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Abstract

Recently, a new pattern of multisystem inflammatory syndrome following an infection with severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) has emerged globally. The initial cases were described in the adult population followed
by sporadic cases in the pediatric population also. By the end of 2020, similar reports were recognised in the neonatal age
group. The purpose of this study was to systematically review clinical characteristics, laboratory parameters, treatment, and
outcomes of neonates with multisystem inflammatory syndrome in neonates (MIS-N). A systematic review was conducted
after registering with PROSPERO and electronic databases including MEDLINE, EMBASE, PubMed, SCOPUS, Google
Scholar, and Web of Science were searched from January 1st 2020 till September 30th 2022. A total of 27 studies describing
104 neonates were analysed. The mean gestation age and birth weight was 35.9 +3.3 weeks and 2255.7 +783.7 g respectively.
A large proportion (91.3%) of the reported cases belonged to the South-East Asian region. The median age of presentation was
2 days (range: 1-28 days) with cardiovascular system being the predominant system involved in 83.65% followed by respira-
tory (64.42%). Fever was noted in only 20.2%. Commonly elevated inflammatory markers were IL-6 in 86.7% and D-dimer
in 81.1%. Echocardiographic evaluation suggested ventricular dysfunction in 35.8% and dilated coronary arteries in 28.3%.
Evidence of SARS-CoV-2 antibodies (IgG or IgM) was seen in 95.9% neonates and evidence of maternal SARS-CoV-2 infec-
tion, either as history of COVID infection or positive antigen or antibody test, was noted in 100% of the cases. Early MIS-N
was reported in 58 (55.8%) cases, late MIS-N in 28 (26.9%), and 18 cases (17.3%) did not report the timing of presentation.
There was a statistically increased proportion of preterm infants (67.2%, p <0.001), and a trend towards increased low birth
weight infants, in the early MIS-N group when compared to the infants with late MIS-N. Fever (39.3%), central nervous system
(50%), and gastrointestinal manifestations (57.1%) were significantly higher in the late MIS-N group (p=0.03, 0.02, 0.01
respectively). The anti-inflammatory agents used for the treatment of MIS-N included steroids 80.8% which were given for a
median of 10 (range 3-35) days and IVIg in 79.2% with a median of 2 (range 1-5) doses. The outcomes were available for 98
cases, of whom 8 (8.2%) died during treatment in hospital and 90 (91.8%) were successfully discharged home.

Conclusion: MIS-N has a predilection for late preterm males with predominant cardiovascular involvement. The diag-
nosis is challenging in neonatal period due to overlap with neonatal morbidities and a high risk of suspicion is warranted,
especially in presence of supportive maternal and neonatal clinical history. The major limitation of the review was inclusion
of case reports and case series, and highlights need of global registries for MIS-N.

What is Known:

o A new pattern of multisystem inflammatory syndrome following SARS-CoV-2 infection has emerged in adult population with sporadic cases
now being reported in neonates.

What is New:

o MIS-N is an emerging condition with a heterogeneous spectrum and has a predilection for late preterm male infants. Cardiovascular system

is the predominant system involved followed by respiratory, however fever remains an uncommon presentation unlike other age-groups. There
are two subtypes based on timing of presentation, with early MIS-N being reported more in preterm and low-birth weight infants.

Communicated by Daniele De Luca.
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Abbreviations
BW Birth weight
CDC Centres for Disease Control

COVID-19 Coronavirus disease
CRP C-reactive protein
GA Gestation age

IVIg Intravenous immunoglobulin

MIS-C Multisystem inflammatory syndrome in
children

MIS-N Multisystem inflammatory syndrome in
neonates

PPHN Persistent pulmonary hypertension of
newborn

SARS-CoV-2 Severe acute respiratory syndrome
coronavirus-2

WHO World Health Organization

Introduction

Coronavirus disease (COVID-19) caused by severe acute res-
piratory syndrome coronavirus-2 (SARS-CoV-2) has rapidly
evolved over the last 3 years into a pandemic involving all
age groups [1-3]. A new pattern of multisystem inflamma-
tory syndrome following SARS-CoV-2 infection emerged in
the adult population with sporadic pediatric cases also [4,
5]. By the end of 2020, similar clinical patterns were being
recognised in the neonatal age group [6].

There remains a lack of uniformity in definitions of mul-
tisystem inflammatory syndrome in neonates (MIS-N), and
most have been extrapolated from multisystem inflammatory
syndrome in children (MIS-C). There is a wide clinical spec-
trum and management practices vary across the globe [7].
MIS-N appears to be linked to development of hyperinflam-
matory response following a perinatal or postnatal COVID-
19 exposure [6, 7]. A recent systematic review suggested
cardiovascular system being the most commonly involved
organ, manifesting with cardiac dysfunction, arrhythmia,
dilated coronaries, pericardial effusion, persistent pulmonary
hypertension (PPHN), and intracardiac thrombus. Addition-
ally, neonates exhibited a rise in the inflammatory markers
such as c-reactive protein (CRP), ferritin, and procalcitonin
[8]. Management strategies commonly used included anti-
inflammatory therapies primarily intravenous immunoglobulin
and corticosteroids, along with supportive interventions [9].

Two systematic reviews have analysed the clinical features
and management strategies of published cases of MIS-N
till October 2021 [8, 9]. As there has been an increase in
reported cases since then, we aim to systematically review
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the demographic profile, clinical presentation, laboratory
abnormalities, and treatment of MIS-N. We also describe the
cases based on their timing of presentation, namely early and
late MIS-N.

Methodology

We aimed to systematically review the reports on MIS-N to
analyse the demographic characteristics, clinical manifesta-
tions, laboratory abnormalities, therapeutic interventions,
and outcomes.

Protocol registration

The protocol was registered with the International Prospec-
tive Register of Systematic Reviews (PROSPERO) with the
registration number CRD42022321114.

Search strategy

Electronic databases including MEDLINE, EMBASE,
PubMed, SCOPUS, Google Scholar, and Web of Science
were searched. Additionally, pre-print repositories (BioRxiv
and MedRxiv) and reference list of included studies were
taken as additional sources. All publications in English lan-
guage from January 1st 2020 till September 30th 2022 were
reviewed. The combination of the following keywords was
used as the search strategy for literature search in the various
databases: Population [“neonates” OR”’newborn” OR “neo-
natal” OR “infant” OR “preterm” OR “premature” OR “low
birth weight” OR “very low birth weight” OR “small ges-
tational age” OR “extremely low birth weight” OR “baby”
OR “very preterm” OR “extremely preterm”] AND Virus
[“sars-cov-2” OR “covid” OR “covid-19” OR “coronavi-
rus” OR “novel coronavirus” OR “severe acute respiratory
syndrome coronavirus 2”] AND Condition [(“multisystem”
OR “multisystemic” OR “multisystems”) AND (“inflamma-
tories” OR “inflammatory”’) AND (“syndrom” OR “syndro-
mal” OR “syndromally” OR “syndrome” OR “syndromes”
OR “syndromic” OR “syndroms”)]. Studies such as case
reports, case series, observational (prospective or retro-
spective), brief communications, and letters to editors that
incorporated details of neonates with MIS-N were included.
Studies without access to full-text version, not in English
language, or no patient data were excluded.

Study selection

The abstracts of the citations obtained from the initial broad
search were read independently by reviewers DM, MG, PI,
and SK to identify potentially eligible studies. Full-text arti-
cles of these studies were obtained and assessed for eligibility
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by reviewers DM, MG, PI, and SK independently, using the
pre-defined eligibility criteria. Any differences in the opinions
were resolved by a discussion amongst the group members
and suggestions from the senior authors (RN, AA) to reach a
consensus. To prevent data duplications multiple publications
of the same study were excluded.

MIS-N definition

The World Health Organization (WHO) and Centres for
Disease Control (CDC) have published MIS-C diagnostic
criteria [10, 11]. However, the diagnostic criteria for MIS-N
remain unclear and are evolving. Hence for this review, we
adapted a diagnostic criterion considering the CDC and
WHO recommendations for the definition of MIS-C, with
modifications based upon current understanding of the
immunological process of the disease in neonatal period
along with the available literature on pathophysiologic
mechanisms and clinical spectrum in neonates.

The neonates were categorised as MIS-N if they fulfilled
the following definition:

1. Onset of symptoms from birth till 28 days of life.

2. Fever and/or with features suggestive of >2 organ
system involvement (as fever is relatively uncommon in
neonatal period).

3. Laboratory evidence of elevated inflammatory markers
(CRP, procalcitonin, ESR, LDH, D-dimer, IL-6, ferritin,
fibrinogen)

4. Evidence of SARS-CoV-2:

(a) Neonate: Presence of SARS-CoV-2 antibodies
(either IgG or IgM) in the neonate and a negative
SARS-CoV-2 antigen test during the presentation
to rule out an active COVID-19 infection.

(b) Mother: During pregnancy or peripartum period
any history of COVID-19 infection or positive
SARS-CoV-2 antigen or SARS-CoV-2 antibod-
ies serology positive (IgG or IgM).

5. No alternative diagnosis given to explain the clinical features.

Based on the above definition, the neonates were classi-
fied as most likely, possible, and unlikely MIS-N. The neo-
nates who fulfilled all the criteria for the definition were
termed as “most likely MIS-N”. The neonates who presented
with a high suspicion for MIS-N but could not fulfil all the
criteria were termed as “possible MIS-N” if no alternative
diagnosis was suggested, or “unlikely MIS-N” if an alterna-
tive diagnosis was available. All MIS-N cases were stratified
as early or late onset depending upon their time of presenta-
tion. The neonates who presented within the first 3 days of

life were termed as early, and those who presented beyond
3 days till 28 days of life were termed as late MIS-N.

Data extraction

Reviewers DM and MG independently extracted the data
and discrepancies during the data extraction process were
resolved by group discussion. The data collection included
the name of first author, year, journal, country, study design,
number of cases, gestational age (GA), birth weight (BW),
sex distribution, mode of delivery, apgar scores, and clinical
symptoms. Investigations included blood counts, inflamma-
tory markers, cardiac biomarkers, coagulation profile, mater-
nal and neonatal serology for SARS-CoV-2 infection, elec-
trocardiogram, ultrasound findings, and echocardiographic
evaluation. The treatment details recorded comprised venti-
lation type and duration, inotrope requirement and duration,
steroids, antibiotics, aspirin, intravenous immunoglobulin,
and other supportive and symptomatic therapies. The length
of stay and outcomes were also noted. All data was recorded
into MS Excel spreadsheet in a pre-defined manner.

Risk of bias assessment

The Preferred Reporting Items for Systematic review and
Meta-Analysis (PRISMA) checklist was used to guide the
data extraction process. The study quality was assessed by
quality assessment tools published by JBI Critical Appraisal
Checklist for case reports and case series.

Data analysis

Data analysis was performed using SPSS statistics software
v24 (IBM corporation).

Results

A total of 1761 records were identified from MEDLINE,
EMBASE, PubMed, SCOPUS, Google Scholar, and Web
of Science from January 1st 2020 till September 30th
2022. After removing 985 duplicates, 776 studies left were
screened on title and abstract. After screening, 740 articles
were excluded due to various reasons such as editorial or
review articles, studies in paediatric population, not relevant,
non-English literature, and articles with no patient data.
Thirty-six full-text articles were assessed for eligibility, of
which 27 studies were included in qualitative synthesis. Nine
studies were excluded as seven did not meet inclusion criteria
and two were review articles (Fig. 1). We have summarised
data from 27 studies, which reported 104 cases of MIS-N in
Table 1. Of the studies included, 17 were case reports, 7 were
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Fig. 1 PRISMA flowchart
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Studies included in review

case series, and 3 were cross-sectional observational stud-
ies. (12 — 38) There was a regional variation in the reports
with the largest proportion of neonates with MIS-N being
from India (93) followed by USA (3), UAE (2), and Iran
(2). Other cases were described from Italy (1), Thailand (1),
Bangladesh (1), and Netherlands (1).

Demographic features and clinical characteristics

In the 27 studies included, the majority were males (60.2%)
with a mean GA of 35.9 +3.3 weeks and a mean BW of
2255.7+783.7 g. Most were late preterm (34.9%) and term
(44.7%), with 59.2% low birth weight and 34.4% small for
gestational age, as depicted in Table 2. A large proportion
(91.3%) of the reported cases belonged to the South-East
Asian region. The median age of presentation was 2 days
(range 1 to 28 days). Early MIS-N was reported in 58
(55.8%), late MIS-N in 28 (26.9%), and 18 cases (17.3%)
did not report the age at presentation and were not classified.

@ Springer

Cardiovascular system was the predominant system
involved in 83.65%, which included shock, arrhythmia and
PPHN, echocardiographic abnormalities and raised cardiac
biomarkers, followed by respiratory (64.42%). Common
symptoms reported were respiratory distress (61.5%), shock
(53.9%), lethargy (24%), and coagulopathy (24%). Fever,
though an important diagnostic criterion for MIS-C, [10,
11] was noted in only 20.2% (Table 3).

Diagnosis and classification of MIS-N

Raised inflammatory markers were noted in majority of the
cases, with the commonest being IL-6 in 13/15 (86.7%) and
D-dimer in 77/95 (81.1%) (Table 4). Echocardiographic
evaluation suggested ventricular dysfunction in 29/81
(35.8%) and dilated coronary arteries in 28/99 (28.3%) neo-
nates. Evidence of SARS-CoV-2 antibodies (IgG or IgM)
were seen in 93/97 (95.9%) neonates and evidence of mater-
nal SARS-CoV-2 infection, either as history of COVID-19
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Table 2 Demographic profile Parameter (N =104) Data available Outcome
e Gestation [mean + SD] 103 35.90+3.26
<28 weeks [n (%)] 2 (1.94%)
28-317° weeks 7 (6.79%)
32-33*6 weeks 12 (11.65%)
34-36"° weeks 36 (34.95%)
> 37 weeks 46 (44.66%)
e Birth weight [mean + SD] 76 2255.67 +783.66
<1000 g [n (%)] 2 (2.63%)
1000-1499 g 10 (13.16%)
1500-1999 g 17 (22.37%)
2000-2499 g 16 (21.05%)
>2500 g 31 (40.79%)
e Small for gestation age [n (%)] 64 22 (34.38%)
e Mode of delivery [n (%)] 38
Vaginal 8 (21.05%)
Assisted 1(2.63%)
Caesarean 29 (76.32%)
o Multifetal gestation [n (%)] 82 10 (12.2%)
e History of contact [n (%)] 72 6 (8.3%)
e Male [1n (%)] 38 53 (60.23%)
e Apgar scores [median (Q1, Q3)] 21
At 1 min 6 (3,6)
At 5 min 8 (6,9)
e Age at presentation [median (Q1, Q3)] 86 2(1,4)
e Skin to skin contact at birth [n (%)] 7 1(14.28%)
e Breastfeeding [n (%)] 21 6 (28.57%)

or positive antigen or antibody test, was noted in 93/93
(100%) cases. Of the 22 cases which provided details on
maternal vaccination, none of the mothers had received it.

Based on the definition, a diagnosis of “most likely MIS-
N” was considered in 55/104 (52.9%), “possible MIS-N”
in 41/104 (39.4%), and “unlikely MIS-N” in 8/104 (7.7%).
The cases of unlikely MIS-N did not report any alternative
diagnosis for the clinical presentation.

Management and outcomes

A majority of the neonates 69/104 (63.3%) received any
form of ventilatory support, while 35/104 (33.7%) reported
the need for inotropes. The anti-inflammatory agents used
included steroids [84/104 (80.8%)] which were given for a
median of 10 (6.5, 14) days and intravenous immunoglobu-
lin (IVIg) [80/104 (79.2%)] with a median of 2 (2, 2) doses.
The steroids used were methylprednisolone [32 (38.09%)],
prednisolone [4 (4.76%)], combination of methylpredniso-
lone and prednisolone [10 (11.90%)], dexamethasone [22
(26.19%)], hydrocortisone [4 (4.76%)], and it was not speci-
fied in 12 (14.29%) neonates.

Additional therapies included antibiotics, aspirin, hepa-
rin, and diuretics (Table 5). None of the studies reported the
use of anakinra and tocilizumab. The median duration of

hospital stay was 13 days, ranging from 2 to 86 days. Data
regarding the outcomes was available for 98 cases, of whom
8 (8.2%) died during treatment in hospital and 90 (91.8%)
were successfully discharged home.

Early and late MIS-N

There was a statistically increased proportion of preterm
infants (67.2%, p <0.001) in the early compared to late
MIS-N. Fever (39.3%), central nervous system (50%), and
gastrointestinal manifestations (57.1%) were significantly
higher in the late MIS-N (p =0.03, 0.02, 0.01 respectively),
while haematological were more frequent in the early MIS-N
(41.4%, p<0.001). There was a significant increase in the
requirement of respiratory support (72.4%, p=0.001), ster-
oids (84.5%, p=0.03), and IVIg (86.2%, p <0.001) in early
MIS-N. Outcomes between the two groups showed no sta-
tistically significant difference (Table 6).

Discussion
MIS-N is an inflammatory syndrome in neonates with multi-

system involvement, raised inflammatory markers, and sero-
logical evidence of antibodies against SARS-CoV-2. In our
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Table 3 Clinical spectrum of MIS-N

Clinical feature (N =104) [n (%)]

21 (20.19%)
64 (61.54%)1

e Fever

e Respiratory

Respiratory distress 8 (17.31%)
PPHN 4 (3.85%)
Apnoea

e Cardiovascular

Shock 56 (53.85%)

Tachycardia 14 (13.46%)
e Gastrointestinal

Abdominal distension 7 (6.73%)

Diarrhoea 2 (1.92%)

Vomiting 8 (7.69%)

Refusal to feed 23 (22.12%)
e Renal

Acute kidney injury 2 (1.92%)

Anasarca 1 (0.96%)

o Central nervous system
25 (24.04%)
18 (17.31%)

Encephalopathy
Seizure

o Haematological
Coagulopathy 25 (24.04%)

e Metabolic

3(2.88%)

12 (11.54%)

Hypoglycaemia

e Dermatological manifestations

review of 27 studies, which included 104 cases, we found a
male predominance compared to a nearly equal distribution
in previous reviews. Preterm neonates comprised a slightly
larger proportion, a finding similar to other reviews [7, 8].
This could be due to a significant overlap in the symptoma-
tology of MIS-N with preterm morbidities.

The pathophysiology and exact natural history of MIS-N
are not clearly understood. It could be due to direct damage
by the antibodies or secondary to the inflammation follow-
ing an altered immune response [6]. The role of epigenetics
and contributions of specific genetic loci in the distinctive
exaggerated inflammatory response seen in the neonates
are possible, as illustrated in a large retrospective cohort of
cases of MIS in children [39]. The interval between COVID-
19 and onset of MIS-C has been reported to be around
27 days (interquartile range: 21-36 days) [7]. Hence, the
cases reported early in the neonatal period are likely to be
secondary to maternal infection acquired during pregnancy
leading to a fetal inflammatory response following trans-
fer of maternal antibodies, or due to transplacental trans-
fer of virus to the foetus mounting an endogenous altered
immune response. A third possibility is immune dysregula-
tion secondary to postnatal acquired infection. In the current
review, we found a positive serology for IgG SARS-CoV-2

@ Springer

antibodies in 95.9% and IgM in 12.4% neonates. In terms
of maternal serology, most women were positive for IgG
(98.2%) and IgM was positive in 38.9% and nearly half also
had a positive antigen test. With up scaling of COVID-19
vaccination in pregnancy, the possibility of maternal IgG
being positive following vaccination needs to be considered.
Molloy et al. have described testing for the specific sub-
types such as anti-nucleocapsid antibodies (post-infection)
and anti-spike protein (post-infection or post-vaccination)
antibodies as a probable solution to distinguish between the
two [7]. In our review, only 22 cases (21.2%) reported details
of maternal vaccination, of which none of the mothers had
received vaccination. Hence, it is important to document the
maternal vaccination to prevent a misdiagnosis of MIS-N.
The most commonly involved system was cardiovascu-
lar in 83.65% with clinical manifestations such as shock,
arrhythmia and PPHN, echocardiographic abnormalities,
and raised cardiac biomarkers. This was similar to a recent
review, where nearly two-third of the neonates had cardiac
dysfunction, arrhythmia, PPHN, or dilated coronaries. Inter-
estingly, they reported fever in only 17 neonates (36.2%),
which was comparable to our finding of fever in 20.2% [8].
This parallels the findings of De Rose et al. where incidence
of fever was less in MIS-N (18.2%) than MIS-C (84.4%) [9].
Fever, though considered a mandatory criterion for diagnosis
of MIS in children and adults, was not reported in the major-
ity of the newborns, necessitating the need for a separate
diagnostic criterion for MIS-N. A key concern while making
a diagnosis of MIS-N in any neonate is to ensure exclusion
of neonatal COVID-19 as a diagnosis, as there are many
overlapping clinical features and thorough investigations
should be done to distinguish between the two [40].
Majority of published cases have reported an array of
inflammatory markers to establish the diagnosis in suspect
cases [12, 13, 26, 29]. However, it seems important to iden-
tify the diagnostic accuracy of these markers and use those
with a high sensitivity. Additional testing should be guided
by the organ system involvement [41]. In light of predomi-
nant cardiovascular involvement, an echocardiography should
be considered while treating MIS-N and clinicians managing
these cases should utilise point of care ultrasound to guide
treatment, especially of the critically ill neonates to evaluate
the cardiac function and intravascular volume status [42].
The current management strategies for MIS-N have been
extrapolated from the MIS-C, as there are no globally accepted
management protocols for MIS-N. The recommended use of
steroids and intravenous immunoglobulin (IVIg) has their
basis in the immune-mediated hyperinflammatory pathogen-
esis [43—45]. In our review, we found 80% were treated with
IVIg, and an equal proportion with steroids, nearly half of
which were methylprednisolone. De Luca et al. in their review
discussed successful management of MIS-N with use of ster-
oids especially dexamethasone and hydrocortisone and IVIg
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Table 4 Investigations of MIS-N cases

Parameter Data available Median (Q1, Q3) Abnormal [r (%)]
e Complete blood count
Haemoglobin (g/dL) 34 15.65+2.38%
Total leucocyte count (cells/mm?>) 69 17919.92 +8061.24*
Leucocytosis 57 9 (15.79%)
Leukopenia 57 7 (12.28%)
Neutrophilia 27 10 (37.04%)
Lymphopenia 28 6 (21.43%)
Platelet count 95 1.85(0.78, 2.6)
Thrombocytopenia 78 30 (38.46%)
o Inflammatory markers
CRP (mg/L) 102 19.13 (16.6, 49) 66 (64.71%)
IL- 6 (pg/mL) 15 42.01 (20.4, 68.42) 13 (86.67%)
Procalcitonin (ng/mL) 72 15.04 (3.96,15.04) 36 (50%)
LDH (U/L) 89 998.4 (983, 2362.5) 55 (61.8%)
Ferritin (ng/mL) 70 407 (300.8, 1012.5) 47 (67.14%)
Erythrocyte Sedimentation Rate (mm/hr) 22 14.67 £3.85% 1 (4.55%)
D-dimer (ng/mL) 95 4740.4 (1284.5, 6570.75) 77 (81.05%)
Fibrinogen (mg/dL) 5 3.91 (3.06, 168.96) 3 (60%)
e Cardiac dysfunction
Troponin - T 30 0.20 (0.11,0.92) 8 (26.67%)
Troponin - | 13 30.2 (3.91,74.8) 9 (69.23%)
Pro - BNP 48 17,423 (7361, 30,000) 38 (79.17%)
CK - MB 24 14.7 (10.4, 32.05) 1 (4.17%)
ECG abnormalities 86

Sinus tachycardia 12 (13.95%)

Rhythm disturbances 9 (10.47%)
ECHO abnormalities

Ventricular dysfunction 81 29 (35.80%)

PPHN 99 27 (27.27%)

Dilated coronary artery 99 28 (28.28%)

e Markers of organ dysfunction
Creatinine 41 0.93£0.32%

Raised creatinine 24 4 (16.67%)
Elevated lactate [n (%)] 4 4 (100%)
AST 23 85 (58, 235.75) 19 (82.61%)
ALT 24 33 (18, 112.25) 10 (41.67%)
INR 33 1.39+0.3*% 13 (39.39%)
aPTT 50 47.79 +£23.90* 9 (18%)
Abnormal CSF analysis 11 0 (0%)

Abnormal neurosonogram 10 4 (40%)

e Maternal evidence of SARS-CoV-2
Maternal history 74 47 (63.51%)
Maternal IgM 18 7 (38.89%)
Maternal IgG 57 56 (98.25%)
Maternal Ag 57 31 (54.39%)
o Neonatal serology
Neonatal IgM 49 6 (12.24%)
Neonatal IgG 97 93 (95.88%)
Neonatal Ag 64 2 (3.13%)

“Data represented in Mean + SD

@ Springer
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Table 5 Management and outcome of neonates with MIS-N

Parameter (N =104) Data available

Management

e Ventilation

Invasive ventilation 104 60 (57.69%)
Non-invasive ventilation 104 35 (33.65%)
Duration of ventilation 12 8 (6, 12.5)
o Surfactant 104 9 (8.65%)
o Inotrope
Use of inotropes 104 35 (33.65%)
Use of > 2 inotropes 17 3 (17.65%)
Duration of inotropes 9 2(2,5)
e Antihypertensive 104 3 (2.88%)
e Pulmonary vasodilators
Sildenafil 99 4 (4.04%)
Inhaled NO 104 5 (4.81%)
o Antibiotics 104 57 (54.81%)
Duration of antibiotics 17 7(5,9)
o Systemic steroids
Any steroids 104 84 (80.77%)
Methylprednisolone 42 (40.38%)
o Intravenous immunoglobulin 104 80 (76.92%)
e Aspirin 104 36 (34.62%)
e Heparin 104 41 (39.42%)
e Blood transfusion 104
Packed cell 5 (4.81%)
Fresh frozen plasma 9 (8.65%)
e Diuretic 104 10 (9.62%)
Outcome
e Discharge 98 90 (91.84%)
e Death 98 8 (8.16%)
Type of MIS-N 104
® Most likely 55 (52.88%)
o Possible 41 (39.42%)
e Unlikely 8 (7.69%)

[46]. A recent meta-analysis of 756 cases of MIS in the age
group less than 21 years compared the treatment outcomes
of IVIg alone vs IVIg and steroids. The combination therapy
decreased the risk of persistence of fever. Interestingly, the
combination did not significantly reduce the risk of left ven-
tricular dysfunction and need for inotropic support, which are
predominant morbidities of MIS-N. This highlights the need
to re-evaluate the efficacy of use of individual agents and
combination therapy in the neonatal population [44].

A striking pattern of antibiotics use in nearly 50% of the
included neonates points towards a potential overuse of
empiric antibiotics. The use of antibiotics needs to be guided
by the principles of antibiotic stewardship and restricting
use is essential to prevent drug resistance. The widespread
use of antibiotics could be due to overlap with symptoms of
sepsis along with raised CRP, procalcitonin, and IL-6 levels,
which are also key biomarkers for diagnosing sepsis. We

@ Springer

found nearly one-third of the neonates with MIS-N to have
received aspirin and heparin. The use of aspirin has been
recommended in all cases of mild MIS-C to improve platelet
count and to prevent thrombosis in presence of coronary
artery aneurysms. Additionally, heparin has been recom-
mended for use in moderate-severe MIS-C cases with raised
D-dimers (>5 ULN) and low ejection fraction (<35%) to
prevent thrombosis [47]. The use of these agents in neonates
should be considered only in indicated cases.

Interestingly, we found a nearly seven times higher like-
lihood of prematurity in early MIS-N as compared to late
MIS-N. This draws parallel to an increased incidence of
preterm births in pregnant women affected by COVID-19.
Allotey et al. in their living systematic review and meta-
analysis found a nearly threefold increase in preterm births;
however, most were attributable to medical induction for
maternal COVID-19 [48]. Hence, an in utero exposure to
SARS-CoV-2 could possibly lead to premature birth and
initiate an inflammatory cascade leading to early MIS-N.
However, at this stage, it is difficult to determine whether it
is truly a cause-effect relationship or merely an association.
Fever was more in late MIS-N, with median onset on 11 days
pointing to a similarity to pathophysiologic mechanisms of
MIS-C. Ventilation, systemic steroids, and IVIg were found
to be used more in early MIS-N with a lower mortality rate
than late MIS-N reflecting a possible overlap with preterm
morbidities in early MIS-N.

Mortality in MIS-N was 9-11% in previous reviews [8,
9]. However, current review with nearly double the number
of cases found a slightly lower mortality rate (8.2%). These
are significantly higher than mortality in MIS-C which range
between 0.8 and 1.9% [7, 9]. The reasons include a prob-
able reporting bias for the critical neonates with MIS-N in
literature or a possible variation in immunological response
in two age groups, which needs to be further elucidated.
Moreover, there is likely to be underdiagnoses of mild cases,
as clinicians often keep a low risk of suspicion and attribute
to prematurity-related complications. Partnering of neona-
tologists and paediatricians who have managed more cases
of MIS, while making the diagnosis of MIS-N in suspected
neonates who present with unusual clinical course or sudden
deterioration, especially in areas of high viral circulation
during pregnancy can possibly prevent over diagnosis and
improve neonatal outcomes of MIS-N [49].

The strengths of the present review are inclusion of a
larger number of cases and relevance considering increas-
ing global burden of MIS-N (Supplementary Fig. 1). Along
with a detailed analysis, we have additionally distinguished
between the early and late MIS-N, with the latter mirroring
the MIS-C and hence highlighting a need for delineation
of separate guidelines for the two. The major limitation is
inclusion of case reports and case series, as they form the



European Journal of Pediatrics (2023) 182:2283-2298

2295

Table 6 Comparison of early
and late MIS-N cases

Parameter Early MIS-N Late MIS-N p value Risk estimate (Confidence
interval)
e Preterm 39/58 (67.24%) 6/27 (22.22%) <0.001 7.18 (2.49-20.74)
e Low birth weight 36/55 (65.45%) 10/21 (47.62%) 0.16  2.08 (0.75-5.79)
e Male 29/49 (59.18%) 13/21 (61.90%) 0.83  0.89(0.31-2.55
o Small for gestation age 13/46 (28.26%) 9/18 (50.0%) 0.10  0.39 (0.13-1.21)
e Median age of presentation 1(1,2) 11.5 (4,20.5)
o History of contact 4/56 (7.14%) 2/ 16 (12.5%) 0.61  0.54 (0.9-3.25)
o Type of MIS-N
Most likely 23/58 (39.66%) 14/28 (50%) 0.36  0.66 (0.27-1.63)
Possible 29/58 (50%) 12/28 (42.86%) 0.53  1.33(0.54-3.31)
e Systemic involvement
Fever 10/58 (17.24%) 11/28 (39.29%) 0.03  0.32(0.12-0.89)
Cardiovascular 29/58 (50%) 9/28 (32.14%) 0.12  2.11(0.82-5.43)
Central nervous system 14/58 (24.14%) 14/28 (50%) 0.02  0.32(0.12-0.83)
Respiratory 43/58 (74.14%) 16/28 (57.14%) 0.11 2.15 (0.83-5.57)
Haematological 24/58 (41.38%) 1/28 (3.57%) <0.001 19.06 (2.42-150.01)
Gastrointestinal and hepatobiliary 17/58 (29.30%) 16/28 (57.14%) 0.01  0.31(0.12-0.79)
Renal 1/58 (1.72%) 1/28 (3.57%) 0.55  0.47 (0.03-7.86)
Dermatological manifestations 4/58 (6.89%) 6/28 (21.43%) 0.07 0.27 (0.70-1.06)
o Investigations
Abnormal cell counts 26/52 (50%) 11/26 (42.31%) 0.52  1.36(0.53-3.52)
Coagulopathy 9/21 (42.86%) 4/11 (36.36%) 1.00 1.31 (0.29-5.89)
Raised creatinine 1/14 (7.14%) 2/9 (22.22%) 0.54  0.27 (0.02-3.52)
Raised liver transaminases 13/14 (92.86%) 6/10 (60%) 0.12 8.67 (0.79-95.09)
Raised cardiac biomarkers 34/41 (82.93%) 9/15 (60%) 0.07  3.24 (0.87-12.06)
ECHO abnormalities
Ventricular dysfunction 22/58 (37.93%) 7/23 (30.43%) 0.53 1.39 (0.49-3.93)
PPHN 20/58 (34.48%) 3/23 (13.04%) 0.06  3.51(0.93-13.25)
Dilated coronaries 14/58 (24.14%) 4/23 (17.39%) 0.57 1.51 (0.44-5.19)
Inflammatory biomarkers 55/58 (94.82%) 27/27 (100%) 0.55  0.67 (0.58-0.78)
Maternal serology
IgG 57/58 28/28 1.00  0.67 (0.58-0.78)
IgM 3/11 4117 0.33  0.28 (0.04-2.08)
Neonatal serology
IgG 54/58 28/28 0.30  0.66 (0.56-0.77)
IgM 3/38 3/11 0.12  0.23(0.04-1.35)
e Management
Ventilation 42/58 (72.41%) 0/28 (35.71%) 0.001  4.73 (1.80-12.39)
Inotrope 26/ 58 (44.83%) 19/28 (32.14%) 0.26 1.71 (0.67-4.42)
Any systemic steroid 49/58 (84.48%) 18/28 (64.29%) 0.03 3.03 (1.06-8.64)
Intravenous immunoglobulin 50/58 (86.21%) 12/28 (42.86%) <0.001 8.33(2.89-23.98)
Aspirin 15/58 (25.86%) 6/28 (21.43%) 0.65 1.28 (0.44-3.76)
Heparin 27/58 (46.55%) 5/28 (17.86%) 0.10  4.01(1.34-11.99)
o Outcome
Discharge 53/56 (94.64%) 20/24 (83.33%) 0.19  3.53(0.73-17.20)
Death 3/56 (5.36%) 4/24 (16.67%) 0.19  0.28 (0.06-1.38)

Cardiovascular — shock; CNS — encephalopathy, seizures; respiratory — respiratory distress, apnoea, PPHN;
gastrointestinal and hepatobiliary — refusal to feed, abdominal distension, vomiting, diarrhoea, hypoglycaemia;
renal — acute kidney injury, anasarca; haematological — bleeding manifestations

Abnormal cell counts — leukopenia, leucocytosis, lymphopenia, neutrophilia, thrombocytopenia

Liver transaminases — AST, ALT

Cardiac biomarkers — Troponin T, troponin I, CK-MB, pro-BNP

Inflammatory markers — CRP, IL-6, procalcitonin, D-dimer, LDH, ferritin, ESR, fibrinogen

Coagulopathy — raised INR, prolonged a PTT

In bold are the parameters that have a significant p value

@ Springer



2296

European Journal of Pediatrics (2023) 182:2283-2298

current predominant scientific literature for MIS-N. This
limits the level of evidence to low. Larger global data reg-
istries are required to strengthen the understanding of the
natural history and improve the diagnostic criteria and man-
agement. A long-term follow-up of MIS-N is mandated to
determine the delayed effects.

Conclusion

MIS-N is an emerging condition in neonatal population with
a predilection for late preterm males and commonly leading
to cardiovascular involvement. The diagnosis is challenging
due to overlap with neonatal morbidities and a high risk of
suspicion is warranted, especially in presence of support-
ive maternal and neonatal clinical history. There remains a
strong need to develop guidelines to optimise clinical prac-
tice of diagnosing and treating MIS-N globally.
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