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Summary
Background Children living with chronic comorbid conditions are at increased risk for severe COVID-19, though
there is limited evidence regarding the risks associated with specific conditions and which children may benefit
from targeted COVID-19 therapies. The objective of this study was to identify factors associated with severe disease
among hospitalized children with COVID-19 in Canada.

Methods We conducted a national prospective study on hospitalized children with microbiologically confirmed
SARS-CoV-2 infection via the Canadian Paediatric Surveillance Program (CPSP) from April 2020−May 2021. Cases
were reported voluntarily by a network of >2800 paediatricians. Hospitalizations were classified as COVID-19-
related, incidental infection, or infection control/social admissions. Severe disease (among COVID-19-related hospi-
talizations only) was defined as disease requiring intensive care, ventilatory or hemodynamic support, select organ
system complications, or death. Risk factors for severe disease were identified using multivariable Poisson regres-
sion, adjusting for age, sex, concomitant infections, and timing of hospitalization.

Findings We identified 544 children hospitalized with SARS-CoV-2 infection, including 60¢7% with COVID-19-
related disease and 39¢3% with incidental infection or infection control/social admissions. Among COVID-19-related
hospitalizations (n=330), the median age was 1¢9 years (IQR 0¢1−13¢3) and 43¢0% had chronic comorbid conditions.
Severe disease occurred in 29¢7% of COVID-19-related hospitalizations (n=98/330 including 60 admitted to inten-
sive care), most frequently among children aged 2-4 years (48¢7%) and 12-17 years (41¢3%). Comorbid conditions
associated with severe disease included pre-existing technology dependence requirements (adjusted risk ratio [aRR]
2¢01, 95% confidence interval [CI] 1¢37-2¢95), body mass index Z-scores ≥3 (aRR 1¢90, 95% CI 1¢10-3¢28), neurologic
conditions (e.g. epilepsy and select chromosomal/genetic conditions) (aRR 1¢84, 95% CI 1¢32-2¢57), and pulmonary
conditions (e.g. bronchopulmonary dysplasia and uncontrolled asthma) (aRR 1¢63, 95% CI 1¢12-2¢39).

InterpretationWhile severe outcomes were detected at all ages and among patients with and without comorbidities,
neurologic and pulmonary conditions as well as technology dependence were associated with increased risk of severe
COVID-19. These findings may help guide vaccination programs and prioritize targeted COVID-19 therapies for
children.

Funding Financial support for the CPSP was received from the Public Health Agency of Canada.

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/)
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Research in context

Evidence before this study

We searched Medline and PubMed for published mate-
rials and medRxiv for pre-print publications between
January 1, 2020, and February 28, 2022. Search terms
used included the following combination of words and
did not include language limitations: “COVID-19” OR
“SARS-CoV-2” OR “coronavirus”; “children” OR “pediatric”
OR “adolescent” OR “youth”; “hospitalized” or “admit-
ted”; “severe” OR “critical” OR “intensive care” OR “com-
plications” OR “mortality” OR “death” OR “risk factors”.
We identified numerous descriptive studies describing
clinical characteristics and outcomes of hospitalized
children and youth, including analyses of single or
multi-centre studies and population-based databases.
Fewer studies (n=10) included multivariable analysis of
severe COVID-19 risk factors. Chronic comorbid
conditions were commonly associated with severe out-
comes, including diabetes, neurologic conditions, and
respiratory conditions. Age was frequently associated
with COVID-19 severity, though with conflicting results
particularly regarding younger children (i.e. <1 year).

Added value of this study

The Canadian Paediatric Surveillance Program collected
detailed data on clinical presentations and chronic
comorbid conditions among nearly 60% of all paediatric
SARS-CoV-2 hospitalizations in Canada between March
2020−May 2021. A large available sample size (n=330
COVID-19-related hospitalizations) permitted multivari-
able analysis of specific comorbid conditions. We con-
firm neurologic and pulmonary conditions as risk
factors for severe disease, including specifically epilepsy,
bronchopulmonary dysplasia, and uncontrolled asthma.
We also identify greater risk among children with tech-
nology dependence requirements and zBMI≥3, as well
as children aged 2−4 years and 16−<18-years.
www.thelancet.com Vol 15 Month , 2022
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Implications of all the available evidence

Children of all ages and both with and without comor-
bid conditions may experience severe COVID-19 out-
comes. Children living with medical complexity,
including neurologic and pulmonary conditions as well
as technology dependence, are at heightened risk of
severe disease. Children <5 years remain a key unvacci-
nated group both in Canada and globally. These find-
ings may help inform clinical practice, including the use
of targeted COVID-19 therapies to reduce further mor-
bidity and mortality.
Introduction
Infection with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is typically mild or asymptom-
atic in children as compared to adults, however, severe
outcomes including hospitalization and death due to
coronavirus disease 2019 (COVID-19) have been
reported.1,2 Chronic comorbid conditions are an impor-
tant prognostic factor for disease progression, associated
with odds of severe disease two to four times higher
than children without these conditions.3,4 Evidence
regarding the risk associated with specific conditions
remains limited, though diabetes, neurologic and respi-
ratory conditions, and multiple comorbidities have
emerged as conditions associated with a high risk of
severe COVID-19.5−7 Age-based estimates of risk have
been mixed and are often subject to jurisdictional differ-
ences in admission thresholds, heterogeneous defini-
tions of severity, and may be complicated by the
inclusion of patients with multisystem inflammatory
syndrome in children (MIS-C).6,8−10 Robust estimates
of specific risk factors in children are needed to inform
evidence-based decision-making by clinicians, policy-
makers, and families.

In this study, we present final findings from a
nationally representative prospective surveillance study
of hospitalized children with microbiologically con-
firmed SARS-CoV-2 infection in Canada, before the
emergence of the Omicron variant and the approval of
SARS-CoV-2 vaccines for use in children. In Canada,
more than 1¢3 million laboratory-confirmed cases of
SARS-CoV-2 infection across all ages were reported as
of May 31, 2021, including successive waves of ancestral
SARS-CoV-2 strains, Alpha (B.1.1.7) variant, and early
cases of the Delta (B.1.617.2) variant.11 COVID-19 vacci-
nation and booster programs have since been intro-
duced, including stepwise approvals for children aged
≥16 years, 12-15 years, and 5-11 years.12 Select treatments
have also been shown to decrease the morbidity and
mortality burden of COVID-19 in adults, including cor-
ticosteroids and other immunomodulators as well as
novel therapies (e.g. remdesivir, nirmatrelvir, and
monoclonal antibodies). However, indications guiding
w.thelancet.com Vol 15 Month , 2022
the use of these agents in children are less clear.13,14

Age-specific baseline indicators of COVID-19 severity
including hospitalization, intensive care unit (ICU)
admission, and respiratory support requirements are
needed to a) evaluate severity trends amidst ongoing
vaccination strategies, and b) guide the use of targeted
COVID-19 therapies in children. Therefore, the primary
objectives of this study were to 1) identify specific
comorbid conditions associated with severe COVID-19
among hospitalized Canadian children and 2) describe
severity within specific paediatric age groups.
Methods

Study design and procedures
The Canadian Paediatric Surveillance Program (CPSP)
is a public health surveillance network which actively
collects national, population-based data regarding rare
childhood disorders, and is jointly operated by the Cana-
dian Paediatric Society (CPS) and Public Health Agency
of Canada (PHAC).15 This network includes >2,800
paediatricians and paediatric subspecialists across Can-
ada who report cases to CPSP on a voluntary basis. The
CPSP COVID-19 study launched on April 8, 2020, and
asked all participating physicians to report any incident
cases on a weekly basis using online case reporting via
the Canadian Network for Public Health Intelligence.
Cases of children <18 years of age and hospitalized (i.e.
admitted to the inpatient ward and/or intensive care)
with microbiologically-confirmed SARS-CoV-2 infection
between the onset of the COVID-19 pandemic until
May 31, 2021, were eligible to be reported. Microbiologic
diagnosis was conducted via either polymerase chain
reaction (PCR) and/or rapid antigen test. For this analy-
sis, we excluded cases meeting the criteria for MIS-C
who tested positive by PCR during their hospital
stay. A preliminary analysis of cases occurring from
March−December 2020 has been previously pub-
lished.16 The protocol and case report form for the study
can be found at https://cpsp.cps.ca/surveillance/study-
etude/covid-19.

For all cases, participating physicians were asked to
report on demographic characteristics, SARS-CoV-2
testing and exposures, chronic comorbid conditions,
clinical features including the reason for hospitalization
and presenting symptoms, and outcomes including the
level of care required and supports/treatments adminis-
tered. Participants could consent to follow-up from the
study team for clarification in case of incomplete or dis-
crepant data elements, and consent was provided for
96% of reported cases. Real-time data management
including record de-duplication, cleaning, and partici-
pant follow-up was conducted throughout the study
period.
3
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Study definitions and outcomes
The reason for hospitalization was physician-reported
as either a) COVID-19-related (any child whose pre-
sentation was clinically consistent with symptomatic
COVID-19 and who required admission because of
those symptoms); or b) not related to COVID-19 (any
child admitted for another condition in whom SARS-
CoV-2 was detected upon routine screening, or a
child admitted for isolation/infection control or
social reasons, and whose SARS-CoV-2 symptoms
would not otherwise have warranted hospitalization).
For each case, at least two study investigators (OD,
CMH, FK, or SKM) reviewed all available clinical
details to ensure consistency in the physician-
reported categories, with any discrepancies in inter-
pretation resolved via consensus discussion.

The primary outcome, disease severity, was then
assigned among patients hospitalized for COVID-19
using an algorithm adapted from the World Health
Organization.17 Cases were categorized as either mild
disease (symptomatic COVID-19 not requiring supple-
mental oxygen or targeted therapy); moderate disease
(requiring oxygen above baseline home needs or tar-
geted therapy such as remdesivir or corticosteroids); or
severe disease (admitted to intensive care, requiring
non-invasive or mechanical ventilation or vasopressors,
experiencing respiratory, neurologic, or cardiac organ
complications, or any recorded death) (Appendix 1). Dis-
ease severity was then analyzed as a binary outcome
whereby mild and moderate disease were aggregated as
‘non-severe’ disease.

Chronic comorbid conditions were first analyzed as
specific conditions or subcategories and included:
chronic renal disease, congenital heart disease, diabetes
mellitus, gastrointestinal disease, hematologic disease,
immunosuppression, malignancies, metabolic disease,
neurologic or neurodevelopmental disorders, obesity,
psychiatric disorders, pulmonary diseases, technology
dependence, and transplant recipients. Immunosup-
pression was defined as any immunosuppressing medi-
cations (including active chemotherapy), primary or
secondary immunodeficiency, or chronic rheumatologic
or autoimmune disorders. Technology dependence
included the presence of tracheostomy and/or require-
ments for home oxygen, parenteral nutrition, or dialysis
before SARS-CoV-2 infection. Obesity was categorized
using the body mass index-for-age Z-scores (zBMI)
according to the WHO Child Growth Standards.18

To assess overall medical complexity, we assigned
patients to one of three mutually exclusive categories
using a definition informed by prior literature.19,20 For
this indicator, ‘complex chronic disease’ includes a)
patients with two or more comorbid conditions occur-
ring in multiple body systems, or b) patients with a sin-
gle comorbid condition which impacts multiple body
systems, has technology dependence requirements, or
is associated with a shorter than average lifespan; ‘non-
complex chronic disease’ includes all other patients
with comorbid conditions, and ‘none/unknown’
includes patients with no known or confirmed comor-
bid conditions.

Child age was categorized as <6 months, 6-23
months, 2-4 years, 5-11 years, and 12-17 years. Tim-
ing of hospitalization was categorized as first and
second wave (March−August 2020 and September
2020−February 2021, respectively, when ancestral
SARS-CoV-2 lineages were dominant), or third wave
(March−May 2021, when the Alpha variant was
dominant). Summaries of all radiologic findings
were reviewed by investigators (as above) and catego-
rized as either abnormal, abnormal but not related
to SARS-CoV-2, non-specific, or normal.
Statistical analysis
Demographic and clinical characteristics were summa-
rized using frequencies, percentages, medians, and
interquartile ranges (IQR). Due to CPSP privacy poli-
cies, frequencies between one and four were masked
and reported as ‘<5’ while some larger frequencies were
presented as ranges to prevent back-calculation. Sub-
group comparisons were analyzed using x2 tests, Fish-
er’s exact tests, and Wilcoxon rank-sum tests, as
appropriate. Analysis of risk factors and severity out-
comes was restricted to patients hospitalized with
COVID-19-related disease. Multivariable Poisson regres-
sion with robust standard errors was used to identify
risk factors for severe COVID-19, reported using
adjusted risk ratios (aRR). This method was chosen to
avoid inflated interpretations of risk which may arise
from logistic regression when the outcome is not rare
(e.g. occurring in >10% of cases). The primary adjusted
model was defined a priori and included age, sex, con-
comitant infections, timing of hospitalization, and
chronic conditions (categorized as none, non-complex,
or complex). Child age was entered as a continuous vari-
able using a restricted cubic spline with four knots at
evenly-spaced percentiles. To assess the role of specific
conditions, the chronic comorbid condition variable was
substituted with each individual condition or subcate-
gory and analyzed as described above. A separate model
was conducted among children <1 year only to assess
very young age (i.e. <1 month versus 1-11 months) and
premature births (vs. term births), adjusting only for
those variables due to the smaller available sample size.
Minimum population-based incidence proportions were
calculated by dividing the number of age-specific hospi-
talizations and severe COVID-19 cases by 2020 midyear
population denominators from Statistics Canada.21 Con-
fidence intervals (CI) were computed by assuming a
Poisson distribution. Data analysis was conducted in
Stata version 17¢0, using a statistical significance thresh-
old of a=0¢05 and did not account for multiple statistical
testing.22
www.thelancet.com Vol 15 Month , 2022
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Ethical approval
The CPSP operates under the authority derived from
Section 4 of the Department of Health Act and Section
3 of the PHAC act. Approval was obtained from
Research Ethics Boards at Health Canada-PHAC (REB
#2020-002P), the Hospital for Sick Children (REB
#1000070001), the Centre Hospitalier Universitaire
Sainte-Justine (as a multicenter study in the province of
Quebec; IRB #MP-21-2021-2901), and at individual sites
as required by local policies.
Role of the funding source
The CPSP is governed by an independent Scientific
Steering Committee (SSC) comprised of individuals
from both CPS and PHAC (the funder). Members of
the SSC reviewed and approved the study design. Indi-
viduals from PHAC, CPS, and the SSC participated in
the interpretation of the data. The final report was pro-
vided to PHAC for review, however, the study team
maintained scientific independence and the authors
were under no obligation to accept or incorporate
changes to the manuscript.
Results
During the fifteen-month study period, 544 children
hospitalized with SARS-CoV-2 infection met this
study’s inclusion criteria (Supplementary Figure S1).
Among these cases, 330 (60¢7%) were hospitalized with
COVID-19-related disease, while the remainder were
incidental cases admitted for unrelated care (n=201, 36¢
9%) or admitted for infection control or social purposes
(n=13, 2¢4%). Overall, 15¢3% of cases were hospitalized
during the first pandemic wave (peaking in April
2020), 50¢0% during the second wave (peaking in Janu-
ary 2021), and 34¢7% during the third wave (peaking in
April 2021; Supplementary Figure S2). Hospitalizations
were reported from all regions across Canada, most
commonly from the most populous provinces of
Ontario (n=229; 42¢1%) and Quebec (n=194; 35¢7%).
Unless otherwise specified, all further results pertain
only to children hospitalized for COVID-19-related
disease.

Of the 330 COVID-19-related hospitalizations, 70¢3%
(n=232) met criteria for non-severe disease while 29¢7%
(n=98) met criteria for severe disease (Table 1). The
median age at admission was 1¢9 years (IQR 0¢1−13¢3)
and was lower among patients with non-severe COVID-
19 (0¢8 years, IQR 0¢1−9¢7) than those with severe
COVID-19 (6¢5 years, IQR 1¢5−14¢8; p<0¢001). Account-
ing for underlying population size, study period inci-
dence proportions for COVID-19 hospitalization and
severe COVID-19 were highest among children <1 year
of age (37¢9 hospitalizations and 5¢4 severe cases per
100,000 population) and lowest among children 5-
11 years of age (1¢0 hospitalizations and 0¢4 severe cases
www.thelancet.com Vol 15 Month , 2022
per 100,000 population; Table 2). Concomitant infec-
tions were reported among 8¢2% of cases (n=27),
including most commonly urinary tract infections
(n=10). Among 140 patients <1 year old, 12¢9% (n=18)
were born at <37 weeks gestation.

Children living with comorbid conditions comprised
43¢0% of COVID-19 hospitalizations (n=142), including
23¢9% (n=79) classified as non-complex conditions and
19.1% (n=63) classified as complex conditions (Table 1).
Neurologic and neurodevelopmental disorders were
most common (n=46, 13¢9%) and included epilepsy
(n=20), chronic encephalopathies (n=19 including 8
with cerebral palsy), and chromosomal/genetic disor-
ders (n=9 including <5 with trisomy 21, Table 3). Forty-
four patients (13¢3%) were obese, all aged ≥5 years, with
a median zBMI of 2¢9 (among 22 obese patients with
reported height and weight data, IQR 2¢3−3¢3). Pulmo-
nary conditions were reported in 34 patients (10¢3%),
including asthma most commonly (n=16; 8 using daily
controller medications and 8 not using daily controller
medications). There were few reported with immuno-
suppression (n=19, 5¢8%; including 14 with immuno-
suppressing medications), hematologic disorders (n=17,
5¢2%; including 14 with sickle cell disease), congenital
heart disease (n=14, 4¢2%), gastrointestinal/liver disease
(n=10, 3¢0%), diabetes (n=8 including 7 who were insu-
lin-dependent), and malignancies (n=8, 2¢4%; including
6 with leukemia). Finally, 16 patients (4¢8%) had pre-
existing technology dependence requirements including
12 requiring parenteral nutrition and seven with either
tracheostomy or home oxygen requirements. Compared
to patients hospitalized for other reasons, children hos-
pitalized for COVID-19 were more likely to be obese (13¢
3% vs. 3¢7%, p<0¢001) and have pulmonary conditions
(10¢3% vs. 3¢3%, p=0¢002) but less likely to have psychi-
atric disorders (<1¢5% vs. 4¢2%, p=0¢001; Supplementary
Table S1).

Outcomes of COVID-19-related hospitalizations,
including those used to define the composite disease
severity outcome, are described in Table 4. Overall, sixty
children (18¢2%) were admitted to the ICU, for a
median duration of four days (IQR 2−7, Table 4).
Including patients admitted to the ward and ICU, nearly
one-third (n=108) required respiratory or hemodynamic
support, including 19¢1% (n=63) who required support
greater than low-flow oxygen. Mechanical ventilation
was required for 7¢6% of children (n=25), while few
(n=8, 2¢4%) required vasopressors and none required
extracorporeal membrane oxygenation. Among children
requiring mechanical ventilation, 11/25 had no known
chronic comorbid conditions (including 5/10 children
aged 2-4 years). Five children died due to complications
of acute COVID-19, at a mean age of 8¢1 years (standard
deviation of 7¢3 years). Children aged 2-4 years experi-
enced the highest proportion of severe disease (48¢7%,
n=19/39), followed by those aged 12-17 years (41¢3%,
n=38/92), 5-11 years (36¢7%, n=11/30), 6-23 months
5



Characteristic All Cases Hospitalized due to
COVID-19-related disease

P value Disease severity
(COVID-19-related cases only)

P value

Noa Yes Non-severe Severe

Number of hospitalizations, N 544 214 330 — 232 98 —
Age (years), median (IQR)b 2¢8 (0¢3−13¢5) 6¢0 (0¢9−13¢8) 1¢9 (0¢1−13¢3) <0¢001 0¢8 (0¢1−9¢7) 6¢5 (1¢5

−14¢8)
<0¢001

Age, n (%)b <0¢001 <0¢001
<6 months 164 (30¢3) 41 (19¢3) 123 (37¢3) 106 (45¢7) 17 (17¢3)
6−23 months 79 (14¢6) 33 (15¢6) 46 (13¢9) 33 (14¢2) 13 (13¢3)
2−4 years 65 (12¢0) 26 (12¢3) 39 (11¢8) 20 (8¢6) 19 (19¢4)
5−11 years 68 (12¢5) 38 (17¢9) 30 (9¢1) 19 (8¢2) 11 (11¢2)
12−17 years 166 (30¢6) 74 (34¢9) 92 (27¢9) 54 (23¢3) 38 (38¢8)

Sex, n (%)b 0¢29 0¢02
Female 248 (45¢8) 103 (48¢6) 145 (43¢9) 92 (39¢7) 53 (54¢1)
Male 294 (54¢2) 109 (51¢4) 185 (56¢1) 140 (60¢3) 45 (45¢9)

Population groupc, n (%)
White 120 (22¢1) 45 (21¢0) 75 (22¢7) 0¢64 56 (24¢1) 19 (19¢4) 0¢35
Black 66 (12¢1) 27 (12¢6) 39 (11¢8) 0¢78 26 (11¢2) 13 (13¢3) 0¢60
South Asian 60 (11¢0) 20 (9¢3) 40 (12¢1) 0¢31 27 (11¢6) 13 (13¢3) 0¢68
Arab/West Asian 53 (9¢7) 14 (6¢5) 39 (11¢8) 0¢04 29 (12¢5) 10 (10¢2) 0¢55
Indigenous 52 (9¢6) 24 (11¢2) 28 (8¢5) 0¢29 16 (6¢9) 12 (12¢2) 0¢11
East/Southeast Asian 28 (5¢1) 10 (4¢7) 18 (5¢5) 0¢69 10 (4¢3) 8 (8¢2) 0¢16
Latin American 11 (2¢0) 6 (2¢8) 5 (1¢5) 0¢36 <5 (<2¢2) <5 (<5¢1) >0¢99
Unknown 163 (30¢0) 71 (33¢2) 92 (27¢9) 0¢19 68 (29¢3) 24 (24¢5) 0¢37

Chronic conditions, n (%) 0¢60 <0¢001
None/Unknown 312 (57¢4) 124 (57¢9) 188 (57¢0) 148 (63¢8) 40 (40¢8)
Non-complex 135 (24¢8) 56 (26¢2) 79 (23¢9) 51 (22¢0) 28 (28¢6)
Complex 97 (17¢8) 34 (15¢9) 63 (19¢1) 33 (14¢2) 30 (30¢6)

Concomitant infections, n (%)
Bacterial 59 (10¢8) 40 (18¢7) 19 (5¢8) <0¢001 11 (4¢7) 8 (8¢2) 0¢22
Other 14 (2¢6) 6 (2¢8) 8 (2¢4) 0¢78 <5 (<2¢2) <5 (<5¢2) 0¢24

Premature birth, n / N cases
<1-year (%)d

35/199 (17¢6) 17/59 (28¢8) 18/140 (12¢9) 0¢007 11/120 (9¢2) 7/20 (35¢0) 0¢005

Gestational age (weeks),
median (IQR)d

33¢4 (29¢8−35¢5) 32¢4 (29¢8−35¢3) 34¢1 (30¢0−35¢5) 0¢33 35¢0 (33¢6−35¢4) 31¢0 (26¢7
−36¢0)

0¢51

Duration of symptoms prior to
diagnosis (days), median (IQR)

1 (0−3) 0 (0−1) 2 (1−4) <0.001 2 (1−4) 2 (1−5) 0.17

Timing of hospitalization, n (%) 0¢002 0¢06
First wave (Mar−Aug 2020) 83 (15¢3) 46 (21¢5) 37 (11¢2) 30 (12¢9) 7 (7¢1)
Second wave

(Sep 2020−Feb 2021)
272 (50¢0) 107 (50¢0) 165 (50¢0) 121 (52¢2) 44 (44¢9)

Third wave (Mar−May 2021) 189 (34¢7) 61 (28¢5) 128 (38¢8) 81 (34¢9) 47 (48¢0)

Table 1: Characteristics of children hospitalized with SARS-CoV-2 infection in Canada until May 31, 2021.
a Includes patients hospitalized with incidental infection or admitted for infection control or social purposes.
b Continuous age missing for 9 cases (5 not hospitalized for COVID-19 disease, 3 non-severe COVID-19, 1 severe COVID-19). Categorical age and sex miss-

ing for 2 cases (2 not hospitalized for COVID-19 disease).
c Physicians could report multiple population groups. East/Southeast includes Chinese, Filipino, Japanese, Korean, and Southeast Asian. Indigenous

includes First Nations, Inuit, and M�etis.
d Premature birth is defined as a gestational age at birth <37 weeks. Data was not available for 3 cases <1-year of age (1 not hospitalized for COVID-19 dis-

ease and 2 non-severe COVID-19). Continuous gestational age was described among premature births only.
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(28¢3%, n=13/46), and finally <6 months (13¢8%, n=17/
123). Children aged 2-4 years were more often admitted
to ICU (33¢3%, n=13/39) while children aged 12-17 years
more often required any respiratory or hemodynamic
support (51¢1%, n=47/92). The proportion of children
with chronic comorbid conditions by age group is
described in Supplementary Table S2, while the severity
and treatment outcomes by pandemic wave is described
in Supplementary Table S3.

There was a significant nonlinear relationship
between age and severe COVID-19 (Figure 1), whereby
children <1 year had a significantly lower risk of severe
disease while the risk was highest for children aged 2-5
and 16-<18 years. In a separate model among children
<1 year only, children aged <1 month had 2¢55 times
higher risk of severe disease (95% CI 1¢15−5¢64) than
those aged 1-11 months. Several comorbid conditions
were significantly associated with severe disease includ-
ing any pulmonary condition (vs. none, aRR 1¢63, 95%
CI 1¢12−2¢39), any neurologic condition (vs. none, aRR
1¢84, 95% CI 1¢32−2¢57), and any pre-existing technol-
ogy dependence requirements (vs. none, aRR 2¢01, 95%
CI 1¢37−2¢95; Figure 2). Bronchopulmonary dysplasia
and epilepsy were the strongest risk factors for severe
disease (aRR 2¢39 [1¢37−4¢18] and 2¢08 [1¢44−2¢99],
respectively). Associations between asthma and COVID-
19 severity were modified by the use of controller medi-
cations, as those with controlled asthma were not at higher
risk of severe disease (aRR 0¢33 vs. no asthma, 95% CI 0¢
05−2¢20) while those with uncontrolled asthma were (aRR
www.thelancet.com Vol 15 Month , 2022



Category Minimum incidence, Mar
2020−May 2021
(per 100,000 population;
95% CI)a

All SARS-CoV-2 hospitalizations

<1 year 53¢9 (46¢7−61¢9)
1−4 years 7¢0 (5¢8−8¢5)
5−11 years 2¢4 (1¢8−3¢0)
12−17 years 6¢8 (5¢8−7¢9)

COVID-19-related hospitalizations

<1 year 37¢9 (31¢9−44¢7)
1−4 years 4¢4 (3¢4−5¢6)
5−11 years 1¢0 (0¢7−1¢5)
12−17 years 3¢8 (3¢0−4¢6)

Severe COVID-19

<1 year 5¢4 (3¢3−8¢4)
1−4 years 1¢9 (1¢3−2¢7)
5−11 years 0¢4 (0¢2−0¢7)
12−17 years 1¢6 (1¢1−2¢1)

Table 2: Minimum population-based incidence of SARS-CoV-2
and COVID-19-related outcomes from March 2020−May 2021 in
Canada.

a Minimum incidence was calculated using age band-specific midyear

population denominators for 2020, retrieved from Statistics Canada. Con-

fidence intervals (CI) were calculated using the Poisson distribution.
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2¢24 vs. no asthma, 95% CI 1¢54−3¢27). Neurologic and
pulmonary conditions as well as technology dependence
requirements were often clustered together in the same
patients with severe COVID-19 (Supplementary Figure S3).
Among children with obesity, only those with known
zBMI >3 had a higher risk of severe disease (aRR 1¢90 vs.
non-obese children, 95% CI 1¢10−3¢28). Immunosuppres-
sion (aRR 0¢43, 95% CI 0¢16−1¢16) and malignancies
(aRR 0¢65, 95% CI 0¢22−1¢90) were not associated with a
higher risk of severe COVID-19. Among patients <1 year
old, prematurity increased the risk of severe disease by 3¢
47 times that of term-born children (95% CI 1¢69−7¢09).
Notably, when analyzed as a single variable, non-complex
conditions (aRR 1¢10, 95% CI 0¢71−1¢69) and complex
conditions (aRR 1¢35, 95% CI 0¢89−2¢04) were not associ-
ated with a higher risk of severe COVID-19 when com-
pared to children with no known comorbid conditions.
Discussion
In this national prospective surveillance study, we
described risk factors for disease severity and outcomes
among 544 children hospitalized with SARS-CoV-2
infection (and without MIS-C) across Canada prior to
the emergence of the Omicron variant and the approval
of paediatric COVID-19 vaccines. Overall, the CPSP vol-
untary reporting system captured 58% of children
<18 years of age hospitalized with SARS-CoV-2 infec-
tion in Canada from March 2020−May 2021 (unpub-
lished data; source: case information received by PHAC
www.thelancet.com Vol 15 Month , 2022
from provinces and territories). While severe outcomes
were rare in absolute terms, among COVID-19-related
hospitalizations, one in three patients required respira-
tory or hemodynamic support (including one in five
requiring greater than low-flow oxygen) while one in
five required ICU admission and five patients reported
to the study died from their infection. Severe outcomes
were identified across all age groups and among
patients both with and without comorbid conditions.
We estimated a lower proportion of severe COVID-19
than interim CPSP analyses (29¢7% here vs. 50¢0% in
our prior report16). This was in part due to a change in
definition from initial criteria adapted from Dong et al23

to modified WHO17 severity criteria, as the application
of the Dong criteria included subjective reports of organ
involvement such as non-specific respiratory distress,
coagulopathy, and minimal supplemental oxygen
requirements (Supplementary Table S4). Our results
are similar to a US study of hospitalized patients with
a primary diagnosis of COVID-19 (20¢7% with severe
disease), but the proportion with severe disease
remained higher than most studies which included inci-
dental cases in their study denominators (e.g. 4¢1−15¢
4%).24−26 The in-hospital mortality rate (1.5%) was also
similar to other high-income countries (e.g. 1.5% in
France,27 2.4% in Switzerland25) but less than in low-
and middle-income settings (e.g. 7.6% in Brazil,28 8.3%
in sub-Saharan Africa29). As the pandemic continues,
the absolute and relative burden of severe pediatric
COVID-19 may differ, evidenced by greater proportions
of children admitted to ICU during Delta waves but
lower proportions during Omicron waves.30,31 In light
of vaccination programs and novel SARS-CoV-2 line-
ages, this study may serve as a baseline comparator for
future hospitalization outcomes.

Child age was an important predictor of severe dis-
ease. After multivariable adjustment, hospitalized
infants (i.e. children <1 year of age) had a significantly
lower risk of severe disease compared to older children,
yet population-based incidence proportions of severe
COVID-19 for this age group were between 3−18 times
higher than older age groups. Lower in-hospital risk of
severe disease is likely a result of lower thresholds for
admission for febrile infants, in particular those
<90 days old.32 Unlike most prior literature,8,10 chil-
dren aged 2-4 years in Canada exhibited the highest risk
of severe disease, including 33% admitted to ICU and
26% requiring ventilation. These findings may inform
vaccination strategies and the use of COVID-19 thera-
pies in this age group.

Chronic comorbid conditions associated with the
neurologic or pulmonary systems had an increased risk
of severe disease roughly 1¢5−2¢5 times that of all other
children. Epilepsy is now a well-established risk factor
for severe disease amongst children and may be caused
by an increased risk of seizures during infection as well
as associated respiratory complications such as
7



Chronic comorbid conditions, n (%) All COVID-19 related cases Disease severity P value

Non-severe Severe

Number of hospitalizations, N 330 232 98 —
Neurologic/neurodevelopmental disorder, anya 46 (13¢9) 18 (7¢8) 28 (28¢6) <0¢001
Epilepsy 20 (6¢1) 5 (2¢2) 15 (15¢3) <0.001

Chronic encephalopathy (e¢g¢ cerebral palsy) 19 (5¢8) 7 (3¢0) 12 (12¢2) 0.001

Chromosomal/genetic disorders 9 (2¢7) <5 (<2¢2) 5−8 (5¢1−8¢2) 0.004

Neurologic, NOS 12 (3¢6) 7 (3¢0) 5 (5¢1) 0.35

Obesity, physician-reportedb 44 (13¢3) 21 (9¢1) 23 (23¢5) <0¢001
Pulmonary, anya 34 (10¢3) 16 (6¢9) 18 (18¢4) 0¢002
Asthma 16 (4¢8) 8 (3¢4) 8 (8¢2) 0.09

Bronchopulmonary dysplasia 9 (2¢7) <5 (<2¢2) 5−8 (5¢1−8¢2) 0.02

Pulmonary, NOS 10 (3¢0) 5 (2¢2) 5 (5¢1) 0.17

Immunosuppression, anya,c 19 (5¢8) 15−18 (6¢5−7¢8) <5 (<5¢1) 0¢17
Immunocompromising medications 14 (4¢2) 10−13 (4¢3−5¢6) <5 (<5¢1) 0.77

Hematologic disease, anya 17 (5¢2) 13−16 (5¢6−6¢9) <5 (<5¢1) 0¢10
Sickle cell disease 14 (4¢2) 10−13 (4¢3−5¢6) <5 (<5¢1) 0.07

Technology dependence, anya,d 16 (4¢8) 5 (2¢2) 11 (11¢2) 0¢001
Parenteral nutrition 12 (3¢6) 5 (2¢2) 7 (7¢1) 0.047

Respiratory technology dependence 7 (2¢1) 0 (0¢0) 7 (7¢1) <0.001

Congenital heart disease 14 (4¢2) 7 (3¢0) 7 (7¢1) 0¢13
Gastrointestinal/liver disease 10 (3¢0) 6−9 (2¢6−3¢9) <5 (<5¢1) >0¢99
Chronic renal disease 9 (2¢7) 5−8 (2¢2−3¢4) <5 (<5¢1) 0¢73
Diabetes mellitus 8 (2¢4) <5 (<2¢2) <5 (<5¢1) 0¢24
Malignancy 8 (2¢4) 5−7 (2¢2−3¢0) <5 (<5¢1) >0¢99
Metabolic disease 8 (2¢4) 5−7 (2¢2−3¢0) <5 (<5¢1) 0¢70
Bone disease <5 (<1¢5) DNS DNS —
Other perinatal conditions <5 (<1¢5) DNS DNS —
Psychiatric disorder <5 (<1¢5) DNS DNS —
Transplant recipient <5 (<1¢5) DNS DNS —

Table 3: Chronic comorbid conditions among COVID-19-related hospitalizations (n=330).
DNS = Data not shown due to <5 frequencies across multiple subgroups; NOS = Not otherwise specified.

a Multiple specific conditions could be reported (e.g. two or more neurologic conditions) and therefore may not sum to category total.
b Obesity was physician-reported and could not be confirmed for children missing height and weight data (n=22).
c Defined as immunocompromising medications, primary or secondary immunodeficiency otherwise specified, or chronic rheumatologic or autoimmune

disorder.
d Defined as requirements for parenteral nutrition, respiratory technology (i.e. home oxygen or tracheostomy), or dialysis prior to infection with SARS-CoV-2.
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aspiration, and warrants a dedicated study of specific
epileptic subgroups.5,33 Our identification of chromo-
somal/genetic conditions (including Trisomy 21) as a
risk factor confirms results from adult studies, which
demonstrate increased rates of severe neurologic and
respiratory symptoms among individuals with Trisomy
21.26,34 Technology dependence, most notably patients
requiring home oxygen, tracheostomy, or gastrostomy
tubes were at particularly high risk for severe COVID-
19, consistent with past studies of other childhood respi-
ratory viral infections such as influenza and respiratory
syncytial virus.35,36 Our findings reflect the heightened
medical fragility among these patients, as well as the
contribution of complications including chronic recur-
rent aspiration pneumonia.37 Notably, complex condi-
tions as a single category were not significantly
associated with severe COVID-19 risk, suggesting
greater focus should be paid to specific conditions
rather than broad categories as is often the case in risk
stratification guidelines.38,39

Previous studies have shown mixed evidence of
asthma as a risk factor for severe COVID-19.5,7,10,24 In
this study, we demonstrate that controller medications
may act as an effect modifier, whereby a lack of daily
controller medications significantly increased the risk of
severe disease. This finding suggests that asthma con-
trollers may be protective against respiratory complica-
tions, and children lacking these medications may
experience reduced access to care or be less likely to be
actively followed in a clinical setting. This is supported
by a recent population-based study that showed a
marked increase in the risk of SARS-CoV-2
www.thelancet.com Vol 15 Month , 2022



Characteristics All Cases Child age

<6 months 6−23 months 2−4 years 5−11 years 12−17 years

COVID-19-related hospitalizations, N 330 123 46 39 30 92

COVID-19 severity, n (%)

Mild/moderate illness 232 (70¢3) 106 (86¢2) 33 (71¢7) 20 (51¢3) 19 (63¢3) 54 (58¢7)
Severe illness 98 (29¢7) 17 (13¢8) 13 (28¢3) 19 (48¢7) 11 (36¢7) 38 (41¢3)

Admitted to ICU, n (%) 60 (18¢2) 12 (9¢8) 7 (15¢2) 13 (33¢3) 7 (23¢3) 21 (22¢8)
Length of ICU stay, median (IQR) 4 (2−7) 3 (3−10) 4 (3−6) 2 (2−4) 2 (1−9) 6 (3−8)

Respiratory/hemodynamic support required, n (%)a 108 (32¢7) 20 (16¢3) 15 (32¢6) 17 (43¢6) 9 (30¢0) 47 (51¢1)
Low-flow oxygen 58 (17¢6) 13 (10¢6) 8 (17¢4) 6 (15¢4) 6 (20¢0) 25 (27.2)

High-flow nasal cannula 33 (10¢0) 5 (4¢1) <5 (<10¢9) 5 (12¢8) <5 (<16¢7) 15 (16.3)

Non-invasive ventilation (e.g. CPAP or BiPAP) 14 (4¢2) <5 (<4¢1) <5 (<10¢9) <5 (<12¢8) <5 (<16¢7) 5 (5.4)

Conventional mechanical ventilation 25 (7¢6) <5 (<4¢1) <5 (<10¢9) 10 (25¢6) 0 (0¢0) 8 (8.7)

Vasopressors 8 (2¢4) 0 (0¢0) <5 (<10¢9) <5 (<12¢8) 0 (0¢0) <5 (<5.4)

Clinical presentation, n (%)

Fever 241 (73¢0) 90 (73¢2) 40 (87¢0) 31 (79¢5) 20 (66¢7) 60 (65.2)

Upper respiratory tract infection 202 (61¢2) 71 (57¢7) 29 (63¢0) 19 (48¢7) 15 (50¢0) 68 (73.9)

Gastrointestinal 125 (37¢9) 37 (30¢1) 16 (34¢8) 14 (35¢9) 14 (46¢7) 44 (47.8)

Hematologic disorder 90 (27¢3) 26 (21¢1) 11 (23¢9) 10 (25¢6) 10 (33¢3) 33 (35.9)

Pneumonia 84 (25¢5) 9 (7¢3) 13 (28¢3) 9 (23¢1) 10 (33¢3) 43 (46.7)

Coagulation dysfunction 22 (6¢7) <5 (<4¢1) <5 (<10¢9) <5 (<12¢8) <5 (<16¢7) 13 (14.1)

Seizure(s) 22 (6¢7) <5 (<4¢1) <5 (<10¢9) 9 (23¢1) <5 (<16¢7) 6 (6.5)

Acute respiratory distress syndrome 18 (5¢5) <5 (<4¢1) <5 (<10¢9) <5 (<12¢8) 0 (0¢0) 12 (13.0)

Bronchiolitis 18 (5¢5) 11 (8¢9) 7 (15¢2) 0 (0¢0) 0 (0¢0) 0 (0.0)

Hypotension 15 (4¢6) 0 (0¢0) <5 (<10¢9) <5 (<12¢8) <5 (<16¢7) 6 (6.5)

Hepatitis 14 (4¢2) <5 (<4¢1) <5 (<10¢9) <5 (<12¢8) <5 (<16¢7) 7 (7.6)

Renal dysfunction 14 (4¢2) 0 (0¢0) <5 (<10¢9) <5 (<12¢8) <5 (<16¢7) 7 (7.6)

Acute cardiac dysfunction 6 (1¢8) DNS DNS DNS DNS DNS

Cytokine storm/MAS 5 (1¢5) DNS DNS DNS DNS DNS

Coma <5 (<1¢5) DNS DNS DNS DNS DNS

Encephalopathy <5 (<1¢5) DNS DNS DNS DNS DNS

Abnormal CXR, n / cases with imaging (%) 100/224 (44¢6) 13/74 (17¢6) 14/30 (46¢7) 14/28 (50¢0) 9/21 (42¢9) 48/71 (67¢6)
COVID-19-related therapies, n (%)

Steroids 88 (26¢7) 5 (4¢1) 14 (30¢4) 11 (28¢2) 11 (36¢7) 47 (51.1)

Anticoagulation 37 (11¢2) 0 (0¢0) <5 (<10¢9) <5 (<12¢8) <5 (<16¢7) 28 (30.4)

Remdesivir 32 (9¢7) <5 (<4¢1) <5 (<10¢9) 6 (15¢4) <5 (<16¢7) 18 (19.6)

Biologics 7 (2¢1) DNS DNS DNS DNS DNS

Immunoglobulin 5 (1¢5) DNS DNS DNS DNS DNS

Child died, n (%) 5 (1¢5) DNS DNS DNS DNS DNS

Table 4: Severity and treatment outcomes of COVID-19-related hospitalizations (n=330), by age group.
BiPAP=Bilevel positive airway pressure; CPAP=Continuous positive airway pressure; CXR = Chest x-ray; DNS = Data not shown due to <5 frequencies across
multiple subgroups; ICU=Intensive care unit; IQR=Interquartile range; MAS=Macrophage activating syndrome.

a Multiple supports could be reported and therefore specific supports do not sum to any supports.
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hospitalization among school-aged children with poorly-
controlled asthma.40

Though any obesity did not increase the risk of
severe COVID-19, we identified a dose-response rela-
tionship between zBMI and disease severity (including
significantly increased risk among children with zBMI
> 3). Obesity is a known risk factor for both adults and
children with the greatest risk amongst individuals with
severe obesity, linked with pulmonary impairment and
immune dysregulation.10,41 Our study confirms this
www.thelancet.com Vol 15 Month , 2022
association amongst children aged >5 years,42 though
BMI information was notably unavailable for half of the
obese patients.

Unlike previous studies, diabetes was not associated
with an increased risk of severe COVID-19.5,10,26 In this
study, ten patients with diabetes (median age 12¢6 years,
IQR 4¢6−14¢7) were admitted for reasons other than
COVID-19 including seven with diabetic ketoacidosis
and it remains possible that SARS-CoV-2 infection
precipitated or exacerbated these presentations.43
9



Figure 1. Risk ratios for severe COVID-19 by continuous child age.
Risk factors analysis was conducted among children hospitalized for COVID-19-related disease only (n=330). Age was analyzed

using Poisson regression with robust standard errors, where age was entered into the model as a restricted cubic spline with four
knots. Predicted probabilities of severe disease were then exponentiated to visualize continuous risk ratios. The analysis adjusted
for sex, comorbid conditions (categorized as none, non-complex, or complex), concomitant infections (any vs. none), and timing of
hospitalization (first, second, or third wave).
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Confirming results from our interim analyses, children
with suppressed immune systems including those with
leukaemia and other malignancies, sickle cell disease,
and other immunocompromising conditions were not
at higher risk of severe disease, consistent with case
series of these specific disease groups.44,45

This study has several limitations. First, case report-
ing to CPSP is conducted on a voluntary basis and not
all SARS-CoV-2 hospitalizations were identified. This
study captured approximately 58% of all SARS-CoV-2
hospitalizations nationally during the study period.
Reporting fatigue towards the end of the study period
may have biased case reporting in favour of more severe
cases and therefore, severity outcomes may be overesti-
mated. Moreover, testing indications may have varied
by jurisdiction throughout the study period, such that
not all admissions may have been tested for SARS-CoV-
2 at all times. The reported minimum incidence propor-
tions are therefore underestimated, but may still be use-
ful to compare age-specific rates of hospitalization.
Second, indications for ICU transfer may differ by cen-
tre and some children may have been admitted to ICU
for precautionary purposes only. In this study, nine (of
98) children met the criteria for severe disease because
of their ICU admission and otherwise lacked features of
severe COVID-19 (e.g. respiratory support requirements
beyond low-flow oxygen or organ system involvement).
Third, as the pandemic progressed, the case report form
could not be amended to include variables such as
SARS-CoV-2 lineage, length of hospital stay, and mater-
nal immunization status. Fourth, our analysis of risk
factors was conducted within hospitalized patients only
and therefore may differ from risk factors of severe dis-
ease among all children with COVID-19. In some
instances, some established risk factors for severe
COVID-19 (e.g. diabetes in children and adults) were
not shown to be significant in this study. This may
reflect small group sizes in this study and/or biological
differences in populations, and therefore we do not
present an exhaustive list of risk factors for severe dis-
ease in children. Finally, the population group of the
child was reported by physicians and not by families,
and therefore these variables could not be included in
multivariable models.

In this national prospective surveillance study,
severe COVID-19 was detected across all age groups
and in children with and without comorbid conditions.
Neurologic and pulmonary conditions, zBMI ≥3, and
technology dependence requirements were associated
with a higher risk of severe COVID-19. These findings
may be used to inform vaccination and booster cam-
paigns, prioritize the allocation of COVID-19 therapies,
and guide family and policymaker decision-making as
the pandemic continues.
www.thelancet.com Vol 15 Month , 2022



Figure 2. Risk ratios for severe COVID-19 by sex, concomitant infections, timing of hospitalization, and chronic conditions.
Risk factors analysis was conducted among children hospitalized for COVID-19-related disease only (n=330). Adjusted risk ratios

(aRR) were calculated using Poisson regression with robust standard errors. The x-axis depicts risk ratios by multiples of two (i.e. 2
−4−6−8 and 1/2−1/4−1/6−1/8−1/10). The primary model included continuous age (as analyzed in Figure 1), sex, concomitant
infections, timing of hospitalization, and chronic condition category (i.e. none/unknown, non-complex, complex). Separate models
were then run for each specific chronic condition, by substituting the overall chronic condition category with only the condition of
interest. Finally, age <1 month and prematurity status were assessed in a separate model containing only children < 1 year old
(n=140, including 20 severe cases), and did not adjust for additional variables due to the smaller available sample size.

1All cases of physician-reported obesity, regardless of the presence of height and weight data to calculate zBMI.
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