersin.org

https://www.who.int/news-room/commentaries/detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.who.int/news-room/commentaries/detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
http://www.ncbi.nlm.nih.gov/pubmed/32150360
https://doi.org/10.1111/APA.15270
https://doi.org/10.3389/FPED.2022.820229
https://doi.org/10.1007/S11908-022-00779-0
https://doi.org/10.3389/fped.2022.1080654
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Zuccotti et al. 10.3389/fped.2022.1080654
6. Patel JM. Multisystem inflammatory syndrome in children (MIS-C). Curr Allergy
Asthma Rep. (2022) 22:53–60. doi: 10.1007/S11882-022-01031-4

7. Davies P, Evans C, Kanthimathinathan HK, Lillie J, Brierley J, Waters G, 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 Heal. (2020) 4:669–77. doi: 10.
1016/S2352-4642(20)30215-7

8. Giraldo-Alzate C, Tamayo-Múnera C, López-Barón E, Caicedo-Baez MC, Piñeres-
Olave BE. Síndrome inflamatorio multisistémico en niños asociado a COVID-19.
Revisión narrativa de la literatura a propósito de un caso. Acta Colomb Cuid
Intensivo. (2022) 22:137. doi: 10.1016/J.ACCI.2020.11.002

9. Dufort EM, Koumans EH, Chow EJ, Rosenthal EM, Muse A, Rowlands J, et al.
Multisystem inflammatory syndrome in children in New York state. N Engl J Med.
(2020) 383:347–58. doi: 10.1056/NEJMOA2021756

10. 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. (2023) 35(1):6–16. doi: 10.1097/BOR.
0000000000000910

11. Rowley AH, Shulman ST, Arditi M. Immune pathogenesis of COVID-19-related
multisystem inflammatory syndrome in children. J Clin Invest. (2020) 130:5619–21.
doi: 10.1172/JCI143840

12. Multisystem Inflammatory Syndrome (MIS). Available at: https://www.cdc.gov/
mis/index.html (Accessed December 14, 2022).

13. Giacalone M, Scheier E, Shavit I. Multisystem inflammatory syndrome in children
(MIS-C): a mini-review. Int J Emerg Med. (2021) 14(1):50. doi: 10.1186/S12245-021-00373-6

14. Haigh K, Syrimi ZJ, Irvine S, Blanchard TJ, Pervaiz MS, Toth AG, et al.
Hyperinflammation with COVID-19: the key to patient deterioration? Clin Infect
Pract. (2020) 7:100033. doi: 10.1016/J.CLINPR.2020.100033

15. Gupta M, Gupta N, Esang M. Long COVID in children and adolescents. Prim Care
Companion CNS Disord. (2022) 24(2):21r03218. doi: 10.4088/PCC.21R03218

16. Piazza M, Di Cicco M, Pecoraro L, Ghezzi M, Peroni D, Comberiati P. Long
COVID-19 in children: from the pathogenesis to the biologically plausible roots of the
syndrome. Biomolecules. (2022) 12(4):556. doi: 10.3390/BIOM12040556

17. Ziegler S, Raineri A, Nittas V, Rangelov N, Vollrath F, Britt C, et al. Long COVID
citizen scientists: developing a needs-based research agenda by persons affected by long
COVID. Patient. (2022) 15:565–76. doi: 10.1007/S40271-022-00579-7

18. Awasthi P, Kumar V, Naganur S, Nallasamy K, Angurana SK, Bansal A, et al.
Multisystem inflammatory syndrome in children: follow-up of a cohort from north
India. Am J Trop Med Hyg. (2022) 106:1108–12. doi: 10.4269/AJTMH.21-0801

19. Sözeri B, Çağlayan Ş, Atasayan V, Ulu K, Coşkuner T, Pelin Akbay Ö, et al. The
clinical course and short-term health outcomes of multisystem inflammatory
syndrome in children in the single pediatric rheumatology center. Postgrad Med.
(2021) 133:994–1000. doi: 10.1080/00325481.2021.1987732

20. Penner J, Abdel-Mannan O, Grant K, Maillard S, Kucera F, Hassell J, et al. 6-month
Multidisciplinary follow-up and outcomes of patients with paediatric inflammatory
multisystem syndrome (PIMS-TS) at a UK tertiary paediatric hospital: a retrospective
cohort study. Lancet Child Adolesc Heal. (2021) 5:473–82. doi: 10.1016/S2352-4642
(21)00138-3

21. Capone CA, Misra N, Ganigara M, Epstein S, Rajan S, Acharya SS, et al. Six month
follow-up of patients with multi-system inflammatory syndrome in children. Pediatrics.
(2021) 148(4):e2021050973. doi: 10.1542/PEDS.2021-050973/-/DCSUPPLEMENTAL/

22. Davies P, Du Pré P, Lillie J, Kanthimathinathan HK. One-Year outcomes of critical
care patients post-COVID-19 multisystem inflammatory syndrome in children. JAMA
Pediatr. (2021) 175(12):1281–3. doi: 10.1001/JAMAPEDIATRICS.2021.2993

23. Aziz OA, Sadiq M, Qureshi AU, Hyder N, Kazmi U, Batool A, et al. Short to
midterm follow-up of multi-system inflammatory syndrome in children with special
reference to cardiac involvement. Cardiol Young. (2022). doi: 10.1017/
S1047951122000828. [Epub ahead of print]

24. Truong DT, Trachtenberg FL, Pearson GD, Dionne A, Elias MD, Friedman K, et al.
The NHLBI study on long-terM OUtcomes after the multisystem inflammatory
syndrome in children (MUSIC): design and objectives. Am Heart J. (2022) 243:43–53.
doi: 10.1016/J.AHJ.2021.08.003

25. Jose JT, Selamet Tierney ES. Outpatient monitoring of patients with multisystem
inflammatory syndrome (MIS-C): a mini review. Front Pediatr. (2022) 10:2179.
doi: 10.3389/FPED.2022.1069632

26. Makris K, Spanou L. Acute kidney injury: definition, pathophysiology and clinical
phenotypes. Clin Biochem Rev. (2016) 37:85. Available at: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC5198510/ (Accessed December 15, 2022).

27. Hudson S, Pettit S. What is “normal” left ventricular ejection fraction? Heart.
(2020) 106:1445–6. doi: 10.1136/HEARTJNL-2020-317604

28. Cattalini M, Taddio A, Bracaglia C, Cimaz R, Della PS, Filocamo G, et al.
Childhood multisystem inflammatory syndrome associated with COVID-19 (MIS-C):
a diagnostic and treatment guidance from the rheumatology study group of the Italian
society of pediatrics. Ital J Pediatr. (2021) 47(1):24. doi: 10.1186/S13052-021-00980-2

29. Yan F, Pan B, Sun H, Tian J, Li M. Risk factors of coronary artery abnormality in
children with kawasaki disease: a systematic review and meta-analysis. Front Pediatr.
(2019) 7:374. doi: 10.3389/FPED.2019.00374/BIBTEX
Frontiers in Pediatrics 13
30. Mannarino S, Raso I, Garbin M, Ghidoni E, Corti C, Goletto S, et al. Cardiac
dysfunction in multisystem inflammatory syndrome in children: an Italian single-
center study. Ital J Pediatr. (2022) 48(1):25. doi: 10.1186/S13052-021-01189-Z

31. Calcaterra V, Klersy C, Vinci F, Regalbuto C, Dobbiani G, Montalbano C, et al.
Rapid progressive central precocious puberty: diagnostic and predictive value of basal
sex hormone levels and pelvic ultrasound. J Pediatr Endocrinol Metab. (2020)
33:785–91. doi: 10.1515/JPEM-2019-0577

32. Growth Charts—Clinical Growth Charts. Available at: https://www.cdc.gov/
growthcharts/clinical_charts.htm (Accessed December 14, 2022).

33. Calcaterra V, Biganzoli G, Dilillo D, Mannarino S, Fiori L, Pelizzo G, et al. Non-
thyroidal illness syndrome and SARS-CoV-2-associated multisystem inflammatory
syndrome in children. J Endocrinol Invest. (2022) 45:199–208. doi: 10.1007/S40618-
021-01647-9

34. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function from fasting
plasma glucose and insulin concentrations in man. Diabetologia. (1985) 28:412–9.
doi: 10.1007/BF00280883

35. Vanelli M, Pistorio A, Minuto N, Iafusco D, Lorini R. Admin-Journal-Manager-06-
Dannunzio. Acta Biomed. (2009):21–8.

36. Calcaterra V, Montalbano C, de Silvestri A, Pelizzo G, Regalbuto C, Paganelli V,
et al. Triglyceride glucose Index as a surrogate measure of insulin sensitivity in a
Caucasian pediatric population. J Clin Res Pediatr Endocrinol. (2019). doi: 10.4274/
JCRPE.GALENOS.2019.2019.0024

37. Navarro-González D, Sánchez-Íñigo L, Pastrana-Delgado J, Fernández-Montero A,
Martinez JA. Triglyceride-glucose index (TyG index) in comparison with fasting plasma
glucose improved diabetes prediction in patients with normal fasting glucose: the
vascular-metabolic CUN cohort. Prev Med (Baltim). (2016) 86:99–105. doi: 10.1016/J.
YPMED.2016.01.022

38. Vieira-Ribeiro SA, Fonseca PCA, Andreoli CS, Ribeiro AQ, Hermsdorff HHM, Pereira
PF, et al. The TyG index cutoff point and its association with body adiposity and lifestyle in
children. J Pediatr (Rio J). (2019) 95:217–23. doi: 10.1016/J.JPED.2017.12.012

39. Simental-Mendía LE, Rodríguez-Morán M, Guerrero-Romero F. The product of
fasting glucose and triglycerides as surrogate for identifying insulin resistance in
apparently healthy subjects. Metab Syndr Relat Disord. (2008) 6:299–304. doi: 10.1089/
MET.2008.0034

40. Wong HYF, Lam HYS, Fong AHT, Leung ST, Chin TWY, Lo CSY, et al. Frequency
and distribution of chest radiographic findings in patients positive for COVID-19.
Radiology. (2020) 296:E72–8. doi: 10.1148/RADIOL.2020201160

41. Rostad BS, Shah JH, Rostad CA, Jaggi P, Richer EJ, Linam LE, et al. Chest
radiograph features of multisystem inflammatory syndrome in children (MIS-C)
compared to pediatric COVID-19. Pediatr Radiol. (2021) 51:231–8. doi: 10.1007/
S00247-020-04921-9

42. Copetti R, Cattarossi L. Ultrasound diagnosis of pneumonia in children. Radiol
Med. (2008) 113:190–8. doi: 10.1007/S11547-008-0247-8

43. Giorno EPC, De Paulis M, Sameshima YT, Weerdenburg K, Savoia P, Nanbu DY,
et al. Point-of-care lung ultrasound imaging in pediatric COVID-19. Ultrasound J. (2020)
12:1–11. doi: 10.1186/S13089-020-00198-Z/FIGURES/3

44. Olivotto S, Basso E, Lavatelli R, Previtali R, Parenti L, Fiori L, et al. Acute
encephalitis in pediatric multisystem inflammatory syndrome associated with COVID-
19. Eur J Paediatr Neurol. (2021) 34:84–90. doi: 10.1016/J.EJPN.2021.07.010

45. Husson F, Le S, Pagès J. Exploratory multivariate analysis by example using R.
Explor Multivar Anal by Ex Using R. (2017). doi: 10.1201/B21874

46. R: The R Project for Statistical Computing. Available at: https://www.r-project.org/
(Accessed December 14, 2022).

47. Lê S, Josse J, Husson F. Factominer: an R package for multivariate analysis. J Stat
Softw. (2008) 25:1–18. doi: 10.18637/JSS.V025.I01

48. Corti CG, Seganti A, Sanzo A, Nespoli LF, Goletto S, Izzo F, et al. Multisystem
inflammatory syndrome in children unmasking brugada type 1 pattern. JACC Case
Rep. (2022) 4:205–10. doi: 10.1016/J.JACCAS.2021.12.023

49. Hoste L, Van Paemel R, Haerynck F. Multisystem inflammatory syndrome in
children related to COVID-19: a systematic review. Eur J Pediatr. (2021) 180:2019–34.
doi: 10.1007/S00431-021-03993-5

50. Rolih CA, Ober KP. The endocrine response to critical illness. Med Clin North Am.
(1995) 79:211–24. doi: 10.1016/S0025-7125(16)30093-1

51. Lui DTW, Lee CH, Chow WS, Lee ACH, Tam AR, Fong CHY, et al. Thyroid
dysfunction in relation to immune profile, disease Status, and outcome in 191 patients
with COVID-19. J Clin Endocrinol Metab. (2021) 106:E926–935. doi: 10.1210/
CLINEM/DGAA813

52. Zou R, Wu C, Zhang S, Wang G, Zhang Q, Yu B, et al. Euthyroid sick syndrome in
patients with COVID-19. Front Endocrinol (Lausanne). (2020) 11:798. doi: 10.3389/
FENDO.2020.566439/BIBTEX

53. Chen M, Zhou W, Xu W. Thyroid function analysis in 50 patients with COVID-19:
a retrospective study. Thyroid. (2021) 31:8–11. doi: 10.1089/THY.2020.0363

54. Chen W, Tian Y, Li Z, Zhu J, Wei T, Lei J. Potential interaction between SARS-
CoV-2 and thyroid: a review. Endocrinology. (2021) 162(3):bqab004. doi: 10.1210/
ENDOCR/BQAB004
frontiersin.org

https://doi.org/10.1007/S11882-022-01031-4
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/J.ACCI.2020.11.002
https://doi.org/10.1056/NEJMOA2021756
https://doi.org/10.1097/BOR.0000000000000910
https://doi.org/10.1097/BOR.0000000000000910
https://doi.org/10.1172/JCI143840
https://www.cdc.gov/mis/index.html
https://www.cdc.gov/mis/index.html
https://doi.org/10.1186/S12245-021-00373-6
https://doi.org/10.1016/J.CLINPR.2020.100033
https://doi.org/10.4088/PCC.21R03218
https://doi.org/10.3390/BIOM12040556
https://doi.org/10.1007/S40271-022-00579-7
https://doi.org/10.4269/AJTMH.21-0801
https://doi.org/10.1080/00325481.2021.1987732
https://doi.org/10.1016/S2352-4642(21)00138-3
https://doi.org/10.1016/S2352-4642(21)00138-3
https://doi.org/10.1542/PEDS.2021-050973/-/DCSUPPLEMENTAL/
https://doi.org/10.1001/JAMAPEDIATRICS.2021.2993
https://doi.org/10.1017/S1047951122000828
https://doi.org/10.1017/S1047951122000828
https://doi.org/10.1016/J.AHJ.2021.08.003
https://doi.org/10.3389/FPED.2022.1069632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5198510/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5198510/
https://doi.org/10.1136/HEARTJNL-2020-317604
https://doi.org/10.1186/S13052-021-00980-2
https://doi.org/10.3389/FPED.2019.00374/BIBTEX
https://doi.org/10.1186/S13052-021-01189-Z
https://doi.org/10.1515/JPEM-2019-0577
https://www.cdc.gov/growthcharts/clinical_charts.htm
https://www.cdc.gov/growthcharts/clinical_charts.htm
https://doi.org/10.1007/S40618-021-01647-9
https://doi.org/10.1007/S40618-021-01647-9
https://doi.org/10.1007/BF00280883
https://doi.org/10.4274/JCRPE.GALENOS.2019.2019.0024
https://doi.org/10.4274/JCRPE.GALENOS.2019.2019.0024
https://doi.org/10.1016/J.YPMED.2016.01.022
https://doi.org/10.1016/J.YPMED.2016.01.022
https://doi.org/10.1016/J.JPED.2017.12.012
https://doi.org/10.1089/MET.2008.0034
https://doi.org/10.1089/MET.2008.0034
https://doi.org/10.1148/RADIOL.2020201160
https://doi.org/10.1007/S00247-020-04921-9
https://doi.org/10.1007/S00247-020-04921-9
https://doi.org/10.1007/S11547-008-0247-8
https://doi.org/10.1186/S13089-020-00198-Z/FIGURES/3
https://doi.org/10.1016/J.EJPN.2021.07.010
https://doi.org/10.1201/B21874
https://www.r-project.org/
https://doi.org/10.18637/JSS.V025.I01
https://doi.org/10.1016/J.JACCAS.2021.12.023
https://doi.org/10.1007/S00431-021-03993-5
https://doi.org/10.1016/S0025-7125(16)30093-1
https://doi.org/10.1210/CLINEM/DGAA813
https://doi.org/10.1210/CLINEM/DGAA813
https://doi.org/10.3389/FENDO.2020.566439/BIBTEX
https://doi.org/10.3389/FENDO.2020.566439/BIBTEX
https://doi.org/10.1089/THY.2020.0363
https://doi.org/10.1210/ENDOCR/BQAB004
https://doi.org/10.1210/ENDOCR/BQAB004
https://doi.org/10.3389/fped.2022.1080654
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Zuccotti et al. 10.3389/fped.2022.1080654
55. Speer G, Somogyi P. Thyroid complications of SARS and coronavirus disease 2019
(COVID-19). Endocr J. (2021) 68:129–36. doi: 10.1507/ENDOCRJ.EJ20-0443

56. Lui DTW, Lee CH, Chow WS, Lee ACH, Tam AR, Fong CHY, et al. Role of non-
thyroidal illness syndrome in predicting adverse outcomes in COVID-19 patients
predominantly of mild-to-moderate severity. Clin Endocrinol (Oxf). (2021) 95:469–77.
doi: 10.1111/CEN.14476

57. Harthan AA, Nadiger M, McGarvey JS, Hanson K, Gharpure VP, Bjornstad EC,
et al. Early combination therapy with immunoglobulin and steroids is associated with
shorter ICU length of stay in multisystem inflammatory syndrome in children (MIS-
C) associated with COVID-19: a retrospective cohort analysis from 28 U. S. Hospitals.
Pharmacotherapy. (2022) 42:529–39. doi: 10.1002/PHAR.2709

58. Abrams JY, Belay ED, Godfred-Cato S, Campbell AP, Zambrano LD, Kunkel A,
et al. Trends in treatments for multisystem inflammatory syndrome in children (MIS-
C), United States, February 2020–July 2021. Clin Infect Dis. (2022) 75:1201–9. doi: 10.
1093/CID/CIAC072

59. de Vries EM, Fliers E, Boelen A. The molecular basis of the non-thyroidal illness
syndrome. J Endocrinol. (2015) 225:R67–81. doi: 10.1530/JOE-15-0133

60. Montori VM, Bistrian BR, Molly McMahon M. Hyperglycemia in acutely ill
patients. JAMA. (2002) 288:2167–9. doi: 10.1001/JAMA.288.17.2167

61. Annane D, Melchior JC. Hormone replacement therapy for the critically ill. Crit
Care Med. (2003) 31:634–5. doi: 10.1097/01.CCM.0000045569.14948.F2

62. Scappaticcio L, Pitoia F, Esposito K, Piccardo A, Trimboli P. Impact of COVID-19
on the thyroid gland: an update. Rev Endocr Metab Disord. (2021) 22:803–15. doi: 10.
1007/S11154-020-09615-Z

63. Ho KS, Narasimhan B, Kumar A, Flynn E, Salonia J, El-Hachem K, et al. Syndrome
of inappropriate antidiuretic hormone as the initial presentation of COVID-19: a novel
case report. Nefrologia. (2021) 41:219–20. doi: 10.1016/J.NEFRO.2020.05.004

64. Yousaf Z, Al-Shokri SD, Al-Soub H, Mohamed MFH. COVID-19-associated
SIADH: a clue in the times of pandemic!. Am J Physiol Endocrinol Metab. (2020) 318:
E882–5. doi: 10.1152/AJPENDO.00178.2020

65. Vanhorebeek I, Peeters RP, Vander PS, Jans I, Wouters PJ, Skogstrand K, et al.
Cortisol response to critical illness: effect of intensive insulin therapy. J Clin
Endocrinol Metab. (2006) 91:3803–13. doi: 10.1210/JC.2005-2089

66. Clarifying Cortisol Metabolism in Critically Ill Patients: Complicated and
Somewhat Less Confusing. Available at: https://www.jwatch.org/jw201304110000005/
2013/04/11/clarifying-cortisol-metabolism-critically-ill (Accessed December 15, 2022).

67. Cooper MS, Stewart PM. Corticosteroid insufficiency in acutely ill patients. N Engl
J Med. (2003) 348:727–34. doi: 10.1056/nejmra020529

68. Kaushik A, Gupta S, Sood M, Sharma S, Verma S. A systematic review of
multisystem inflammatory syndrome in children associated with SARS-CoV-2
infection. Pediatr Infect Dis J. (2020) 39:E340–6. doi: 10.1097/INF.0000000000002888

69. Sood M, Sharma S, Sood I, Sharma K, Kaushik A. Emerging evidence on
multisystem inflammatory syndrome in children associated with SARS-CoV-2
infection: a systematic review with meta-analysis. SN Compr Clin Med. (2021)
3:38–47. doi: 10.1007/S42399-020-00690-6
Frontiers in Pediatrics 14
70. Yasuhara J, Watanabe K, Takagi H, Sumitomo N, Kuno T. COVID-19 and
multisystem inflammatory syndrome in children: a systematic review and meta-
analysis. Pediatr Pulmonol. (2021) 56:837–48. doi: 10.1002/PPUL.25245

71. Miller F, Nguyen V, Navaratnam A, Shrotri M, Kovar J, Hayward AC, et al.
Prevalence of persistent symptoms in children during the COVID-19 pandemic:
evidence from a household cohort study in England and Wales. Pediatr Infect Dis J.
(2022) 41(12):979–84. doi: 10.1101/2021.05.28.21257602

72. Chen TH. Neurological involvement associated with COVID-19 infection in
children. J Neurol Sci. (2020) 418:117096. doi: 10.1016/J.JNS.2020.117096

73. Larovere KL, Riggs BJ, Poussaint TY, Young CC, Newhams MM, Maamari M, et al.
Neurologic involvement in children and adolescents hospitalized in the United States for
COVID-19 or multisystem inflammatory syndrome. JAMA Neurol. (2021) 78:536–47.
doi: 10.1001/JAMANEUROL.2021.0504

74. Ghazanfar H, Kandhi S, Shin D, Muthumanickam A, Gurjar H, Qureshi ZA, et al.
Impact of COVID-19 on the gastrointestinal tract: a clinical review. Cureus. (2022) 14(3):
e23333. doi: 10.7759/CUREUS.23333

75. Sethi SK, Rana A, Adnani H, McCulloch M, Alhasan K, Sultana A, et al. Kidney
involvement in multisystem inflammatory syndrome in children: a pediatric
nephrologist’s Perspective. Clin Kidney J. (2021) 14:2000. doi: 10.1093/CKJ/SFAB073

76. Lee PY, Day-Lewis M, Henderson LA, Friedman KG, Lo J, Roberts JE, et al.
Distinct clinical and immunological features of SARS-CoV-2-induced multisystem
inflammatory syndrome in children. J Clin Invest. (2020) 130:5942–50. doi: 10.1172/
JCI141113

77. Fernandes DM, Oliveira CR, Guerguis S, Eisenberg R, Choi J, Kim M, et al. Severe
acute respiratory syndrome coronavirus 2 clinical syndromes and predictors of disease
severity in hospitalized children and youth. J Pediatr. (2021) 230:23–31.e10. doi: 10.
1016/J.JPEDS.2020.11.016

78. Bonati M, Benelli E. Vaccinating adolescents wisely against COVID-19. BMJ
Paediatr Open. (2021) 5:10–1. doi: 10.1136/bmjpo-2021-001191

79. Paul S, Mishra CM. Do we need to vaccinate every child against COVID-19: what
evidence suggests-A systematic review of opinions. Front Public Heal. (2022) 10:1002992.
doi: 10.3389/FPUBH.2022.1002992

80. Zimmermann P, Pittet LF, Finn A, Pollard AJ, Curtis N. Should children be
vaccinated against COVID-19? Arch Dis Child. (2022) 107:e1. doi: 10.1136/
ARCHDISCHILD-2021-323040

81. Dembiński Ł, Vieira Martins M, Huss G, Grossman Z, Barak S, Magendie C, et al.
SARS-CoV-2 vaccination in children and adolescents—a joint statement of the European
academy of paediatrics and the European confederation for primary care paediatricians.
Front Pediatr. (2021) 9:881. doi: 10.3389/FPED.2021.721257/BIBTEX

82. Schleiss MR, John CC, Permar SR. Children are the key to the endgame: a case for
routine pediatric COVID vaccination. Vaccine. (2021) 39:5333–6. doi: 10.1016/J.
VACCINE.2021.08.005

83. Minoia F, Lucioni F, Heshin-Bekenstein M, Vastert S, Kessel C, Uziel Y, et al.
Approaches to SARS-CoV-2 and other vaccinations in children with a history of
multisystem inflammatory syndrome (MIS-C): an international survey. Front Pediatr.
(2022) 10:2005. doi: 10.3389/FPED.2022.1030083/BIBTEX
frontiersin.org

https://doi.org/10.1507/ENDOCRJ.EJ20-0443
https://doi.org/10.1111/CEN.14476
https://doi.org/10.1002/PHAR.2709
https://doi.org/10.1093/CID/CIAC072
https://doi.org/10.1093/CID/CIAC072
https://doi.org/10.1530/JOE-15-0133
https://doi.org/10.1001/JAMA.288.17.2167
https://doi.org/10.1097/01.CCM.0000045569.14948.F2
https://doi.org/10.1007/S11154-020-09615-Z
https://doi.org/10.1007/S11154-020-09615-Z
https://doi.org/10.1016/J.NEFRO.2020.05.004
https://doi.org/10.1152/AJPENDO.00178.2020
https://doi.org/10.1210/JC.2005-2089
https://www.jwatch.org/jw201304110000005/2013/04/11/clarifying-cortisol-metabolism-critically-ill
https://www.jwatch.org/jw201304110000005/2013/04/11/clarifying-cortisol-metabolism-critically-ill
https://doi.org/10.1056/nejmra020529
https://doi.org/10.1097/INF.0000000000002888
https://doi.org/10.1007/S42399-020-00690-6
https://doi.org/10.1002/PPUL.25245
https://doi.org/10.1101/2021.05.28.21257602
https://doi.org/10.1016/J.JNS.2020.117096
https://doi.org/10.1001/JAMANEUROL.2021.0504
https://doi.org/10.7759/CUREUS.23333
https://doi.org/10.1093/CKJ/SFAB073
https://doi.org/10.1172/JCI141113
https://doi.org/10.1172/JCI141113
https://doi.org/10.1016/J.JPEDS.2020.11.016
https://doi.org/10.1016/J.JPEDS.2020.11.016
https://doi.org/10.1136/bmjpo-2021-001191
https://doi.org/10.3389/FPUBH.2022.1002992
https://doi.org/10.1136/ARCHDISCHILD-2021-323040
https://doi.org/10.1136/ARCHDISCHILD-2021-323040
https://doi.org/10.3389/FPED.2021.721257/BIBTEX
https://doi.org/10.1016/J.VACCINE.2021.08.005
https://doi.org/10.1016/J.VACCINE.2021.08.005
https://doi.org/10.3389/FPED.2022.1030083/BIBTEX
https://doi.org/10.3389/fped.2022.1080654
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Six-month multidisciplinary follow-up in multisystem inflammatory syndrome in children: An Italian single-center experience
	Introduction
	Patients and methods
	Patients
	Methods
	Disease indicators and outcomes
	Protocol therapy for MIS-C
	Multidisciplinary evaluations
	Clinical evaluation
	Metabolic and hormonal evaluation
	Cardiologic assessment
	Lung assessment
	Neurological assessment
	Gastroenterological evaluation
	Discharge criteria

	Statistical methods

	Results
	General clinical conditions
	Skin and/or mucosal involvement
	Metabolic and endocrine system
	Heart
	Central nervous system
	Lung
	Gastrointestinal system
	Kidney
	Multivariate analysis
	Patterns of multiorgan impairment
	Admission to ICU, long-term complications, and their association with severity of disease


	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


