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Summary

Background Multisystem inflammatory syndrome in children (MIS-C) is a severe complication of SARS-CoV-2
infection. It remains unclear how MIS-C phenotypes vary across SARS-CoV-2 variants. We aimed to investigate
clinical characteristics and outcomes of MIS-C across SARS-CoV-2 eras.

Methods We performed a multicentre observational retrospective study including seven paediatric hospitals in four
countries (France, Spain, U.K., and U.S.). All consecutive confirmed patients with MIS-C hospitalised between
February 1st, 2020, and May 31st, 2022, were included. Electronic Health Records (EHR) data were used to
calculate pooled risk differences (RD) and effect sizes (ES) at site level, using Alpha as reference. Meta-analysis
was used to pool data across sites.

Findings Of 598 patients with MIS-C (61% male, 39% female; mean age 9.7 years [SD 4.5]), 383 (64%) were admitted
in the Alpha era, 111 (19%) in the Delta era, and 104 (17%) in the Omicron era. Compared with patients admitted in
the Alpha era, those admitted in the Delta era were younger (ES -1.18 years [95% CI -2.05, —0.32]), had fewer
respiratory symptoms (RD -0.15 [95% CI -0.33, -0.04]), less frequent non-cardiogenic shock or systemic
inflammatory response syndrome (SIRS) (RD -0.35 [95% CI -0.64, -0.07]), lower lymphocyte count
(ES —0.16 x 10°/uL [95% CI —0.30, —0.01]), lower C-reactive protein (ES —28.5 mg/L [95% CI —46.3, —10.7]), and
lower troponin (ES -0.14 ng/mL [95% CI -0.26, —0.03]). Patients admitted in the Omicron versus Alpha eras were
younger (ES -1.6 years [95% CI -2.5, —0.8]), had less frequent SIRS (RD -0.18 [95% CI -0.30, -0.05]), lower
lymphocyte count (ES —0.39 x 10°/ul [95% CI -0.52, —0.25]), lower troponin (ES -0.16 ng/mL [95%
CI -0.30, —0.01]) and less frequently received anticoagulation therapy (RD -0.19 [95% CI —0.37, —0.04]). Length of
hospitalization was shorter in the Delta versus Alpha eras (-1.3 days [95% CI -2.3, —0.4]).

Interpretation Our study suggested that MIS-C clinical phenotypes varied across SARS-CoV-2 eras, with patients in
Delta and Omicron eras being younger and less sick. EHR data can be effectively leveraged to identify rare
complications of pandemic diseases and their variation over time.

Funding None.

Copyright © 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Multisystem inflammatory syndrome; Paediatric inflammatory multisystem syndrome; COVID-19; SARS-
CoV-2; Variants; Pediatrics; Clinical phenotypes; Outcomes

surveillance data from February 2020 to July 2021 —
first observed that MIS-C clinical characteristics and
outcomes appeared to vary across SARS-CoV-2 waves,
with an overall decrease in the incidence of severe
outcomes over time.” This analysis was reproduced

Introduction

Multisystem inflammatory syndrome in children (MIS-
C) is a post-infectious vasculitis associated with SARS-
CoV-2 infection and represents one of the most
important complications secondary to SARS-CoV-2

infection in children and young adults."” Since the
beginning of the pandemic, multiple SARS-CoV-2 vari-
ants, including Alpha, Delta, and Omicron,’ have been
identified. Outcomes after acute COVID-19 in children
have been reported to differ based on SARS-CoV-2
variants, with Omicron being associated with less se-
vere illness than the Alpha and Delta variants.” However,
data on variant-specific MIS-C phenotypes and out-
comes are still limited.

A report from the Centres for Disease Control and
Prevention (CDC) — using U.S. voluntary national

using data up to January 2022 and confirmed that MIS-
C severity decreased over time.® An analysis from Israel
of data from 171 patients admitted in 12 centres
showed that cardiovascular outcomes were more
favourable during the Omicron wave and length of
hospitalization was shorter compared to previous
waves.” A recent large cohort study from the Interna-
tional Kawasaki Disease Registry demonstrated that,
compared to patients hospitalised during the ancestral
period (pre-Alpha), the risk of intensive care unit (ICU)
admission was lowest in those hospitalised during the
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Research in context

Evidence before this study

Multisystem inflammatory syndrome in children (MIS-C), a
post-infectious vasculitis associated with SARS-CoV-2
infection, represents one of the most important
complications of COVID-19 in children and young adults.
While outcomes after acute COVID-19 differ based on SARS-
CoV-2 variants, data on variant-specific MIS-C phenotypes
and outcomes are limited. To investigate the available
evidence, we searched PubMed using the following search
strategy, which included both terms and controlled vocabulary
terms: “(COVID-19 OR SARS-CoV-2 OR COVID19 [MeSH
Terms]) AND (“multisystem inflammatory syndrome” OR
MISC OR MIS-C OR “multi-system inflammatory syndrome”
OR "paediatric inflammatory multisystem syndrome” OR
PIMS) AND (variant OR variants)” (last search date: May 15th,
2023). The search retrieved 130 documents; of them, eight
addressed the research question. Most of the studies either
had a small sample size or were monocentre. Preliminary
results from a large register-based study suggested that
patients hospitalised during the initial period of the pandemic
were at higher risk of admission to the intensive care unit and
present with ventricular dysfunction compared to those
hospitalised during the most recent eras.

Omicron era, and the risk of ventricular dysfunction
was highest among those hospitalised during the Alpha
era.®* However, other smaller single-centre and multi-
centre reports from South Africa, Europe, and the U.S.
found no difference in MIS-C outcomes across SAS-
CoV-2 variant eras.”"’

The Consortium for Clinical Characterization of
COVID-19 (4CE) is an international consortium that
brings together researchers and electronic health record
(EHR) data scientists to leverage EHR data using a
federated approach to address research questions
related to COVID-19, while preserving data confidenti-
ality.” We aimed to investigate and compare clinical
characteristics, laboratory data, and patient-level out-
comes of patients with MIS-C who were hospitalised
during different SARS-CoV-2 eras using multicentre
data from the 4CE Consortium.

Methods

Study design, setting, and population

We performed a retrospective multicentre population-
based study using 4CE Consortium data from 4 coun-
tries (France, Spain, U.K., and U.S.; Supplemental
Table S1). The overall study methodological structure
is summarized in Fig. 1. All analyses involving identi-
fiable data were conducted at the site level; aggregate
analyses were performed at the project coordinating

www.thelancet.com Vol 64 October, 2023

Added value of this study

Our multicentre multinational EHR-based study, which brings
together data from a large cohort of patients with MIS-C
from four countries across two continents, provided evidence
suggesting that MIS-C clinical and laboratory characteristics
and outcomes vary according to SARS-CoV-2 variant eras. We
found that patients admitted during the Delta and Omicron
eras were younger and less sick than those admitted in the
Alpha era. Specifically, patients admitted during the Alpha era
versus subsequent variant eras had more respiratory
involvement and more frequently presented with shock or
systemic inflammatory response syndrome (SIRS); they also
had higher C-reactive protein, absolute lymphocyte count,
and troponin levels; lower albumin; and longer
hospitalization.

Implications of all the available evidence

We believe our study adds valuable information in
characterizing different MIS-C phenotypes across SARS-CoV-2
eras and continents. This available evidence may help in risk
stratification and clinical prognostication in paediatric
patients with MIS-C. Our study also showed that EHR data
may be effectively leveraged to investigate rare complications
of diseases in the setting of the pandemic and used to
identify patterns of disease variation or severity over time.

centre (Boston Children’s Hospital, BCH). A list of
consecutive patients with MIS-C was identified by MIS-
C experts at each site. Inclusion criteria were age <21
years, diagnosis of MIS-C based on CDC, Royal College
of Paediatrics and Child Health, or World Health Or-
ganization criteria according to institutional practice,
and hospitalization for MIS-C between February 1st,
2020 and May 31st, 2022 (Supplemental Tables S1 and
S2). Approval for the study was obtained from the
institutional review board at each site with a waiver of
informed consent since only de-identified retrospective
observational data were analysed. The study was con-
ducted following the ethical principles for medical
research of the Helsinki Declaration and the quality
standard required by the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
guidelines.

Data extraction, quality check, and data definition
Data were collected from the EHR of participating sites
in a federated approach (Supplemental Fig. S1). Patient-
level data at each site were extracted following the 4CE
common data model. An R package was created for site-
level analyses and shared with all sites following a step-
by-step approach (Supplemental Fig. S1). Aggregated
counts and statistics were then shared centrally. The
code is publicly available on GitHub (GitHub Inc., San


www.thelancet.com/digital-health

Articles

M MIs-C MIS-C
MIS-C janarosel Admission Discharge
Demographics statistics Date_ _ _ Date
(analysis [ ) | 0 |
MIS-C output) t T i i
. Clinical patient
i - isti ! At admission
l. © GitHub Characteristics pR— with MIS-C (Day 0.1)
Q / counts and N
R MIS-C statistics . o
Laboratory (::;l)ﬁl)s During Hospitalization
h I \ Values
——1 .
\ H Alpha Delta Omicron
i Aggregate | |
ts and @ 009 000
=0 e = .-‘ '-‘
" (analysis [ — |
patients output) L
with MIS-C Comparison Meta-analysis

Fig. 1: Graphical summary of the study methodological structure. MIS-C: multisystem inflammatory syndrome.

Francisco, U.S.  https://github.com/covidclinical/
PhaseX.2SqglDataExtraction/tree/main/Extras, https://
github.com/covidclinical/Phase2.2MISCRPackage).

Data quality checks were performed at site level and
across sites (Supplemental Methods). To facilitate this
process, a data visualization tool was developed to
compare International Classification of Disease 10th
revision (ICD-10) codes, counts, laboratory values, and
summary statistics across sites (R Shiny App, R Foun-
dation for Statistical Computing, Vienna, Austria),
which is publicly available (https://avillachlab.
shinyapps.io/alllnon3/). Two sites applied obfuscation
thresholds for small counts to minimize disclosure risks
related to small numbers of patients (Supplemental
Table S1). When count values were obfuscated, a value
of 1 was adopted.

Data included age, sex, clinical characteristics,
laboratory data, and patient-level outcomes during the
hospitalization of interest. Clinical characteristics
were based on EHR-extracted ICD-10 codes. A
detailed list of clinical characteristics based on ICD-10
codes is reported in the Supplemental Methods. Of
note, one centre did not pass the quality check control
for ICD-10 code-based data; therefore, ICD-10 code-
based data of this centre were excluded from the
analysis. Laboratory data at admission (day 0-1) and
the worst value during hospitalization were extracted
from the EHR. Definitions of worst value for each
laboratory data is reported in Supplemental Table S8.
Patient-level outcomes — used as a measure of
severity — included ICU admission, oxygen supple-
mentation or mechanical ventilation (MV), diuretic
therapy, anticoagulation therapy, vasoactive/inotropic
support, use of sedation/muscle-relaxants, cannula-
tion to extracorporeal membrane oxygenation
(ECMO), cardiac arrest, length of hospitalization, and
in-hospital mortality. A composite adverse cardiovas-
cular outcome measure was also investigated, defined
as presence of at least one among ventricular
dysfunction, heart failure or cardiogenic shock,
inotropic/vasoactive drugs, coronary aneurysm, major
arrhythmias, cardiac arrest, or veno-arterial ECMO.
Definitions of outcomes based on ICD-10 codes or

EHR-mapped elements is in the

Supplemental Methods.

reported

Definition of SARS-CoV-2 variant eras

The Global Initiative on Sharing All Influenza Data
(GISAID) — an initiative developed for collecting epide-
miologic data on influenza viruses that expanded its
expertise on SARS-CoV-2 data during the pandemic — was
used to identify SARS-CoV-2 variant eras based on variant
predominance by country.”” For European sites, all cases
hospitalised up to April 30, 2021 were assigned to Alpha, up
to December 31, 2021 to Delta, and up to the end of the
study, May 31, 2022, to Omicron. For U.S. sites, all cases
hospitalised up to June 30, 2021, were assigned to Alpha, up
to December 31, 2021, to Delta, and up to May 31, 2022, to
Omicron. Since MIS-C may have delayed onset compared to
SARS-CoV-2 infection."'® we conducted a sensitivity anal-
ysis by shifting the cut-off dates to two weeks later.

Statistical analysis

Data were summarized as counts and percentages for
categorical variables, and means and standard deviations
(SDs) for continuous variables at the site level. At the
federated level, for descriptive purposes, these summary
data were used to compute aggregate counts and per-
centages for categorical variables, as well as pooled means
and pooled SDs for continuous variables. To compare
patients’ characteristics and outcomes across the SARS-
CoV-2 variant eras, we used meta-analysis methods
based on the variable type. All comparisons were made
using the Alpha era as reference. For categorical variables,
we computed risk differences (RDs) with 95% confidence
intervals (CIs) at the site level, and subsequently pooled
RDs with 95% CIs across sites. To calculate the pooled
RDs and 95% CIs, we employed a meta-analysis method
specifically developed for small sample sizes."” Unlike the
conventional meta-analysis procedures, this method pro-
vides valid exact inferences under a fixed-effects frame-
work effectively utilizing all data while not relying on the
large-sample approximation or arbitrary continuity correc-
tions.” For continuous variables, we estimated the effect
sizes (ES) using the difference in means between groups.
We first computed the ES and 95% CI at the site level and
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subsequently pooled these across sites using fixed-effects
meta-analysis. The same analyses were reproduced, as a
sensitivity analysis, with the era cut-off dates shifted two
weeks later. All statistical analyses were performed using R
statistics (version 3.6.2., R Core Team, R Foundation for
Statistical Computing, Vienna, Austria).

Role of the funding source

All authors had full access to all the data, accept full
responsibility of ensuring accuracy or integrity of any
part of the work, approved the final version of the
manuscript and agreed to submit it for publication.
There was no funding source for this study.

Results

Among 598 MIS-C who were hospitalised in 7 partici-
pating sites (61% male, 39% female; pooled mean age 9.7
years [pooled SD 4.5]), 383 (64%) were admitted in the
Alpha era, 111 (19%) in the Delta era, and 104 (17%) in the
Omicron era. The distribution of MIS-C count over time in

Demographic and clinical characteristics

Patients’ demographic and clinical characteristics for
the whole cohort and across SARS-CoV-2 eras are
shown in Table 1 and Supplemental Table S3. Overall,
the most common clinical manifestations were cardio-
vascular involvement (74%), followed by respiratory
involvement (51%), and neurologic involvement (37%).
Conjunctivitis was reported in 35% and a rash is 33%. A
systemic inflammatory response syndrome (SIRS) was
reported in 24%.

Compared with patients admitted during the Alpha
era, those admitted during the Delta era were younger
(pooled ES -1.18 years [95% CI -2.05, —0.32]), had
fewer respiratory symptoms (pooled RD —0.15 [95%
CI -0.33, -0.04]), particularly pneumonia (pooled
RD -0.13 [95% CI -0.26, —0.04]), and less frequently
presented with non-cardiogenic shock or SIRS
(pooled RD -0.35 [95% CI —0.64, —0.07]), particularly
SIRS (pooled RD -0.28 [95% CI —0.46, —0.02]).
Compared with patients admitted during the Alpha
era, patients admitted during the Omicron era were

relation to SARS-CoV-2 variant eras is shown in Fig. 2. also younger (pooled ES -1.6 vyears [95%
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Pittsburgh, U.S.; UMICH: University of Michigan, U.S.
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Variable Total, N = 436° MIS-C during Alpha  MIS-C during Delta  MIS-C during Omicron Delta compared to Alpha Omicron compared to Alpha
aey M= 2k era, N = 87 ey M Pooled RD or ES (95% Cl) P Pooled RD or ES (95% Cl) P value
value
Age, years, pooled mean (pooled SD) [N] 9.7 (4.5) [N = 598] 103 (4.8) [N =383] 9.0 (3.9) [N =111] 8.2 (3.8) [N = 104] -1.183 (-2.049, -0.317) 0.007 -1.649 (-2.535, -0.763) <0.001
Sex, N (%)
Male 365 (61.0) 231 (60.3) 68 (613) 66 (63.5) 0.012 (-0.097, -0.118)° 0.884 0.045 (-0.178, 0.195)°  1.000
Female 233 (39.0), [N = 598] 152 (39.7) [N = 383] 43 (38.7) [N = 111] 38 (36.5) [N = 104]
Baseline comorbidities
Overweight or obesity, N (%) 28 (6.4) 23 (8.4) 2(22) 3 (4.0) -0.065 (-0.131, 0.021)  0.176 -0.088 (-0.145, 0.047)  0.229
Asthma, N (%) 36 (8.3) 23 (8.4) 5 (5.7) 8 (10.8) -0.036 (-0.120, 0.042) 0.573 0.032 (-0.087, 0.146)  1.000
Generalized symptoms (other than fever) or muco- 310 (71.1) 201 (73.1) 58 (66.7) 51 (68.9) -0.013 (-0.213, 0.102)  1.000 -0.047 (-0.265, 0.156)  1.000
cutaneous involvement, N (%)
Fatigue, asthenia 1 (20.9) 2 (22.5) 5 (17.2) 14 (18.9) -0.035 (-0.124, 0.113)  0.799 -0.000 (-0.193, 0.128)  1.000
Rash 143 (32.8) 5 (34.5) 4 (27.5) 4 (32.4) 0.036 (-0.153, 0.166)  0.935 -0.002 (-0.124, 0.124)  1.000
Conjunctivitis 55 (35.5) (36 0) 1 (35.6) 5 (33.8) 0.118 (-0.072, 0.234) 0.184 0.008 (-0.122, 0.166)  1.000
Mucositis 2 (11.9) 8 (13.8) (8 1) 7(9.5) -0.008 (-0.126, 0.071)  0.961 -0.057 (-0.120, 0.032)  0.174
Lymphadenitis/lymphadenopathy (16 5) 47 (17.1) 11 (12.6) 14 (18.9) -0.072 (-0.210, 0.057)  0.986 0.000 (-0.129, 0.120)  1.000
Gastrointestinal involvement, N (%) 248 (56.9) 165 (60.0) 9 (56.3) 34 (45.9) 0.069 (-0.133, 0.265) 0.647 0.049 (-0.341, 0.273)  1.000
Abdominal pain 48 (33.9) 101 (36.7) 0 (34.5) 17 (23.0) 0.018 (-0.143, 0.232) 1.000 -0.033 (-0.256, 0.184)  1.000
Nausea or vomiting 7 (22.2) 5 (23.6) 8 (20.7) 14 (18.9) -0.011 (-0.170, 0.161)  1.000 -0.015 (-0.252, 0.243)  1.000
Diarrhea, enteritis, ileitis 101 (23. 2) 5 (27.3) 5 (17.2) 11 (14.9) -0.077 (-0.194, 0.137)  0.687 -0.014 (-0.186, 0.110)  1.000
Appendicitis, peritonitis 3(07 1(0.4) 0 (o 0) 2(27) -0.001 (-0.030, 0.044) 1.000 0.032 (-0.018, 0.111)  0.659
Respiratory involvement, N (%) 222 (50. 9 162 (58.9) 29 (33.3) 31 (41.9) -0.148 (-0.327, -0.043) 0.005 -0.145 (-0.356, 0.054)  0.376
Cough 8 (6.4) 4 (8.7) 2 (23) 2(27) -0.037 (-0.096, 0.036) 0300 -0.073 (-0.130, 0.024)  0.116
Rhinitis/Rhinorrhea 7 (1.6) 4 (1.4) 1(11) 227) 0.000 (-0.041, 0.067) 1.000 0.015 (-0.050, 0.089)  1.000
Sore throat 6 (6.0) 0 (7.3) 2 (23) 4 (5.4) -0.035 (-0.085, 0.038) 0.513  0.000 (-0.093, 0.099)  1.000
Respiratory failure/dyspnea 47 (10.8) 0 (10.9) 9 (103) 8 (10.8) -0.023 (-0.097, 0.067) 0.909 -0.035 (-0.121, 0.054)  0.924
Pleural effusion 81 (18.6) 9 (21.4) 11 (12.6) 11 (14.9) -0.040 (-0.157, 0.056)  1.000 -0.021 (-0.181, 0.109)  1.000
Pulmonary edema (6 0) 7 (6.2) 3 (3. ) 6 (8.1) -0.001 (-0.052, 0.064) 1.000 0.051 (-0.030, 0.155)  0.258
Pneumonia 5 (12.6) (18 9) 1011 2(27) -0.129 (-0.258, -0.036) 0.005 -0.145 (-0.295, 0.033)  0.223
ARDS 9 (2. ) 6 (2.2) 11 ) 2(27) 0.002 (-0.043, 0.060) 1.000 -0.025 (-0.066, 0.045)  0.496
Cardiovascular involvement, N (%) 321 (73.6 223 (81 1) 53 (60.9) 45 (60.8) -0.043 (-0.332, 0.075)  0.825 -0.020 (-0.415, 0.130)  1.000
Chest pain 8 (4. ) 5 (5.4) 1(11) 227) -0.020 (-0.072, 0.031) 0.511 -0.027 (-0.095, 0.051)  0.591
Hypotension 174 (39.9) 117 (42.5) 31 (35.6) 26 (35.1) -0.029 (-0.146, 0.224) 1.000 0.003 (-0.160, 0.401)  1.000
Pre-syncope, syncope 4 (12.4) 6 (13.1) 3 (14.9) 5 (6.7) 0.068 (-0.012, 0.156) 0.234 -0.010 (-0.096, 0.080) 0.898
Arrhythmias 7 (22.2) 9 (25.1) (16 1) 14 (1849) -0.003 (-0.075, 0.076)  1.000 -0.032 (-0.119, 0.064)  0.645
Myocarditis (13 3) 41 (14.9) 7 (8.0) 0 (13.5) -0.075 (-0.245, 0.024) 0.166 -0.059 (-0.298, 0.063)  0.585
Pericarditis/pericardial effusion 107 (24.5) 74 (26.9) 19 (21.8) 14 (1849) 0.036 (-0.088, 0.138) 0.898 -0.014 (-0.146, 0.123)  1.000
Left ventricular dysfunction 0 (13.8) 43 (15.6) 6 (6.9) 11 (14.9) -0.032 (-0.084, 0.031) 0.318 -0.012 (-0.103, 0.117) 1.000
Heart failure 6 (12.8) 41 (14.9) 10 (11.5) 5 (6.8) -0.022 (-0.084, 0.089) 1.000 0.067 (-0.178, 0.043)  0.553
Cardiogenic shock 4 (19.3) 52 (18.9) 16 (18.4) 16 (21.6) -0.076 (-0.169, 0.103) 0.652 0.017 (-0.201, 0.192)  1.000
Shock (non-cardiogenic)/SIRS, N (%) 187 (42.9) 146 (53.1) 16 (18.4) 3 (31.1) -0.348 (-0.645, -0.067) 0.006 -0.101 (-0.288, 0.041)  0.207
Septic shock 45 (10.3) 6 (13.1) 5 (5.7) 4 (5.4) -0.107 (-0.175, 0.021)  0.106 -0.011 (-0.110, 0.057)  1.000
Hypovolemic shock 8 (1.83) 4 (1.4) 2 (23) 227) -0.004 (-0.037, 0.060) 1.000 0.047 (-0.029, 0.129)  0.266
Shock, others (non-cardiogenic) 0 (20.6) 63 (22.9) 14 (16.1) 13 (17.6) -0.135 (-0.281, 0.064) 0342 -0.001 (-0.179, 0.175)  1.000
SIRS 104 (23.8) 93 (33.8) 3 (3.4) 8 (10.8) -0.278 (-0.463, -0.024) 0.010 -0.181 (-0.304, -0.050) 0.004

(Table 1 continues on next page)
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0.958
1.000
0.509
1.000
1.000
0.749

0317

Pooled RD or ES (95% Cl) P value
-0.371, 0.104)
-0.188, 0.117)
-0.106, 0.044)
-0.063, 0.042)
-0.146, 0.095)
-0.167, 0.048)
-0.039, 0.086)
-0.273, 0.161)
-0.011, 0.217)

Omicron compared to Alpha

-0.047

0.948 -0.021
0.021

0.017

0.841 -0.003

0.317 -0.048
1.000

0.059 0.002

value
0.437
0.935

-0.297, 0.026)
-0.168, 0.002)
0.120, 0.044)

-0.037, 0.065)
~0.070, 0.134)
~0.186, 0.071)
~0.032, 0.047)
-0.233, 0.058)
-0.297, 0.026)

0.013
0.031

Pooled RD or ES (95% Cl) P

-0.130
-0.088
-0.044
-0.047

0.000

74

MIS-C during Omicron Delta compared to Alpha

era, N
14

7

2

1

3

1

1

MIS-C during Delta
=87

era, N
19

4 (4.

2

2

9

2

0

MIS-C during Alpha

era, N = 275
130 (47.3)
43 (15.6
8.4)
2.2
12.7
2.2
0.7

= 436°

163 (37.4)
54 (12.4)
27 (6.2)

9 (2.1)
47 (10.8)
9 (21)
3(07)
92 (21.1)
50 (11.5)

Total, N

Encephalopathy/meningoencephalitis

Muscle weakness/myalgia/myositis
Stroke
Kidney dysfunction, N (%)

Disorientation/Confusion

Headache
Seizures

(Continued from previous page)
Neurologic involvement, N (%)

Variable

1.000
0.950

0.540 0.000

-0.048
-0.013

0.460 0.045

Liver dysfunction, N (%)

A detailed definition of the variables based on EHR data or ICD-10 codes is reported as Supplementary Material. Aggregate counts and summary statistics for the total sample and the MIS-C era subgroups were calculated for descriptive purposes

only. Meta-analyses were computed by pooling risk differences (RD, categorical variables) or effect sizes (ES, continuous variables) and their 95% confidence intervals (Cls) previously calculated at site-level. A detailed definition of the variables based
on EHR data or ICD-10 codes is reported as Supplementary Material. ES: effect size; MIS-C: multisystem inflammatory syndrome; RD: risk difference; SD: standard deviation; SIRS: systemic inflammatory response syndrome. #CD-10-code-based data

from one centre, which did not pass the quality check, were excluded from analysis, thereby reducing sample size. "Male as reference category.

Table 1: Demographic and clinical characteristics of patients with MIS-C according to SARS-CoV-2 variant era.
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CI -2.5, -0.8]) and less frequently presented with
SIRS (pooled RD —0.18 [95% CI ~0.30, —0.05]).

Laboratory data

Laboratory characteristics for the whole cohort and
across SARS-CoV-2 eras are shown in Figs. 3 and 4, as
well as Supplemental Tables S3 and S4. Overall, com-
plete blood count abnormalities included abnormal
white blood count (29%), lymphopenia (10%), anaemia
(27%), and thrombocytopenia (22%). Coagulation ab-
normalities were seen in 25% and electrolyte abnor-
malities in 34%, including hyponatremia in 22%.
Kidney dysfunction occurred in 21% and liver
dysfunction in 11%.

Compared with patients admitted during the Alpha
era, patients admitted during the Delta era had signifi-
cantly lower absolute lymphocyte count (pooled ES —
0.16 x 10°/uL [95% CI —0.30, —0.01]), C-reactive protein
(CRP, pooled ES -28.5 mg/L [95% CI —46.3, -10.7]), and
normal-sensitivity troponin-T (pooled ES —0.14 ng/mL
[95% CI -0.26, —0.03]), as well as higher albumin at
admission (pooled ES 0.1 g/dL [95% CI 0.01, —0.2]). The
highest troponin-T and highest prothrombin time dur-
ing hospitalization were also significantly lower in Delta
patients (pooled ES —0.17 ng/mL [95% CI —0.30, —0.04]
and pooled ES 0.5 s [95% CI -0.8, —0.1]). Compared
with patients admitted during the Alpha era, those
admitted during the Omicron era had lower lymphocyte
counts (pooled ES —0.39 x 10°/ul. [95% CI —0.52, —0.25])
and higher albumin at admission (pooled ES 0.2 g/dL
[95% CI 0.1, 0.3]). During hospitalization, patients
admitted during the Omicron era also had lower
lymphocyte count (pooled ES —-0.29 x 10°/ul [95%
CI -0.41, -0.17]), higher neutrophil/lymphocyte ratio
(pooled ES 2.5 [95% CI 0.2, 5.0]), and lower normal-
sensitivity troponin-T (pooled ES -0.16 ng/mL [95%
CI -0.30, -0.01]).

Patient-level outcomes

Patient-level outcomes are shown in Table 2. Half of the
cohort (51%) was admitted to the ICU. Diuretics were
administered in 24% of patients, and anticoagulation
therapy in 53%. Vasoactive/inotropic support was initi-
ated in 12%, and 8% received supplemental oxygen or
MV in 8%. Cardiac arrest occurred in three patients
(1%), and two patients (1%) required ECMO. Coronary
aneurysms were observed in 10% and coronary artery
thrombosis in 1%. Forty-four percent had the composite
adverse cardiovascular outcome. The pooled mean
length of hospitalization was 7.3 days (pooled SD 6.8).
No patients died during the study period.

Compared with patients admitted during the Alpha
era, those admitted during the Omicron era less
frequently received anticoagulation therapy (pooled
RD -0.17 [95% CI —0.34, —0.03]). Length of hospitali-
zation was shorter in patients admitted during the Delta
versus Alpha eras (-1.3 days [95% CI -2.3, —0.4]). There
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Albumin (g/dL) at Admission
(Delta vs. Alpha)

Albumin (g/dL) at Admission
(Omicron vs. Alpha)

BCH — -0.29 [-0.55, -0.03] BCH -0.04 [-0.29, 0.21]
GHOP —_— -0.10[-0.39, 0.20] CHOP -0.09[-0.32, 0.15]
FRBDX : —_— 0.82[0.57, 1.07] FRBDX 0.77[0.49, 1.05]
H120 0.17 [-0.59, 0.93] H120 0.52[-0.06, 1.10]
Pitt CHP —_— 0.01[-0.25, 0.27] Pitt CHP 0.21[-0.18, 0.60]
RP401ped —a— 0.03[-0.15, 0.21] RP401ped -0.07 [-0.37,0.23]
UMICH —_— 0.57 [-0.15, 1.29] UMICH 0.80[0.12, 1.48]
EE Model 0.11[0.00, 0.21] EE Model 0.17[0.05, 0.29]
(p=0.04) rTr T 171 (p=0.01)

-1 -05 0 0.5 1 15 -05 0 0.5 1 15

Lymphocyte Count (10*3/uL) at Admission Lymphocyte Count (10*3/uL) at Admission
(Delta vs. Alpha) (Omicron vs. Alpha)

BCH —. -0.44[-0.77, -0.11] BCH —_— ~0.69 [-0.94, -0.44]
CHOP — 0.11[-0.26, 0.48] CHOP — 0.06 [-0.28, 0.40]
FRBDX —_— -0.16 [-0.63, 0.31] FRBDX —_— -0.16 [-0.54, 0.22]
H120 —— ~0.09 [-0.47, 0.29] H120 S ~0.10[-0.64, 0.44]
Pitt CHP —_— -0.20 [-0.54, 0.14] Pitt CHP —_— -0.35 [-0.75, 0.05]
RP401ped —_— 0.05[-0.30, 0.40] RP401ped — ~0.54 [-0.84, -0.24]
UMICH _— -0.59 [-1.23, 0.05] UMICH _— -0.42[-1.03, 0.19]
EE Model p— ~0.16 [-0.30, -0.01] EE Model — -0.39 [-0.52, -0.25]
(0=0.03 - [ T T T 1
p=0.03) (p=0.00)

-15 -1 -05 0 0.5 -15 -1 -0.5 0 0.5

CRP (mg/L) at Admission Troponin Normal Sensitivity (ng/mL) at Admission
(Delta vs. Alpha) (Delta vs. Alpha)

BCH —— 33.17[-11.55, 77.89]
CHOP - ~67.30 [ -92.64, ~41.96] R
FRBDX —_—— 1.14[-69.64, 71.92] BCH : 0.18[-054, 0.18]
H120 - 58.35 [ -65.69, 182.39] :
Pitt CHP — -9.02[ -52.18, 34.14] H120 — -0.14[-0.26, -0.02]
RP401ped —_— 5.65[-58.71, 70.01] :
UMICH _— -41.29[-178.41, 95.83] .
EE Model - ~28.50 [ ~46.31, ~10.70] EE Model — ~0.14[-0.26, -0.03]
(p=0.00) (p=0.01)

-200 -100 [ 100 200

Fig. 3: Significant differences in laboratory characteristics at admission according to SARS-CoV-2 variant eras by forest plots. Effect sizes and
95% confidence intervals are showed for each site using squared points and bars, respectively. Diamonds represent the pooled effect size and

95% confidence intervals. CRP: C-reactive protein; EE: exact effect.

were no other significant differences in patient-level
outcome across eras.

Sensitivity analyses

Sensitivity analyses confirmed the above-mentioned
statistically significant differences, with the addition
that prothrombin time at admission was lower in Delta
versus Alpha (pooled ES —0.4 s [95% CI -0.8, -0.01]),
and white blood count and D-dimer were lower in
Omiicron versus Alpha (pooled ES —1.79 x 10°/uL [95%
ClI -3.49, -0.09] pooled ES -884 ng/mL [95%
CI -1747, -21)) (Supplemental Tables S5-S7).

Discussion
With evolution of SARS-CoV-2 variants, therapeutic
approaches, and population immunity, better

understanding of the changing manifestations of
COVID-19-associated diseases may improve clinical
risk-stratification. This EHR-based study, which brings
together data from a large cohort of patients with MIS-C
from four countries across two continents, showed that
MIS-C clinical and laboratory characteristics vary ac-
cording to SARS-CoV-2 variant eras. We found that
patients admitted during the Delta and Omicron eras
were younger and less sick than those admitted in the
Alpha era. Specifically, patients admitted during the
Alpha era versus subsequent variant eras had more
respiratory involvement, shock, and SIRS; higher CRP,
absolute lymphocyte count, and troponin levels; lower
albumin; and longer hospitalization.

Our retrospective multicentre study, using data
extracted from the EHR from sites in the U.S. and
Europe, adds to the evidence that COVID-19 phenotypes
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Lowest Lymphocyte Count (10*3/uL) During Hospitalization
(Omicron vs. Alpha)

Highest Prothrombin Time (s) During Hospitalization
(Delta vs. Alpha)

BCH — -0.56 -0.84, -0.28] BCH —— -0.11[-0.89, 0.67]
CHoP B -0.28-0.55, -0.01] CHoP B ~0.47[-1.05, 0.11]
FRBDX —a -0.21[-0.58, 0.16] FRBDX - -1.50[-3.72, 0.72]
H120 ) 0.55 [-0.80, 1.90] H120 D ~1.33[-5.31, 2.65]
Pitt CHP — ~0.15[-0.45, 0.15] Pitt CHP — -0.18[-1.31, 0.95]
RP401ped —— -0.34[-0.63, -0.05] RP401ped —— -1.25[-2.55, 0.05]
UMICH — ~0.14[-0.49, 0.21] UMICH —_— -1.01[-3.66, 1.64]
EE Model - ~0.29[-0.41,-0.17] EE Model - ~0.47 [-0.86, -0.07]
(p=0.00) (p=0.01) I T T T T 1

-1 05 0 05 1 15 2 -6 -4 -2 0 2 4

Highest Troponin T (ng/mL) During Hospitalization Highest Troponin T (ng/mL) During Hospitalization
(Delta vs. Alpha) (Omicron vs. Alpha)

BCH - ~021[-0.57, 0.15] BCH - ~0.27[-0.58, 0.04]
H120 — ~0.16 [-0.30, -0.02] H120 —_—— ~0.13[-0.29, 0.03]
EE Model — -0.17 [-0.30, -0.04] EE Model — -0.16 [-0.30, -0.01]
(p=004) (p=001) f ' ' ' !

-06 -04 -02 0 02 -0.6 -04 -0.2 0 02

Highest N/L Ratio During Hospitalization
(Delta vs. Alpha)

BCH
CHOP
FRBDX

2.27[-1.77, 6.31]
4.33[ 0.20, 8.47)
15.97 [ -2.46, 34.40)

.-

—-—
H120 —_— -9.64 [-18.86, ~0.42]
Pitt CHP —_— 7.03[-20.99, 35.05]
RP401ped — 6.80 [-2.90, 16.50]
UMICH —.— 1.55 [ ~4.43, 7.53]
EE Model - 259[ 0.19, 4.98]
(9=0.03) T T T T 1

Fig. 4: Significant differences in laboratory characteristics during hospitalization according to SARS-CoV-2 variant eras by forest plots. Effect
sizes and 95% confidence intervals are showed for each site using squared points and bars, respectively. Diamonds represent the pooled effect
size and 95% confidence intervals. EE: exact effect; N/L: neutrophile/lymphocyte ratio.

differ across SARS-CoV-2 eras.”**" One recent study
showed that paediatric patients with acute COVID-19
and laboratory-proven Delta or Omicron variants were
more likely to have fever and respiratory symptoms than
patients affected by other strains.” A large multicentre
study in children with acute COVID-19 showed that
severe illness was significantly less common during the
Omicron era versus the Alpha and Delta eras.* This study
also showed that MIS-C occurred more frequently dur-
ing the Alpha era,* consistent with other reports.””** In
this context, recent studies have focused on investi-
gating if MIS-C phenotypes may vary as well, based on
SARS-CoV-2 variants.*®'*" Compared with EHR
studies that selected patients with COVID-19-related
conditions using diagnostic codes as the inclusion
criteria, our study design had the advantage of patient
selection using lists of patients with MIS-C validated by
MIS-C experts at the site level.

Consistent with early reports,* we showed that pa-
tients with MIS-C who were admitted during Delta
and Omicron eras were younger than those admitted in

www.thelancet.com Vol 64 October, 2023

the Alpha era. This may be related to differences in
variant pathogenicity with predilection for younger
patients for the recent variants, differences in the host
immune response to the variant, and vaccination sta-
tus.??* Particularly in the U.S. at the time of Delta and
Omicron eras, older children may have received SARS-
CoV-2 vaccination, which has been proven to protect
against MIS-C.>?¢ Data from Israel first showed that
receiving even one dose of vaccine was associated with
a lower risk of MIS-C.* A large multicentre case-
control study subsequently showed that patients with
MIS-C were less likely to have been fully vaccinated
compared with hospitalised controls.”® Another recent
study showed that all but one MIS-C patient during
the Delta period were found to be unvaccinated, with
an estimated vaccine effectiveness of 94% (95% CI
55-99%). Interestingly, data from South Africa, which
included all unvaccinated individuals, showed no dif-
ference in age among MIS-C groups based on variant.’
Further studies will likely be needed to clarify this
aspect.
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Variable Total, N = 436° MIS-C during Alpha MIS-C during MIS-C during Delta compared to Alpha Omicron compared to Alpha

amy ek Delta era, N = 87 Omicron era, N =74 | @ @ 2D or £5(95% Cl) P Pooled RD or ES (95% CI) P
value value
ICU admission, N (%) 222 (50.9) 151 (54.9) 0 (45.98) 31 (41.89) -0.028 (-0.119, 0.042) 0.456 0.026 (-0.186, 0.139) 1.000
Diuretic therapy, N (%) 107 (24.5) 0 (25.5) 17 (19.5) 20 (27.0) -0.051 (-0.142, 0.023) 0201 0.083 (0.048, 0.232)  0.454
Anticoagulation therapy, N (%) 233 (53.4) 175 (63 6) 8 (43.7) 20 (27.0) 0.013 (-0.208, 0.085) 1.000 -0.190 (-0.370, -0.037) 0.008
Sedation or muscle relaxant, N (%) 111 (25.5) 87 (31.6) 16 (18. 4) 8 (10.1) -0.021 (-0.110, 0.045) 0.524 -0.025 (-0.257, 0.053) 0.588
Vasoactive/inotropic support, N (%) 53 (12.2) 3 (12.0) 11 (12.6 9 (12.2) -0.008 (-0.058, 0.059 1.000 0.000 (-0.076, 0.105) 1.000
02 supplementation or MV, N (%) 33 (7.6) 2 (8.0) 6 (6. 9) 5 (6.8) 0.002 (-0.060, 0.065) 1.000 -0.048 (-0.149, 0.057) 0.632
Cardiac arrest, N (%) 3(07) 3(11) 0 (0.0) 0 (0.0) -0.007 (-0.038, 0.041) 0.858 -0.007 (-0.046, 0.055) 0.964
ECMO, N (%) 2 (0.5) 2(07) 0 (0.0) 0 (0.0) 0.000 (-0.034, 0.046) 1.000 -0.004 (-0.042, 0.058) 1.000
Coronary aneurysm, N (%) 42 (9.6) 27 (9.8) 6 (6.9) 9 (12.2) -0.030 (-0.080, 0.057) 0.612 0.069 (-0.031, 0.193) 0.338
Coronary artery thrombosis or 3(0.7) 3(1.1) 0 (0.0) 0 (0.0) -0.009 (-0.037, 0.042) 0.825 -0.009 (-0.046, 0.056) 0.864
myocardial infarct, N (%)
Composite adverse cardiovascular 193 (44.3) 130 (47.3) 33 (38.6) 30 (40.5) -0.079 (-0.215, 0.062) 0.321 -0.013 (-0.257, 0.147) 1.000
outcome”, N (%)
Length of hospitalization, days, 7 (6.6) [598] 8.1 (7.5) [383] 7.1 (4.4) [111] 7.1 (4.7) [104] -1.345 (-2.287, -0.403) 0.005 -0.988 (-1.992, 0.016) 0.054

pooled mean (pooled SD) [N]

Mortality, N (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) = = = =

A detailed definition of the variables based on EHR data or ICD-10 codes is reported as Supplementary Material. Aggregate counts and summary statistics for the total sample and the MIS-C era subgroups
were calculated for descriptive purposes only. Meta-analyses were computed by pooling risk differences (RD, categorical variables) or effect sizes (ES, continuous variables) and their 95% confidence intervals
(Cls) previously calculated at site-level. ECMO: Extracorporeal Membrane Oxygenation; ES: effect size; ICU: intensive care unit; MIS-C: multisystem inflammatory syndrome; MV: mechanical ventilation; 02:
oxygen; RD: risk difference; SD: standard deviation. *ICD-10-code-based data from one centre, which did not pass the quality check, were excluded from analysis, thereby reducing sample size. bComposite

cardiovascular outcome: ventricular dysfunction, heart failure or cardiogenic shock (ICD-10 codes), inotropic/vasoactive drugs (EHR data), coronary aneurysm (ICD-10 codes), major arrhythmias (ICD-10

codes) cardiac arrest (EHR data and ICD-codes), VA-ECMO (EHR data).

Table 2: Patient-level outcomes in patients with MIS-C according to SARS-CoV-2 era.

10

Analysis of clinical characteristics showed that pa-
tients admitted during the Delta era less frequently had
respiratory involvement, in particular pneumonia.
Whereas smaller studies showed inconsistent data on
respiratory symptoms,’'? our findings are similar to
those reported by a large CDC-based study® and a large
recent North American report.® In our study, patients
admitted during the Delta or Omicron eras were also less
likely to present with non-cardiogenic shock or SIRS;
interestingly, the prevalence of cardiogenic shock did
not change across eras. This represents novel results
compared to previous analyses, which pooled all types of
shock together.**'* Changes in cardiorespiratory symp-
toms over time may be due to different host immune
responses to different strains, with milder inflammation
response to more recent variants,”*** potentially modu-
lated by the vaccination status,”** or may be a conse-
quence of earlier and more effective treatment
approaches in the more recent era, such as an increased
use of steroids.®

In terms of illness severity and outcomes, previous
studies showed less frequent ICU admission and
shorter hospital length of stay among patients admitted
in the post-Alpha eras.”” Our study was consistent in
showing a shorter length of hospitalization for patients
admitted in the post-Alpha eras, but did not find any
significant difference in the rates of ICU admission.
This may be due to differences in institutional practices
on the criteria for ICU admission, or to changes in

clinical practice following the first era. Cardiovascular
outcomes, when analysed as dichotomous measures of
the presence or absence of ventricular dysfunction,
major arrhythmias, coronary aneurysm, cardiac arrest,
ECMO, or as a composite measure, did not significantly
differ across eras. However, we showed that patients
admitted during the Delta or Omicron eras had signifi-
cantly lower troponin levels compared with those
admitted during the Alpha era. This finding is consis-
tent with results of a smaller study from Israel’ and a
larger CDC data-based study,® suggesting that cardio-
vascular outcomes may be milder in post-Alpha eras.

The reason why patients admitted during Alpha were
more frequently treated with anticoagulants is unclear.
It may be related to less severe cardiovascular outcomes
in post-Alpha eras, and to lower D-dimer levels as sug-
gested by the sensitivity analyses. In addition, changes
in thromboprophylaxis over time may have been
affected by refinement of criteria for the use of antico-
agulants versus acetylsalicylic acid (aspirin) in national
and international guidelines.”” The possibility of
reduced practice variation due to publication of guide-
lines is supported by early reports showing wide vari-
ability in use of anticoagulation or antiplatelet therapy,
with some of the centres administering anticoagulation
to most of the patients."'®*>*

Our study also showed how EHR data may be
leveraged effectively to answer clinical questions without
the need for sharing protected health information and
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while considering centre-level variability. Laboratory test
results and the other EHR-based variables have the
advantage of being directly extracted without any human
involvement, limiting any typo-errors, and enabling all
results to be considered for our analysis. This collabo-
rative multicentre infrastructure may be used to identify
trends in epidemiology, disease phenotype, and treat-
ment of diverse diseases requiring hospitalization. Once
algorithms have been created and validated across sites,
they may be deployed rapidly and serve as an effective
easily-available surveillance tool to inform clinical care
and public health policy.

Our study has limitations. Its retrospective design
carries risks of missing data and reporting bias. Although
the EHR-based automatic data extraction might have
helped in decreasing the amount of missing data, we
could not control for data not entered in the EHR and for
reporting bias such as more severe symptoms possibly
being entered more frequently than those less severe.
Additionally, our study used the 4CE infrastructure,
developed for COVID-19 research, which did not include
specific data on MIS-C including treatments such as
intravenous immunoglobulin or corticosteroids. More-
over, it was not possible to reliably extract vaccination
status from the EHR, since ICD-10 codes were available
only for the last part of the study period. Coding practices
likely vary at each site; however, to avoid missing codes
(e.g., European-specific ICD-10 codes), we performed an
extensive quality check by manually reviewing all ICD-10
codes attributed to patients with MIS-C at each site, and—
to partially control for a site-effect—we first calculated the
risk difference within institution and only as a second
step we computed a meta-analysis across sites. Microbi-
ology data on variants were not available; thus, SARS-
CoV-2 eras were defined based on epidemiological as-
sumptions; however, this approach has been widely used
by previous studies,”’” and sensitivity analyses were
performed to improve the reliability of our inferences.
Moreover, although we included international data across
two continents, representativeness of and within coun-
tries is limited and generalizability to other geographic
areas will need to be confirmed. An additional limitation
was the use of different criteria for MIS-C based on the
nation of the institution. Finally, the meta-analysis
method we employed to account for small sample sizes
might have been overly conservative, as stated by the
authors?’; however, we preferred a conservative approach
to avoid overstatements. Given the small size of the
subgroups, further stratification analyses—e.g., based on
age-subgroups—were not possible.

Despite these limitations, we believe our study using
real-world data adds valuable information in character-
izing different MIS-C phenotypes across SARS-CoV-2 eras
and continents. MIS-C clinical and laboratory character-
istics vary according to SARS-CoV-2 variant eras, with
patients in the Delta and Omicron eras being younger and
having a less severe presentation than those in the Alpha
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era as indicated by clinic manifestations, laboratory data,
and patient-level-outcome. EHR-based aggregate data may
be effectively leveraged to investigate rare complications of
diseases in the setting of the pandemic and used to
identify patterns of disease variation or severity over time.
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