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Articles

Which children and young people are at higher risk of
severe disease and death after hospitalisation with
SARS-CoV-2 infection in children and young people: A
systematic review and individual patient meta-analysis
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Summary
Background We aimed to describe pre-existing factors associated with severe disease, primarily admission to critical ~ eClinicalMedicine
care, and death secondary to SARS-CoV-2 infection in hospitalised children and young people (CYP), within a sys- ~2022;44: 101287

tematic review and individual patient meta-analysis. PUbI'Sggszonlme 11 Feb-
ruary

https://doi.org/10.1016/j.

Methods We searched Pubmed, European PMC, Medline and Embase for case series and cohort studies published .~ - 0 -

between 1st January 2020 and 21st May 2021 which included all CYP admitted to hospital with > 30 CYP with
SARS-CoV-2 or > 5 CYP with PIMS-TS or MIS-C. Eligible studies contained (1) details of age, sex, ethnicity or co-
morbidities, and (2) an outcome which included admission to critical care, mechanical invasive ventilation, cardio-
vascular support, or death. Studies reporting outcomes in more restricted groupings of co-morbidities were eligible
for narrative review. We used random effects meta-analyses for aggregate study-level data and multilevel mixed effect
models for IPD data to examine risk factors (age, sex, comorbidities) associated with admission to critical care and
death. Data shown are odds ratios and 95% confidence intervals (CI).

PROSPERO: CRD 42021235338

Findings 83 studies were included, 57 (21,549 patients) in the meta-analysis (of which 22 provided IPD) and 26 in
the narrative synthesis. Most studies had an element of bias in their design or reporting. Sex was not associated with
critical care or death. Compared with CYP aged 1—4 years (reference group), infants (aged <1 year) had increased
odds of admission to critical care (OR 1.63 (95% CI 1.40—1.90)) and death (OR 2.08 (1.57—2.86)). Odds of death
were increased amongst CYP over 10 years (10—14 years OR 2.15 (1.54—2.98); >14 years OR 2.15 (1.61—2.88)).

The number of comorbid conditions was associated with increased odds of admission to critical care and death for
COVID-19 in a step-wise fashion. Compared with CYP without comorbidity, odds ratios for critical care admission

*Corresponding author at: Molecular and Integrative Biology, Centre for Pre-Clinical Imaging, Institute of Systems, University of
Liverpool, Crown Street, University of Liverpool, Liverpool L69 3BX, United Kingdom.
E-mail address: Rachel. Harwood @liverpool.ac.uk (R. Harwood).
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were: 1.49 (1.45—1.53) for 1 comorbidity; 2.58 (2.41—2.75) for 2 comorbidities; 2.97 (2.04—4.32) for >3 comorbidities.
Corresponding odds ratios for death were: 2.15 (1.98—2.34) for 1 comorbidity; 4.63 (4.54—4.74) for 2 comorbidities
and 4.98 (3.78—6.65) for >3 comorbidities. Odds of admission to critical care were increased for all co-morbidities
apart from asthma (0.92 (0.91—0.94)) and malignancy (0.85 (0.17—4.21)) with an increased odds of death in all co-
morbidities considered apart from asthma. Neurological and cardiac comorbidities were associated with the greatest
increase in odds of severe disease or death. Obesity increased the odds of severe disease and death independently of
other comorbidities. IPD analysis demonstrated that, compared to children without co-morbidity, the risk difference
of admission to critical care was increased in those with 1 comorbidity by 3.61% (1.87—5.36); 2 comorbidities by
9.26% (4.87—13.65); >3 comorbidities 10.83% (4.39—17.28), and for death: 1 comorbidity 1.50% (0.00—3.10); 2
comorbidities 4.40% (-0.10—8.80) and >3 co-morbidities 4.70 (0.50—8.90).

Interpretation Hospitalised CYP at greatest vulnerability of severe disease or death with SARS-CoV-2 infection are
infants, teenagers, those with cardiac or neurological conditions, or 2 or more comorbid conditions, and those who
are obese. These groups should be considered higher priority for vaccination and for protective shielding when
appropriate. Whilst odds ratios were high, the absolute increase in risk for most comorbidities was small compared
to children without underlying conditions.

Funding RH is in receipt of a fellowship from Kidney Research UK (grant no. TF_o1o_20171124). JW is in receipt of
a Medical Research Council Fellowship (Grant No. MR/Roo160X/1). LF is in receipt of funding from Martin House
Children’s Hospice (there is no specific grant number for this). RV is in receipt of a grant from the National Institute
of Health Research to support this work (grant no NIHR202322). Funders had no role in study design, data collec-
tion, analysis, decision to publish or preparation of the manuscript.

Copyright © 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Child; Adolescent; COVID-19; SARS-CoV-2; Meta-analysis; Systematic review; Mortality; Severity; Hospi-
talisation; Intensive care; Chronic condition; Risk factor

and PIMS-TS. We find that the odds of severe disease in
hospitalised CYP is increased in those with multiple co-
morbidities, cardiac and neurological co-morbidities
and those who are obese. However, the additional risk
compared to CYP without co-morbidity is small.

Research in context

Evidence before this study

SARS-CoV-2 infection in children and young people
(CYP) very rarely causes severe disease and death. Implications of all the available evidence
Recent publications describe the risk factors for severe
disease in specific populations but the global experi-
ence has not been described. Pubmed, European
PubMed Central (PMC), Medline and Embase were
searched including key search concepts relating to
COVID-19 OR SARS-CoV-2 OR PIMS-TS OR MIS-C AND est risk groups are prioritised for vaccination.
Child OR Young person OR neonate from the 1st Janu-
ary 2020 to 21st May 2021. Studies with >30 children
admitted to hospital with reverse transcriptase-PCR con-
firmed SARS-CoV-2 or >5 CYP defined as having paedi-

Severe COVID-19 and PIMS-TS, whilst rare, can occur in
CYP. We have identified pre-existing risk factors for
severe disease after SARS-CoV-2 and recommend that
those with co-morbidities which place them in the high-

atric multisystem inflammatory syndrome temporally Introduction

associated with COVID-19 (PIMS-TS) or multisystem Children and young people (CYP) have suffered fewer
inflammatory syndrome in children (MIS-C) were direct effects of the COVID-19 pandemic than adults,
included. 57 studies (21,549 children) met the eligibility and the vast maiority experience mild symptoms follow-
criteria for meta-analysis and 22 studies provided data ing SARS-CoV-2 infection.” ™ However a small minority

(10,022 patients) for individual patient data meta- experience more severe disease* and small numbers of

analysis. deaths have been documented.>® As severe outcomes
. amongst CYP are uncommon, our understanding of

Added value of this stud, . . .. .
4 which are at risk from SARS-CoV-2 is limited, in con-
To our knowledge, this is the first meta-analysis to use trast to adults. Yet identification of CYP at the highest
individual patient data to compare the odds and risk of risk of critical illness or death from infection and its

critical care admission and death in CYP with COVID-19 sequelae is essential for guiding clinicians, families and

www.thelancet.com Vol 44 Month February, 2022
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policymakers to identify groups to be prioritised for vac-
cination, and other protective interventions.

SARS-CoV-2 infection in hospitalised CYP has two
primary manifestations. The first is acute COVID-19
disease, an acute illness caused by current infection
with the SARS-CoV-2 virus and often characterised by
respiratory symptoms. The second is a delayed inflam-
matory condition referred to as Paediatric Inflammatory
Multisystem Syndrome Temporally associated with
SARS-CoV-2 (PIMS-TS) or Multisystem Inflammatory
Syndrome in Children (MIS-C).””? Postulated risk fac-
tors for developing more severe COVID-19 or PIMS-TS
/ MIS-C include existing co-morbid conditions, age, sex,
ethnicity, socio-economic group, and geographical loca-
tion."°” " Existing systematic evaluations are not useful
for guiding policy as reviews were undertaken early in
the pandemic,*® included highly heterogeneous groups
and a wide range of outcomes from very small studies,”
and failed to distinguish between acute COVID-19 and
PIMS-TS/MIS-C. Rapid growth in the literature over the
past year provides an opportunity to synthesize findings,
and better inform policy decisions about vaccination and
protective shielding of vulnerable CYP.

We undertook a systematic review and meta-analysis
of the literature from the first pandemic year with the
aim of identifying which CYP were at increased risk of
severe disease or death in CYP admitted to hospital with
SARS-CoV-2 infection or PIMS-TS / MIS-C.

Methods

The protocol for this systematic review and meta-analy-
sis was published on PROSPERO (CRD42021235338)
on the sth February 2021. We report findings according
to the PRISMA 2020 guidelines® (Supplementary
information 1). The systematic review was limited to
hospitalised CYP to enable the baseline denominator
characteristics to be more accurately defined, particu-
larly co-morbidities, and because in itself, hospital
admission is an indicator of severity. We limited our
review to pre-specified potential risk-factors (co-morbid-
ities, age, sex, ethnicity and socioeconomic deprivation),
plus a limited number of outcomes denoting severe dis-
ease (critical care admission, need for mechanical inva-
sive ventilation or cardiovascular support) and death.

Search strategy and selection criteria

We performed a systematic search of four major data-
bases: PubMed, European PubMed Central (PMC), Sco-
pus and Embase for relevant studies on COVID-19 in
CYP aged o—2a1 years of age, published between the 1st
January 2020 and the 29th January 2021 and updated
the search on the 21st May 2021. Searches were limited
to English only and included key search concepts relat-
ing to COVID-19 OR SARS-CoV-2 OR PIMS-TS OR
MIS-C AND Child OR Young person OR neonate (full

www.thelancet.com Vol 44 Month February, 2022

search strategy in supplementary information (1). Refer-
ences of published systematic reviews and included
studies were checked for additional studies.

Two reviewers selected studies using a two-stage pro-
cess. All titles and abstracts were reviewed indepen-
dently in duplicate by a team of five reviewers to
determine eligibility. Full texts of articles were reviewed
if inclusion was not clear in the abstract. Disagreements
were discussed between the two reviewers and a deci-
sion made about inclusion or exclusion of the study. We
excluded studies if the data were duplicated elsewhere,
as reported by the study authors, and prioritised the
studies which gave comparative data on the risk factors
and outcomes of interest; if both did so, we used the
larger study.

Inclusion criteria were as follows:

I Observational studies of any type of CYP under
271 years of age who had been admitted to hospital
with a finding of COVID-19 infection at or during
admission OR who had been identified clinically as
having PIMS-TS or MIS-C. All patients included in
the IPD analysis with a diagnosis of COVID-19 had
reverse transcriptase polymerase chain reaction
(RT-PCR) confirmed SARS-CoV-2.

2 Data were provided on any of the following potential

risk factors: age, sex, ethnicity, co-morbidity and

socioeconomic deprivation.

Studies that included all admitted CYP in a popula-

tion or institution regardless of co-morbidity were

eligible for inclusion in the meta-analysis if they
included >30 children with COVID-19 or >3 chil-
dren with PIMS-TS or MIS-C. Thirty or more chil-
dren with COVID-19 was selected as the minimum
a-priori to account for the outcomes of admission to
critical care and death being rare, with previous sys-
tematic reviews suggesting severe COVID-19 occurs

in approximately 2.5% of children.”” Studies of a

single pre-existing co-morbidity were included in

the systematic review if they included >3 children
but not included in the meta-analysis.

4 Studies which reported one of the following out-
comes as a proxy for severe disease:

w

(1) Need for invasive ventilation during hospital stay
(not including during anaesthesia for surgical
procedures).

(2) Need for cardiovascular support (vasopressors,
inotropes +/- extracorporal membrane oxygen-
ation (ECMO)).

(3) Need for critical/intensive care.

(4) Death after diagnosis of SARS-CoV-2 infection
or PIMS-TS/MIS-C.

We initially intended to include other identifiers

indicative of severe disease including use of pharma-

cological therapy and length of stay in critical care,
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but were unable to reliably capture these as they were
rarely and inconsistently reported. In analyses,
CYP who did not have an indicator of severe dis-
ease but had COVID-19 or PIMS-TS/MIS-C and
were admitted to hospital were used as the com-
parator group.

Data on risk factors and outcome variables were
extracted from individual studies by one reviewer using
a pre-designed data collection form and extraction was
cross-checked by a second reviewer in 10% of studies.
Authors of studies from the first search (to January
2021) were contacted by email and asked to provide
either additional aggregated data demonstrating the
relationship between predictor and outcome variables
or IPD. Time did not allow these to be requested for
studies identified in the second search (to May 2021).
IPD were shared by authors using a standardised data
collection form and checked for consistency with the
original publication. Any queries from sharing authors
or the study team were discussed over email or by a
video call. Eligible studies not supplying IPD in a way
that enabled the relationship between risk factors and
outcomes to be analysed or that did not provide aggre-
gate or individual patient data were excluded from the
meta-analysis.

We assessed the studies for bias using the Newcastle-
Ottawa Scale® to assess the quality of observational
studies. Studies were scored according to selection of
participants, comparability, and outcome. The descrip-
tion of comparator cohorts was deemed present when
analyses comparing two groups of outcomes were
described within the publication.

Data analysis

Meta-analyses were undertaken separately for COVID-
19 and PIMS-TS/MIS-C to examine the association of
each clinical outcome with sex (female sex was the refer-
ence group), age-group (I—4 years as reference group)
and comorbidities (CYP without any comorbidity were
the reference group). CYP who were RT-PCR positive
for SARS-CoV-2 but met the criteria for PIMS-TS or
MIS-C were included in the latter group.

Meta-analyses were conducted in two ways. First, we
undertook a random-effects meta-analysis of reported
study-level data using RevMan 5 software®' to estimate
pooled odds-ratios for each outcome (death, intensive
care admission, mechanical invasive ventilation and car-
diovascular support). We refer to this analysis as the
aggregate meta-analysis. Age categories were described
as < I year, I—4 years, 5—9 years, 10—14 years and I5
—21 years. When studies reported a different age group-
ing, the group was used in the range which had the
greatest cross-over of years. Co-morbidity data were
compared using the presence and absence of individual
co-morbidities. We calculated the I statistic as a

measure of heterogeneity and report prediction inter-
vals. Funnel plots were examined to assess the evidence
for publication bias. We then performed a sensitivity
analysis by excluding the largest study of patients with
COVID-19. The second set of meta-analyses were under-
taken on the IPD, using multi-level logistic mixed-
effects models in Stata 16 (StataCorp. College Station,
TX) including a random effect for study, with models
for co-morbidities adjusted for age and sex. After each
model we calculated the predicted probability for each
outcome amongst those with and without each comor-
bidity using the margins post estimation command. We
did this to estimate risk difference for admission to criti-
cal care or death amongst CYP with comorbidities com-
pared to those without. As a sensitivity analysis, a two-
stage meta-analysis was conducted using study-level
estimates calculated from the IPD data. A further sensi-
tivity analysis for both the aggregate and IPD meta-anal-
yses was performed by excluding one very large study.**
Eligible studies which included only CYP with specific
comorbidities were not included in the meta-analyses
but included in a narrative synthesis. Data displayed are
odds ratio (95% confidence interval) and absolute risk
difference (95% confidence interval).

Role of the funding source

RH is in receipt of a fellowship from Kidney Research
UK, JW is in receipt of a Medical Research Council Fel-
lowship, LF is in receipt of funding from Martin House
Children’s Hospice and RV is in receipt of a grant from
the National Institute of Health Research to support
this work. Funders had no role in study design, data col-
lection, analysis, decision to publish or preparation of
the manuscript.

Results

Figure 1 shows the search flow, 23,050 reports were
identified. After excluding duplicates and ineligible
studies, 83 studies were included in the review. Fifty-
seven studies were included in the meta-analysis,
including a total of 21,549 children (see Table 1). Ten
studies were from Asia, fifteen from Europe, one from
Africa, twenty-one from North America and nine from
South America. One study had global recruitment.

Data from 22 studies (40% of those in the meta-anal-
ysis) was included in the IPD meta-analyses, totalling
10,022 children. 26 studies reporting individual co-
morbidities were eligible for inclusion in the narrative
synthesis. Most studies eligible for inclusion in the
meta-analysis were at considerable risk of bias
(Figure 2).

We discuss findings from the aggregate and IPD
meta-analyses for each set of risk factors and clinical
outcomes below. Detailed data from included studies
and pooled estimates from the aggregate meta-analyses

www.thelancet.com Vol 44 Month February, 2022
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Assessment of Bias - Studies included in Meta-Analysis

Representativeness of the exposed cohort— 11 |

Selection of the non-exposed cohort4———TININUINREE

Ascertainment of exposure -] 11|

Demonstration that outcome of interest was not present—— FINININIEN

Comparability of cohorts on the basis of design or analysis 't IIININII
11

Assessment of outcome -
Was follow-up long enough for outcomes to occur? -
Adequacy of follow-up of cohorts -

|

0 20 40 60
Number of studies

Figure 2. Risk of Bias assessment for studies included in meta-analysis. Representativeness of the exposed cohort: * indicates truly or
somewhat representative of exposed cohort. Selection of non-exposed cohort: * indicates drawn from same community as the
exposed cohort. Ascertainment of exposure: * indicates taken from secure record or structured interview. Demonstration that out-
come of interest was not present at start of the study: * indicates yes. Comparability of cohorts * if the study controls for one factor
and ** if it controls for two factors in analysis. Assessment of outcome: * if independently blinded assessment of outcome or using
record linkage. Was follow-up long enough for outcomes to occur: * indicates all included patients were followed-up until discharge
from hospital. Adequacy of follow-up: * if description of patients who were not followed up.

are provided in Supplementary Table 1. Supplementary
Figures 1 and 2 show the sensitivity analysis with the
largest study excluded. A two-stage meta-analysis using
study-level estimates calculated from the IPD data is
shown in supplementary Figures 3 and 4.

Proportions of hospitalised children with COVID-19
admitted to critical care and who died in the aggregate
analysis were 21.8% and 5.9% respectively and for
PIMS-TS/MIS-C were 60.4% and 5.2%. In the IPD
analysis, the proportion admitted to critical care with
COVID-19 was 16.5% (6.7, 26.3) with death reported in
2.1% (—o.1, 4.3). For PIMS-TS/MIS-C, 72.6% (54-4,
90.7) were admitted to critical care and 7.41% (4.0,
10.8) died.

Demographic risk factors for admission to critical care
and death

Sex was not associated with pooled risk of admission to
critical care or death in either COVID-19 or PIMS-TS in
either the aggregate or IPD analyses (Figure 3A and B).
Compared with 1—4 year olds, the aggregate analysis
found a higher pooled risk of critical care admission
amongst 10—14 year olds and a higher risk of death
amongst infants (children aged < 1 year) for COVID-19.
In contrast, the IPD analysis found higher risk of critical
care and death amongst both infants and 10—14 year
olds, plus a higher odds of death amongst those
>14 years for COVID-19. For PIMS-TS/MIS-C, the
aggregate analysis found higher odds of critical care
admission in all age-groups over 5 years, but no age-
effects on risk of death. Numbers in the IPD analysis
for PIMS-TS/MIS-C were very small, with no associa-
tion of age-group with risk of death or critical care
admission.

www.thelancet.com Vol 44 Month February, 2022

We were unable to assess the impact of ethnicity and
socioeconomic position on clinical outcomes. The
reporting of ethnicity data was highly variable and
groupings were insufficiently similar across studies to
allow meta-analysis. Socioeconomic position was
reported by very few studies.

Association of co-morbidities and critical care and
death in aggregate meta-analysis

The aggregate meta-analysis compared those with any
or specific comorbidities with all other CYP in each
study (Figure 4). The presence of any comorbidity
increased odds of critical care and death in COVID-19,
with pooled odds ratios of 2.56 (1.77, 3.71) for critical
care and 4.16 (1.97, 8.80) for death, both with moderate
to high heterogeneity. Pooled odds ratios for PIMS-TS/
MIS-C were of a similar order but with wide confidence
intervals (Figure 4).

Pooled odds of both critical care admission and death
in COVID-19 were increased in CYP with the following
co-morbidities: ~cardiovascular; gastrointestinal or
hepatic; neurological; chronic kidney disease; endocrine
conditions, including diabetes; and metabolic condi-
tions, including obesity (Figure 4). Odds ratios for criti-
cal care ranged from 2.5 to 3.1 and for death from 2.9 to
13. The presence of asthma or trisomy 21 (Down’s Syn-
drome) was not associated with either outcome, while
respiratory conditions were associated with increased
odds of critical care but not death. There was an
increased odds of death but not of critical care admis-
sion in those with malignancy, haematological condi-
tions and immunosuppression for non-malignant
reasons.

13



I Articles

‘sisAleue-e3aw eyep uaiied [enpIAIpU] :g ‘sisAjeue-eiaw 23e63166Y 1y “USIP|IYD Ul UORDJUI Z-A0D-SHYS BUIMO||0) 9SeS|p 219A3s pue sainieay) diydelfowap Usamiaq Uofielossy € ainbiy

160
€20
90
890
8E0
600
00'0
000
000
vE0
20
91’0
to
ST'0
o
000
260
100
S00
SL0

000
000
ET'8E
000
000
000
000
2eTe
000
8E'0F
000
5585
S6'8L
8v'0v
000
2v'6T
£8'85
€5'0€
000
86'€S
2l

0g0
260
660
290
S8°0
ST0
00
€20
8T°0
143
2Lo
20
000
000
92'0
000
920
000
(30)
000
d

8

EV'T

L8721

€Te

8LT

9v'82€

Tee

vLy

9Te

29'90T

SOT

25T

e

122

LET

8L2

or'T

892

9ET

€9T

nn

EV'TT
88T
00'ST
S0t
8’9
L9'0ET
L0'6L
LSV
8LE
ez
ST'T
81T
88'¢
862
LT
9z
0E'T
LT
wT
06'T
nn

8T
85'v
60
611
69T
ov'T
60T
L2
860
8LT
LT T
160
¥o
aunseajy

€ee
160
000
0S'T
6T'T
oo'e
S0'8
8LT
T
S8'E
960
0T
ste
sT2
€21
802
orT
A
TT
£9T
¥yo

€0
260
€0
€0
220
90
€0e
8T
197
020
€80
€60
80
880
80
ST
690
6T'T
00T
150
21

yAA0) 00°SET
6¥°0 002LT
00’0 00°L
s¢0 00Ty
120 00°0s
6v'0 00'€
280 002
69°0 00'st
8L°0 00°€9
€90 00°L
2L0 00°9TL
960 00°S¥0
T 00°T8L
ST 00°8TT
980 00°€T2Z’
(ST 00°€9T
€60 00°EV8
8T'T 00°68T
L60 00'642
or'T 00'TL2
[P2] 1830y
anseapy

00492
00'THE'T
00294
00246
00'9ET'T
000t
00°£0%'T
00221'T
001502
00'Sy
00'SYT'T2
00°LEB'ET
00'952'ZT
00'%559
00°ETL'9
00'219'8
00'72v'L
00’52
009987
00'ST6'S
[e1oL.

9leway :dnoib Jai xas 'sieak $— | :dnoub jai aby ‘|eaaul 9ouspyuod Jaddn — |DN ‘|eAISIUI SOUSPLYUOD JIIMOT -]

¥ (12 %S6) 013ed sppo

0T 6 9 5 14 € Z

5 8 L 2 T 0
coor | N N N I e
3.3 21314 03 UOISSIWPY xa5
000 sieah yT<
.
00 sieah 65
oot [N gl
00°22 s1eeh yT-0T
00°LE sieak6s e

‘8 00065 Jeaq
‘6 00802 3 [E13140 03 LOISSIWPY x5
‘T 00%ST sieah pT<
‘T 0008 s1eok pT-0T
‘T 0095 s1eah 65
‘2 00'S8T [ o seah T> yieag
‘T 00'V6€ sieah yT<
‘T 00292 A yT-0T
‘T 00752 SIBA6S  yoissiwpy
‘2 00L09'T 3 6T-0IA0D
SjusA3 ot 5 N ’ 9 S v s z T 0 awonng jeaqns dnoin
U1eap pue 8seas|p 849A8S pue sa|qeleA djydesbowsp usamiaq UoIIBID0SSY
sisAjeue-e1aw juaned [enpiaipu] €9
& (12 %56) 01324 SPPO
o1 6 2 é 9 s v z T 0
o0 T
00018 .83 [ED13142 03 UOISSIWPY x5

00'2T s4eA $T-0T
00'ST sieah 65

sieak yT<

00°¢9¢
00029 ==

00'580°F uoISSIWPY

oo N N N

00'£S2'T yieaq

00'€20°€ 2483 031 oISSIWpY s

00°025 - sieak pT<

00'8LE sieak yT

00°0v€ sieaf 6-§

00509 I. oK T> y1eag

00°Lv0'T sieoh pT<

00218 I sieak yT-0T

00'5%6 sieak g

00'905 129 T> 6T-0IN0D
Sjuen3 awonno je29ns dnoio

1e9p pue Bseas|p B49A8S pue sa|qelleA diydelbowsp usamiad UOIIRID0SSY

sisAjeue-e1aw ejep pa1edaissy vy

www.thelancet.com Vol 44 Month February, 2022

14



Articles

‘lenrsaiul duspyuod Jaddn

0s0
100
S0
860

LEO
8€0
€0

oT’o
LT°0
SS°0

50
800
640
LT°0
€0

oT'o
oro
000
000

‘Lo'o>d S31edIpul 00°0 d ‘|eAd1ul 8dUspyuod Jamo| — |7

-IDN saipnis paysiignd wouy elep paieiixs palebaibbe Huisn paskjeue ‘SI-SNId PUe 61-JIAQD Ul 9SeaSIp 219A3s pue A1IpIqIOW-0d U2daMIDq UOIRIDOSSY f @anbig

000
000
000
000

000
000
000

000
000
000

000
EL'ET
000
LEIT
000

000
6865
£0°2S
vS'6
000
S9'LT
000
S8'6
¥9°0%
S6'EY
ve9Z
TELT
V8'ET
000
6608
6585
Sg'ee

00v2
(473
2l

¥9'€L
26T
8L'TIT
LTTT

81’12

TLOET
v£'60T
60'62€

65'¥18°2T

SP'8E
8022
8LTIT

LLet
81y
0L'9T
0012
00'6€2

or'tT
168
§8'SS
oLe
Sv'L9
e
95
6EY
ovve
2€6
0S'ST
v6'T
£TL
T
Tv'SE
9
Ev'6
ET'E
8L
96y
06'8
ss2
06
6T'E
YE'T9
LS'E
08'8
(743
nn

00'€
SP'T
00°€
860

€9t
ey
959

00°€E8T

¥8'T
8L'S
T
0S'E
959

9€'E
€6'T
S9TT
8v'z
LTET
90°€
2LE
€92
2rs
80'E
€6
2T
e
L0T
90T
LT
YEY
092
99°E
80°E
qrz
8r'T
oLt
86T
902t
882
147
952
¥o
ainseapy

2ro
oT'T
800
600

9T'0
LT0
810

192

L0
850
600

920
080
440
65°0
8T°0

6L'0
o
£z
99T

00'62
00'8YT'T
00'ST
00°EY

00'%T

00'49
00°49
00°TE

00°TE

00°SPT
00°S¥T
00'ST

00'%0T
00'T6
00°28
00'S0T
00°St

00'SLT

0021

00'£28'8
00°6EL'6
00'T68T
002852
0005£'8
00'7ES'S
00'960'8
00'960'8
00'26L°L
0029.'8

002Zv6'8
00°€2t’s
00'606'T
00'68L6

00'869°8

00'9€S6
008958
00268
00'TP0'6
00°TOY'6
00'8££'2T
00'6£0°0T
00°0£8’ET
00'9852T
le30).

002
00°TOL
00T
00'TE

00°2T

00t
0082
00T

00°L
0082
00T

00°€
00'vS
002
0099
002

00°0T
0018
00°€LS
009012
00’8
00°LLT
00185
00'€502
000£5
00'8T6'T
0005
000602
0045
00'7S6'T
0002
0029T
00°085
002rr'z
00°TLS
001502
0045
007902
00645
00'89T°2
00°LLS
007412
00885
008482
BUCYE]

¥ (12 %S6) oned sppo

ot 6 L 9 5 € 2 = o
I IIII

aled

=————E
-

o1ssILpY

)i ] S ¥ E z 0

61-l,
awonno eqns dnoin

BWO0OIN0 848A3S pUR S8111P1g40W-0d UBBM]ag UOI]RIDOSSY

15

www.thelancet.com Vol 44 Month February, 2022



Articles

16

Few individual comorbidities were associated with
odds of critical care or death in PIMS-TS / MIS-C, with
the exception of malignancy (OR for death 183 (2.61,
12,815) and metabolic diseases including obesity (OR
for critical care 1.45 (1.10, 1.92)).

Association between co-morbidities and critical care
and death in IPD meta-analysis

The IPD analysis compared those with each co-morbid-
ity with children without any co-morbidity and addition-
ally enabled analysis of risk associated with multiple
comorbidities, obesity without other comorbidity, and
trisomy 21 without cardiovascular disease. Figure 5
shows pooled OR for critical care and death for each
comorbidity, and Figure 6 shows the risk difference
estimated from the same models compared with chil-
dren without comorbidities.

In IPD analysis, the presence of any comorbidity
increased odds of critical care and death in COVID-19.
The pooled odds ratio for admission to critical care was
1.64 (1.59, 1.69), with risk difference being 4.6% (2.5,
6.7) greater than the 16.2% prevalence of critical care
admission in those without comorbidities. The pooled
odds of death from COVID-19 in those with any comor-
bidity was 2.49 (2.34, 2.66), with a risk difference of
2.1% (—0.03, 4.2) above the 1.69% risk in those without
comorbidity. For PIMS-TS/MIS-C, pooled odds of criti-
cal care was 12.44 (9.74—15.87) and risk difference
21.1% (4.4, 37.8) above baseline risk of 74.5%, and
pooled odds of death was 11.23 (0.77, 163.22) with risk
difference 21.0% (—3.4, 45.3) above baseline risk of
death of 3.1%.

Increasing numbers of comorbidities increased the
odds of critical care and death in COVID-19, with those
with >3 comorbidities having a odds ratio of death of
4.98 (3.78, 6.56), twice that of the odds with one comor-
bidity. Small numbers with PIMS-TS / MIS-C meant
that further analysis of co-morbidities could not be
undertaken.

All individual comorbidities increased odds of
admission to critical care except for malignancy and
asthma, the latter associated with reduced odds (0.92
(0.91, 0.94). Risk differences for critical care above the
risk for the no comorbidities group were highest for car-
diovascular, neurological, and gastrointestinal condi-
tions, as well as for obesity. Obesity alone, without other
conditions, increased risk difference to the same level as
cardiovascular or neurological conditions, although
numbers were small in the obesity analyses.

Odds of death in COVID-19 in the IPD analyses was
elevated in all comorbidity groups except for asthma,
where there was a reduced risk (—0.6% (—0.9, —0.3)).
Risk difference additional to the no comorbidity group
was highest for malignancy. Trisomy 21 increased risk
of death in those with or without comorbid cardiovascu-
lar disease.

Narrative findings from studies of specific
comorbidities

Twenty-six papers met the inclusion criteria for the nar-
rative synthesis (Table 2), all reporting on the associa-
tion of co-morbidity with acute COVID-19. Malignhancy
was the focus of sixteen of the studies, with rates of criti-
cal care admission in hospitalised patients ranging from
0 10 45% and of death in 0—47%. Six of the ten studies
reporting deaths in this group of patients noted that
some or all of the reported deaths were due to the
underlying condition rather than SARS-CoV-2 infec-
tion.

Two studies focussed on hospitalised patients with
sickle cell disease. There were fewer than fifteen
patients in each study, with 17% of patients being
admitted to critical care in one study and reported
deaths in o—10%. Two studies looking at non-malig-
nant immunosuppression described no children requir-
ing critical care admission or death and a study of
children with Rheumatic diseases found a rate of critical
care admission of 38%.

Chronic kidney disease was examined in two studies
with small numbers of hospitalised patients, which
describe a rate of critical care admission between o and
9% and of death between o and 6%. A study of CYP
with cystic fibrosis found that 1 in 24 (4%) of those hos-
pitalised were admitted to critical care and no deaths
were described. Finally, two studies describe the associa-
tion between pre-existing cardiac co-morbidity and out-
come, which show a high proportion of children are
admitted to critical care (43—71%) and that 14—29% are
reported to die.

Discussion

We present the first individual patient meta-analysis of
risk factors for severe disease and death in CYP hospital-
ised from both COVID-19 and PIMS-TS/MIS-C, nested
within a broad systematic review and meta-analysis of
published studies from the first pandemic year. Studies
were of mixed quality and most were open to substantial
bias; yet our meta-analyses included data from 57 stud-
ies from 19 countries, including 8 low or middle-
income countries (LMIC).

Across both the aggregate and IPD analyses, no asso-
ciation was found between sex and odds of severe dis-
ease or death for either COVID-19 or PIMS-TS/MIS-C.
The odds of poor outcomes was 1.6 to 2-fold higher for
infants than 1—4 year olds for COVID-19 alone, but
teenagers had elevated odds of severe COVID-19 (1.4 to
2.2-fold higher odds) and particularly PIMS-TS/MIS-C
(2.5 to 8-fold greater odds).

The presence of underlying comorbid conditions had
the strongest association between critical care admis-
sion and death. The presence of any comorbidity
increased odds of severe COVID-19 for both the aggre-
gate and IPD analyses (OR 2.56 (1.77, 3.71) and 1.64
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(1,59, 1.69) respectively for critical care admission),
increasing absolute risk of critical care admission by
4.5% (a relative increase of 28%) and risk of death by
2.5% (125% relative increase), with an even greater 21%
increase in risk of death for PIMS-TS/MIS-C (6.8-fold
increase in risk). Whilst one comorbidity increased
absolute risk of critical care by 3.6% and death by 1.5%
in COVID-19, 2 or more comorbidities dramatically
increased the absolute risk.

All comorbidities were associated with increased risk
across the two analyses, with the exception of asthma.
Increase in odds of poor outcomes in COVID-19 was
highest amongst those with cardiovascular, respiratory,
neurological, and gastrointestinal comorbidities, each
increasing absolute risk of critical care by 8—11% and risk
of death by 1—3.5%. Malignancy was associated with
increased risk of death from COVID-19, but not critical
care admission in both analyses, which is counter-intui-
tive and raises the possibility that this reflects the high
mortality rate amongst cancer survivors who may have
died with incidental SARS-CoV-2 positivity. The aggre-
gated analysis did not suggest increased risk in those
with immunosuppression (outside malignancy) or with
haematological conditions when compared to CYP with-
out those comorbidities, but these groups were at
increased risk of severe disease in the IPD analysis.

The associations identified for more severe COVID-
19 are highly similar to those risk factors now well
described for adults and described in a subsequently
published large US study in children.?**# This suggests
that risk factors for severe COVID-19 are consistent
across the life-course, but previously not well under-
stood in CYP because of the rarity of severe disease.
These findings relate to risk factors for severe disease
rather than risk factors for infection, as only hospital-
ised CYP were included. It is likely that these findings
may over-estimate risks of critical care and death for
CYP in high income countries, as the mortality rate in
these analyses (2.1% of children with COVID and 7.41%
of those with PIMS-TS/MIS-C) are very much higher
than national mortality rates reported from these set-
tings.>>™*7 This likely reflects inclusion of studies from
LMIC, publication bias towards more severe cases and
potentially an increased likelihood of presentation to
and admission to hospital or critical care in CYP with
co-morbidities. Despite this, the additional absolute
risks related to all comorbidities was small compared
with those without comorbidities.

The finding of no difference of severity by sex is con-
trary to a large literature showing that males are more
vulnerable to severe illness and death in childhood.***
Whilst male sex is a known risk factor for more severe
COVID-19 in adults, this excess risk arises only after
middle age.>® Obesity, whether alone or with other con-
ditions, was found to markedly increased risk of critical
care admission and death in the IPD analysis. Whilst
numbers with obesity were very small, these findings
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are consistent with adult data showing obesity to be one
of the strongest risk factors for severe disease in
adults.”” The finding that CYP with trisomy 21 were at
increased risk of critical care admission and death has
not been described before, although it is consistent with
previous adult data.’” This risk appears to operate both
through and independently of cardiovascular anoma-
lies, indicating that all CYP with trisomy 21 are at some
increased risk of severe disease.

Previous reviews have not provided a systematic
understanding of the associations of paediatric comor-
bidities and severe outcomes in CYP. Systematic
reviews which were undertaken early in the pandemic
highlighted some of the challenges around identifying
comorbidities which were associated with severe dis-
ease, including pooled reporting of even common con-
ditions such as asthma®® and a focus on individual
comorbidities without a comparator group.**

The presented data are subject to a number of limita-
tions. The risk of bias assessment demonstrates that the
studies included within this systematic review are of
low quality. Twenty-two of 57 studies (39%) provided
individual patient data; systematic differences between
these groups may have introduced bias. There were very
small numbers with PIMS-TS/MIS-C in some analyses,
particularly the IPD analyses. It was not possible to
examine ethnicity and socioeconomic position as risk
factors due to lack of data in included studies and fur-
ther study is required to examine the impact of these
variables on the severity of disease. The review was
potentially limited by the ability to identify unpublished
data and data in the grey literature.

Included studies were highly heterogenous and from
a wide range of resource settings, and it is likely that
findings were influenced by differing mnational
approaches to hospitalisation of infected CYP and by
differences in availability and use of resources including
intensive care beds. Institutions undertaking systemic
testing for SARS-CoV-2 on admission to hospital may
include patients who were admitted for another reason
and incidentally tested positive. A number of East Asian
countries hospitalised all children who were SARS-CoV-
2 positive, regardless of symptoms, whilst other coun-
tries limited hospitalisation to symptomatic children or
those with significant illness. Policies on admission to
and access to critical care likely also differed between
countries.”® The novel nature of PIMS-TS/MIS-C also
likely influenced critical care admission thresholds for
this condition. Definitions of comorbidities were also
heterogenous across studies and some of our comorbid-
ity groups may be subject to misclassification bias. The
definition of obesity in most studies related to severe or
extreme obesity rather than the more common condi-
tion of being overweight, yet obesity was undefined in a
number of studies.

The influence of variants on the severity of SARS-
CoV-2 infection has not been studied as the majority of

23



Articles

24

data relate to the original virus and further work exam-
ining the impact of variants on the severity of disease in
CYP is required.

It was not possible to separate the increased risk for
severe disease related to comorbidities from the underly-
ing risks of illness and death seen in these comorbidities
in uninfected CYP, as all included cases had SARS-CoV-
2. Case controlled studies are required to understand
how rare congenital or acquired comorbidities may influ-
ence risk of severe disease or death from SARS-CoV-2
and enable better distinction between severe disease or
death from SARS-CoV-2 and with SARS-CoV-2.

Whilst this review examined comorbidities as risk
factors in more detail than previous studies, there were
limited data on sub-types of comorbidities, e.g. whether
neurological problems were epilepsy or more complex
neurodisability, and on combinations of comorbidities.
The finding that cardiovascular, neurological, and gas-
trointestinal conditions were associated with the highest
risk of poor outcome, a risk similar to having 2 or more
comorbidities, may reflect that these conditions were
more likely to be comorbid with others. Given the low
risk to CYP requiring hospital admission or critical care
as a direct consequence of SARS-CoV-2 infection, it is
likely that a significant number of reported cases were
coincidental cases of SARS-CoV-2 positivity reflecting
population prevalence. Furthermore, the impact of long
COVID in CYP as an indicator of severe disease is not
described in this manuscript.

When children are admitted to hospital with SARS-
CoV-2 infection, those with the strongest association
between critical care admission or death are infants,
teenagers, those with cardiac or neurological conditions,
or 2 or more comorbid conditions, and those who are
significantly obese. These groups should be considered
higher priority for vaccination and for protective shield-
ing when appropriate. Whilst odd ratios for poor out-
comes were increased for nearly all comorbidities, the
absolute increase in risk for most comorbidities was
small compared to CYP without underlying conditions.
This emphasises that our findings should be under-
stood within the broader context that risk of severe dis-
ease and death from COVID-19 and PIMS-TS/MIS-C in
hospitalised CYP is very low compared with adults.

This study quantifies the additional risk related to
comorbidities in infected children, however it is possible
that some or all of this risk relates to the underlying con-
dition rather than SARS-CoV-2 infection. Further popula-
tion-based research using comparator groups which
identify the risk of severe disease due to COVID-19 and
the underlying risk due to comorbidity is required to
develop a safe approach to vaccination for children.
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