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ABSTRACT

Background: Coronavirus disease 2019 (COVID-19) has been the most important global
issue since December 2019. Although the clinical course of COVID-19 is known to be milder
in children than in adults, associated hospitalizations among children have increased since
the emergence of contagious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variants and the achievement of a high vaccination rate in adults. Considering these global
and domestic situations, we believe that risk stratification in children with COVID-19 is
urgently needed for decision making regarding hospitalization priority in children infected
with SARS-CoV-2 and vaccination priority against COVID-19.

Methods: This systematic review and meta-analysis was performed by comprehensively
searching the PubMed, EMBASE, Scopus and KoreaMed databases through August 25, 2021.
The criteria for enrollment were “severe COVID-19” as poor outcomes (intensive care unit
admission, invasive mechanical ventilation, and/or death) and underlying comorbidities
before SARS-CoV-2 infection.

Results: Among 872 screened studies, 17 articles were included in the systematic review, and
10 articles were included in the meta-analysis. Neonate (risk ratio [RR], 2.69; 95% confidence
interval [CI], 1.83-3.97), prematurity in young infants (RR, 2.00; 95% CI, 1.63-2.46), obesity
(RR, 1.43; 95% CI, 1.24-1.64), diabetes (RR, 2.26; 95% CI, 1.95-2.62), chronic lung disease
(RR, 2.62; 95% CI, 1.71-4.00), heart disease (RR, 1.82; 95% CI, 1.58-2.09), neurologic
disease (RR, 1.18; 95% CI, 1.05-1.33), and immunocompromised status (RR, 1.44; 95% CI,
1.01-2.04) were significant risk factors for severe COVID-19 in children. In the subgroup
analysis, age younger than 3 months (RR, 0.26; 95% CI, 0.11-0.66), asthma (RR, 1.08; 95%
CI, 0.98-1.20), and neurodevelopmental disorders (RR, 0.88; 95% CI, 0.75-1.04) were not
risk factors for severe COVID-19.

Conclusion: Children with comorbidities such as obesity, diabetes, heart disease, chronic
lung diseases other than asthma, seizure disorders, and an immunocompromised status

had a high prevalence of severe COVID-19. Neonate and premature infants had a high risk

of severe COVID-19. Defining the high-risk group for severe COVID-19 could help to guide
hospital admission and priority for vaccination against SARS-CoV-2.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) has dramatically increased the burden on healthcare
worldwide since the initial identification of severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) in December 2019.1 Despite the global pandemic, children and adolescents
have milder clinical presentations and more favorable outcomes than adults.2> However, some
children experience a severe clinical course and even were deceased.2,¢ Additionally, delayed
hyperinflammatory shock conditions, defined as multisystem inflammatory syndrome in
children (MIS-C), have been reported and threaten the health of children with COVID-19.%8

Since July 7, 2021, the 4th epidemic wave of COVID-19 has been ongoing in South Korea.
Approximately 2,000 cases are confirmed by the polymerase chain reaction method every
day, and most of the patients, including asymptomatic children, are being treated in
residential treatment centers or hospitals. Since the end of 2020, home care guidelines have
been established mainly for children with asymptomatic or mild COVID-19 and their families,
but the degree of implementation is insignificant.9:10 In addition, as in other countries,1! the
proportion of children among confirmed COVID-19 cases has been increasing, possibly due
to the balloon effect from COVID-19 vaccination in adults and increased circulation of the
contagious SARS-CoV-2 delta variant.

In the early COVID-19 pandemic, a high-risk group of children was defined based on the
data from other respiratory viral illness. Therefore, it is necessary to define children at

high risk of severe COVID-19 based on the accumulated data thus far. Most children who
have mild or asymptomatic COVID-19 can be safely managed in their own home. However,
it is questionable whether children at risk of developing severe COVID-19 are monitored
based on risk assessment in the current clinical field. In addition, Central Disease Control
Headquarters of the Republic of Korea recently announced a plan to vaccinate children aged
12-17 years old against COVID-19. Children who have a possibility of progressing to severe
COVID-19 should be the priority population for COVID-19 vaccination. Taken together,

risk stratification in children is important for identifying high-risk groups for COVID-19,
especially under limited healthcare resources. Therefore, we performed a systematic review
and meta-analysis to identify children at high risk of severe COVID-19, with a focus on
comorbidities and age.

METHODS

Search strategy and study selection

A comprehensive search of the PubMed, EMBASE, Scopus, and KoreaMed databases was
performed by two authors (Choi JH and Yun KW) between August 1, 2021, and August 25,
2021. The entry terms were (“risk factor” OR “severe” OR “outcome”) AND (“COVID-19” OR
“SARS-CoV-2") AND (“children” OR “pediatric”). We also performed manual searches of
related bibliographies. We first screened the titles and abstracts of articles, and potentially
relevant full-text articles were then independently reviewed by two authors (Choi SH and Yun
KW) using the following inclusion criteria: 1) the rates of intensive care unit (ICU) admission,
invasive mechanical ventilation, and/or death among children with COVID-19; 2) the
inclusion of different age groups, particularly neonates and infants younger than 3 months of
age; and 3) the prevalence of comorbidities including prematurity, obesity, diabetes, genetic
disorders, neurologic disease, cardiac disease, lung disease, hemato-oncologic disease,
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and immunocompromised status. The following types of studies were excluded: 1) studies
with combined COVID-19 and MIS-C results and 2) studies for which the full text was not
accessible. No language restrictions were applied.

Data extraction and risk of bias assessment

Data from the included studies were extracted with standardized forms and were
independently confirmed by all authors. For each article, the following information was
collected: name of the first author; year of publication; study design; study location; study
period; sample size; age; number of patients with COVID-19; numbers of patients with
ICU admission, mechanical ventilation, and/or death; numbers of patients with specific
comorbidities; and characteristics of the population (general, hospitalized, or with
confirmed COVID-19).

None of the included studies had randomized controlled designs; therefore, the risk of bias
was evaluated by the Risk of Bias Assessment Tool for Nonrandomized Studies (RoBANS).12
The RoBANS contains 6 domains: 1) selection of participants, 2) confounding variables, 3)
measurement of exposure, 4) blinding of outcome assessments, 5) incomplete outcome data,
and 6) selective outcome reporting. Each item was independently assessed by two reviewers
(Choi SH and Choi JH), and disagreements were resolved by an arbitrator (Yun KW).

Data synthesis and statistical analysis

We conducted a meta-analysis to generate estimates of the relative risk of severe COVID-19 in
children with specific comorbidities using Review Manager (RevMan) Version 5.4. We defined
“severe COVID-19” as a case requiring ICU admission, invasive mechanical ventilation, and/
or death. Hemodynamic support was included as “severe COVID-19” in 1 study due to the
impossibility of separating it from other outcomes.13 Hospitalization was not included in

the severe COVID-19 definition because hospital admission depends on the institutional
policy and/or the corresponding physician’s subjective decision. Potential risk factors were
limited to young age and underlying comorbidities. From the risk factors investigated

in previous original and review articles, we reclassified underlying conditions into eight
categories: young age (neonate or infant), prematurity, obesity, diabetes, complex genetic
disorder, chronic lung disease (including asthma), heart disease (including congenital heart
disease [CHD]), neurologic disease (including epilepsy and neurodevelopmental disorders),
and immunocompromised status (including primary/secondary immune deficiency and
hemato-oncologic disorders).14:15 We used a random-effects model for analysis if there was
significant heterogeneity between studies. Meta-analysis was performed using a fixed-effect
model if there was no heterogeneity between studies. To assess statistical heterogeneity, we
used the I statistic, which is expressed as the percentage of total variation across studies. The
impact of comorbidities is expressed by the risk ratio (RR) and 95% confidence interval (CI).
Subgroup analyses were performed for some comorbidities if needed and when possible.

Ethics statement

Ethical approval was not necessary because this study was performed using data from
published studies.
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RESULTS

Literature search and study characteristics

A total of 862 eligible articles were identified through initial screening, and 10 articles were
further identified manually. During the review process, 855 of these articles were excluded;
finally, 17 articles were included in the systematic review, and 10 articles were included in
the meta-analysis (Fig. 1). The characteristics of the included studies and the corresponding
risk factors are summarized in Table 1, and more detailed characteristics of the included
studies are shown in Supplementary Tables 1-3. The results of the quality assessment of the
individual studies are demonstrated in Supplementary Fig. 1.

Systematic review and meta-analyses according to comorbidity

Young age

The impact of young age on the occurrence of severe COVID-19 was analyzed in 9 studies
(Table 1). Two retrospective studies analyzing infants younger than 1 and 2 years of age
showed a lower prevalence of severe COVID-19 in this age group than in other age groups,
although the difference was nonsignificant.16:17 Additionally, in two other studies analyzing
infants younger than 3 months of age, the prevalence of ICU admission was lower in this
group than in the other age groups (RR, 0.26; 95% CI, 0.11-0.66).13,18 One case series report
showed that no children required ICU care among 18 infants younger than 3 months of age.19
However, two multicenter studies in Europe showed that a higher prevalence of neonates
required ICU admission than older patients, with odds ratios of 3.21 (95% CI, 1.36-7.66) and
5.06 (95% CI, 1.72-14.87), respectively.20,21 Two case series also reported that neonates had
a high risk of severe COVID-19.22,23 Due to differences in outcomes according to age group
classification in the included studies, young age did not seem to have an impact on the
severity of COVID-19 according to the pooled meta-analysis (RR, 1.03; 95% CI, 0.74-1.41),
but the subgroup analysis showed that neonates probably had an increased risk for severe
COVID-19 compared with others (RR, 2.69; 95% CI, 1.83-3.97) (Fig. 2A).

5 Articles identified through PubMed, EMBASE, Additional articles identified by hand
= Scopus, and KoreaMed searching searching related bibliographies
= (n = 862) (n=7)

: |

©
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(n = 850) (n=814)
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until 2021.08.25 (n = 3)

'

| Articles included in the final systematic review (n =17) |
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=
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Fig. 1. Flow diagram of the literature search.
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Table 1. Characteristics and details of the included studies

Studies Study design Location Sample Risk factors included Analysis in this
siz? A P O D L C N G | H study

Zachariah et al. (2020)17 R/CS USA 50 SR & MA
Chao et al. (2020)26 R/CS USA 67 SR & MA
Swann et al. (2020)21 P/CO UK 580 SR & MA
Gétzinger et al. (2020)20 A/CO Europe 582 SR & MA
Bellino et al. (2020)16 R/CO Italy 3,836 SR & MA
Fisler et al. (2020)31 R/CO USA 77 SR & MA
Ouldali et al. (2021)13 P/CS France 397 SR & MA
Graff et al. (2021)18 R/CS USA 454 SR & MA
Kompaniyets et al. (2021)24 R/CS USA 43,465 SR & MA
Verma et al. (2021)27 R/CO USA 82 SR & MA
Mithal et al. (2020)19 CcC USA 18 SR
Kanburoglu et al. (2020)22 P/CO Turkey 37 SR
Wardell et al. (2020)23 CcC USA 4 SR
Cardona-Hernandez et al. (2021)25 R/CO Multinational® 16 SR
Dannan et al. (2020)28 cc UAE 5 SR
Madhusoodhan et al. (2021)29 R/CS USA 98 SR
Barhoom et al. (2021)30 cc Iran 4 SR

A = age, P = prematurity, O = obesity, D = diabetes, L = chronic lung disease, C = cardiac disease, N = neurologic disease, G = complex genetic disease, | = immune-
compromising disorder and/or immunosuppressive medication, H = hemato-oncologic disease, R/CS = retrospective cross-sectional, P/CO = prospective cohort, A/
CO = ambispective cohort, R/CO = retrospective cohort, P/CS = prospective cross-sectional, CC = case series, SR = systematic review, MA = meta-analysis.

China, Italy, Spain, and USA; °Number of enrolled children.

A B

Risk (young age)  Non-risk group Risk Ratio Risk Ratio Risk (prematurity)  Non-risk group Risk Ratio Risk Ratio
Study or Subgroup Events  Total Events  Total Weight MLH,Fixed,95% CI M.H, Fixed, 95% CI Study or Subgroup Events  Total Events Total Weight M.H,Fixed, 95%CI MH, Fixed, 95% CI
9.1.1 Infants 1Y0 or younger P 2020 Gwann () 15 45 15 148 107%  33101.76,6.24] —
R 2020 Belino () 5 193 13 318 17.6%  083[0.23,175) — 1 R 2021 Kompaniyets (VD) 61 13 239 1004 09.3%  1.8401.48,229) |
R 2020 Zashariah /) i 14 9 3 08%  013[00,209 ¢ T
Subtotal (95% CI) 207 354 274%  0.45[0.18,1.16] - Total (95% CI) 184 1153 100.0%  2.00 [1.63, 2.46] *
Total events & 21 Total events 76 254
Heterogeneity Chi*=120, df=1 (F= 0.27); F= 16% Heterogeneity. Chi*= 2.97, df= 1 (F = 0.08), F= 66% 0.01 01 10 100
Test for overall effect: 7= 1.65 (P=0.10) Testior overall effect 7= 6.5 (P < 0.00001) Favours Non-severe] Favours [Severe 7]
9.1.2Infants 3MO or yournger
P 2021 Ouldali (HD) 4 s 25 223 353%  025[0.09,069) C
Ram G N L T Risk obosit) N rsk rou Risk Ratio sk Rato
Total svents 5 35 ’ Study or Subgroup Events Total Events Total Weight M.H, Fixed, 95%CI M-H, Fixed, 5% C1
Heterogeneity: Chi*= 0,03, o= 1 (F.= 0.78), F = 0% P 2020 Swann (i 4 2 73 539 16%  246[1.08,553)
Testfor overall efect 2= 2.6 (P= 0.004) F 2021 Ouldiali (HD) 1 [ 22 300 04% 227(0.36,14.23) ]
R 2020 Chao ) 3 12 10 34 26%  0.85[0.28,2.50) E
9.1.3 Neontates R 2020 Figler {) oo 12 28 48%  089[0.44,177] B —
P 2020 Gétzinger () 7 10 41 582 104%  2310.11,482) — g;gg?éﬁtx‘;‘ih@ i yﬂ 3 gg 21‘5: 7[?28[2[;;273 ?;}
P 2020 Swarin () 17 51 61 523 19.2%  289[1.84,455 - ral 3 -
Subtotal (95% C1) 0 1071 293%  259[1.83,3.97] L R 2021 Kompaniyets (VD) 13 437 846 3805 843%  1.43[123,168 u
Total events 24 102 R 2021 Verma () 9 19 7 20 27%  1.95[0.88,4.37) —
Heterogeneity: Chi*=0.26, df= 1 (P = 0.61); F= 0%
Test for overall effect: 2= 5.01 (F < 0.00001) Total (95% CI) 544 4870 100.0%  1.43[1.24,1.64] +
Total events 170 981
Total (95% CI) 458 1699 100.0%  1.03[0.74,1.41] > Heterogensity. Chi*= 1348, df= 7 (F = 0.06), = 48% b o 0 100
Total events 34 159 Testfor overall effect Z = 5.04 (P < 0.00001)
Heterogeneily: Ch*= 3618, df= 5 (P < 0.00001); = 85% b o - g Favours [Non-severe] Favours [Severe D7)
Testfor overall effect: 2= 016 (P=0.87) g
Test for subaroun differences: Chit= 28.81. 7= 2 (P = 0,00001), F= 93.1% Favours [Non-severe] Favours [Severe Dzl
Risk (OM)  Non-risk group Risk Ratio Risk Ratio Risk (genetic dz)  Non-risk group Risk Ratio Risk Ratio
Study or Subaroup Events Total Events Total Weight M.H.Fixed.95% CI M-H, Fixed. 95% CI Study or Subaroup Events  Total Events  Total Weight M-H,Fixed, 35% CI MLH, Fixed, 95% CI
P 2020 Swanin () 2 15 76 544 52%  0.95(0.25,353) T 101 A1
P 2021 Quidall gHD) 0423 302 10% 1.29(009,1840] A P 3020 Gotzinger () 3 m 8 53 40% 2780611273
R 2021 Graff () 10 10 6 19%  122[019,7.70] 7*. P 2020 Swann () i 74 20 468 1B5%  0.32[0.04,233
R 2021 Kompaniyets (VD) 89 154 1013 4148 019%  237[205,274] R 2020 Zachariah () 2 M 3 1 33%  304(058,1561)
’ Subtotal (95% CI) 131 1044  23.8% 1.11[0.44,278)
Total (95% C1 178 5055 100.0% 2.26[1.95,262] Total everts s 7
Totslevents om |tz Chif= 430, df= 2 (P = 0.11); F= 54%
Heterogeneily: Chi"=283, df= 3 (P= 0.45); = 0% 001 01 10 100 Testfor overall effect Z= 0.21 (P = 0.83)
Testfor overall effect: 2= 10.67 (P < 0.00001) Favours [Non-severe] Favours [Severe Dzl
112=1Y0
R 2031 Kompaniyets (VD) 15 51 282 1082 762%  1.14[074,1.76]
Subtotal (95% C1) 51 1002 762% 144[0.74,176]
Total events 15 202
Heterogeneity. Mot applicable
Testfor overall eflect 2= 0.56 (P = 0.56)
Total (95% CI) 182 2136 100.0%  1.13[0.76,1.68]
Total events 2 313
Heterageneity: Chi*= 431, if= 3 (P = 0.33); F= 30% Hoor 7 1008

Testfor overall eflect Z= 0,61 (P = 0.56)

01 10
Testfor subaroun differences: Chi= 000, df=1 (F=095) F= 0% Favours INor-severe] Favours [Severs D2)

Fig. 2. Meta-analysis of the impacts of 5 comorbidities on the severity of COVID-19 in children. (A) the impact of age. (B) the impact of prematurity. (C) the
impact of obesity. (D) the impact of diabetes. (E) the impact of complex genetic disorders.

COVID-19 = coronavirus disease 2019, Cl = confidence interval, RR = risk ratio, DM = diabetes mellitus, P = prospective study, R = retrospective study, | = intensive
care unit care, V = mechanical ventilator support, D = death, H = hemodynamic support.

Prematurity

In two of the included studies, the effect of prematurity was evaluated among children
younger than 1 and 2 years of age. In nationwide studies in the UK, the prevalence of
ICU admission in premature and full-term infants with COVID-19 was 19.2% and 6.0%,
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respectively (P=0.001).21 The prevalence of poor outcomes in premature COVID-19 infants
was higher than that in full-term infants in the USA (RR, 1.84; 95% CI, 1.48-2.29).24 The
impact of prematurity on severity in the included studies was evaluated among children
younger than 1 year of age. In total, the risk of severe COVID-19 was higher in premature
infants than in full-term infants (RR, 2.00; 95% CI, 1.63-2.46) (Fig. 2B).

Obesity

Analyses of the impact of obesity on COVID-19 severity were performed in 8 studies (Table 1).

At the start of the pandemic in the UK, a prospective study including 580 children showed that
obesity was related to prevalent ICU admission (RR, 2.46; 95% CI, 1.08-5.63).21 In a recent
national surveillance study in the USA including 4,302 hospitalized children, obese patients with
COVID-19 were at higher risk of severe clinical courses, including ICU admission, respiratory
support, and death, than nonobese patients (adjusted RR [aRR], 1.42; 95% CI, 1.22-1.66).24
According to the analysis of the 8 included studies, obesity was found to be a risk factor for
severe disease in COVID-19 patients (RR, 1.43; 95% CI, 1.24-1.64) (Fig. 2C).

Diabetes

Diabetes in relation to the severity of COVID-19 was analyzed in 4 studies. In a large
retrospective study in the USA, children with type 1 diabetes who were hospitalized for
COVID-19 developed more severe disease than nondiabetic children (aRR, 2.38; 95% CI,
2.06-2.76).24 However, two small studies showed that diabetic children with COVID-19 were
not at high risk of ICU admission.18,21 In our meta-analysis, children with diabetes had a
higher risk of severe COVID-19 than those without diabetes (RR, 2.26; 95% CI, 1.95-2.62)
(Fig. 2D). Although excluded from the meta-analysis, a cohort study including 17,110 children
with type 1 diabetes in 4 countries (China, Italy, Spain, and the USA) reported that children
with severe COVID-19 were the only children to be admitted to the ICU to manage diabetic
ketoacidosis through August 2020.25

Complex genetic disorders

Among the included studies, analyses of comorbidities, such as complex genetic disorders,
on the severity of COVID-19 were performed in 4 studies. In these analyses, comorbidities
such as congenital anomalies, chromosomal abnormalities, and genetic disorders were
included. In total, genetic anomalies were not related to an increased risk of severe disease in
children with COVID-19 (RR, 1.13; 95% CI, 0.76-1.68) (Fig. 2E).

Chronic lung diseases and asthma

The impacts of chronic lung diseases, including asthma, on severe COVID-19 were analyzed
in 8 studies. In total, the risk for severe COVID-19 was slightly increased in children with
chronic lung diseases, including asthma (RR, 1.14; 95% CI, 1.03-1.26). However, in the
subgroup analyses, children with chronic lung diseases other than asthma developed severe
COVID-19 (RR, 2.62; 95% CI, 1.71-4.00), whereas those with asthma did not (RR, 1.08; 95%
CI, 0.98-1.20) (Fig. 3A). Several studies have reported that the presence of asthma is not
related to ICU admission for the management of COVID-19.21,26,27

Heart disease

Six studies that analyzed heart disease in relation to COVID-19 were included. In a prospective
study in the UK, 15.4% (12/78) of children with any heart disease were admitted to the ICU
after a diagnosis of COVID-19, and the prevalence was higher than those without heart
disease (P=0.002).21 Another study in Europe showed that 10.4% of children with CHD were
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Risk (lung dz)  Non-risk group Risk Ratio Risk Ratio Risk (heartdz)  Non-risk group Risk Ratio Risk Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Fixed, 95% CI M_H, Fixed, 95% CI Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% Cl
5.1.3 Respiratory Dz (Asthma+CLD)) 4.1 Cardiac (All
P 2020 Gotinger () 629 42 553 10% 272012658 P 2020 Gwann () 12 65 520 64%  267[1.59,4.46)
Subtotal (95% CI) 29 553 1.0%  2.72[1.26,5.88] - P 2021 Ouldali (HD} 1 7 22 288 08% 194(0.30,1245 I
Total svents 5 42 R 3020 Chao () 1 1 12 45 08% 276108, 6.99]
Heterogeneity: Mot applicable R 2020 Zachariah () 1 4 g 46 1.0% 1.44(0.24,8.79] |
Test for overall effect 2= 255 (P= 0.01) R 2021 Kompaniyets (VD) 108 230 1078 4072 ©8.2%  1.72[1.48,2.00)
Sublotal (95% CI) 218 4982 972%  1.7911.56,207]
5.4.4 Asthma Total events 120 1185
P 2020 Swann () 2 4 76 518 26% 033008131) —T Helerogensity: Chi*= 3.43, df= 4 (P = 0.49); F = 0%
P 2021 Ouldal f1HD) 220 21 W 06% 1360034540 — T Testfor averall efiect Z = 8.07 (P = 0.00001)
R 2020 Chao () 3 1 1 35 11%  095(0.322.86] —_—
R 2020 Zachariah ) 2 6 7 44 04%  210(056,7.84] 7 412CHD
R 2021 Graff(h 418 7 50 08% 178060532 r F 2020 Gotzinger () 5 5 43 567  28%  260[1.13,587) —
R 2021 Kompaniyets (VD) 243 BO7 1303 3541 GO.6%  1.00[0.981.21] | | Subtotal (95% CI) 2 557  28%  250[112.597] .
R 2021 verma () 5 12 13 70 13%  162[0.74,353 +— Total events 5 4
Subtotal (95% CI) 73 4544 964%  1.08[0.98,1.20] ] Hetermgenaty Notapalicable
Total events 261 1442
Heterogeneity, Chi= 5.1, of= 6 (P= 0.44); F= 0% Testior overall effect 2= 2.23 (F = 0.03)
Testior overall eflect 2=1.53 (P=0.43) Total (95% CI) 303 5639 1000%  1.82[1.58,209] ¢
515 Chronic lung 42 Total events 125 1228
P 2020 Swann () 30 67 524 17% 251 [150,453 —_— :;é?;s?;:‘;‘:’” ;:‘EE; ;1‘3 gé’(: ipU’UEUESW)‘)‘ 0% 00t [l 1 100
P 2021 Ouldal IHD) 2 T2l 299 02%  407[1.15,14.08 N 0. o . Favours [Non-severe] Favours [Severe Dz]
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Fig. 3. Meta-analysis of the impacts of 4 comorbidities on the severity of COVID-19 in children. (A) The impact of chronic lung disease and asthma. (B) The
impact of heart disease. (C) The impact of neurologic disease. (D) The impact of immunocompromised status.

COVID-19 = coronavirus disease 2019, Cl = confidence interval, RR = risk ratio, DM = diabetes mellitus, P = prospective study, R = retrospective study, | = intensive
care unit care, V = mechanical ventilator support, D = death, H = hemodynamic support, CLD = chronic lung disease, CHD = congenital heart disease, IC =
immunocompromising status, IS = immunosuppressant drug use, HO = hemato-oncologic disease.
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admitted to the ICU, and the RR was 2.59 (95% CI, 1.12-5.97).20 In total, the prevalence of
severe COVID-19 was significantly higher in children with cardiac disease, including CHD,
than in those without cardiac disease (RR, 1.82; 95% CI, 1.58-2.09) (Fig. 3B).

Neurologic diseases

The impacts of neurologic diseases were analyzed in 7 studies. In the subgroup analysis of
children with seizure disorder, the prevalence of severe COVID-19 was significantly higher in
children with seizure disorder than in those without (RR, 1.73; 95% CI, 1.43-2.09) (Fig. 3D).
Only neurodevelopmental disorders showed no effect on the risk of severe clinical illness

in children with COVID-19 (RR, 0.88; 95% CI, 0.75-1.04).21,24¢ When total neurologic
disorders were analyzed, the presence of a neurologic disorder had a significant relationship
with severe COVID-19 (RR, 1.18; 95% CI, 1.05-1.33) (Fig. 3C). In conclusion, children with
neurologic diseases, especially seizure disorders but not neurodevelopmental disorders,
likely have a high risk of severe COVID-19.
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Immunocompromised status (immunodeficiency, immunosuppressive drug use, and/or a
hemato-oncologic disorder)

Immunocompromised hosts included children who were undergoing chemotherapy, used
immunosuppressant drugs, or had immunodeficiency or a hemato-oncologic disorder. In our
meta-analysis, the risk of severe COVID-19 was related to immunocompromised status (RR,
1.44; 95% CI, 1.01-2.04) (Fig. 3D). Among children with immunocompromised status, subgroup
analysis was performed by dividing 3 groups: mixed group without detailed distinction,
hemato-oncologic disorder group, and immunosuppressant drug user group. Contrary to the
overall results, all detailed subgroup analyses showed that each immunocompromised status
did not have increased risks of severe COVID-19. (Fig. 3D). Although a case series reported that
all various immunocompromised patients had only mild symptoms,2817.3% of children with
oncology patients required ICU care in a cross-sectional study,2? and three of four pediatric
hematopoietic stem cell transplantation recipients developed severe COVID-19 in a case series.30

DISCUSSION

This study investigated morbidities related to the severity of COVID-19 in children through
a systematic review and meta-analysis to provide updated evidence of high-risk pediatric
groups requiring COVID-19 vaccination priority and hospitalization when infected with
SARS-CoV-2. The analysis included data from 17 studies, including several case series. The
results of the meta-analysis showed that age younger than 1 month, prematurity in young
infants, obesity, diabetes, chronic lung disease other than asthma, heart disease, seizure
disorder, and immunocompromised status affected the severity of COVID-19 in children.

Central Disease Control Headquarters of the Republic of Korea defines infants younger than 3
months as a high-risk group for COVID-19.10 However, our subgroup analysis of infants younger
than 3 months had low risks of severe COVID-19 (RR, 0.26; 95% CI, 0.11-0.606). Only neonates
younger than 1 month of age had a high risk of severe COVID-19 (RR, 2.69; 95% CI, 1.83-3.97).
Although neonates tended to be managed in the ICU regardless of clinical severity for close
monitoring in the early COVID-19 pandemic, we recommend that the high-risk group should be
reclassified from infants younger than 3 months to neonates based on this analysis.

In two selected studies, the impacts of prematurity were analyzed only in limited age groups,
such as children younger than 1 year and 2 years.21,24 Each study revealed that prematurity
was a risk factor for severe COVID-19 in the I-year (RR, 3.31; 95% CI, 1.76-6.24) and 2-year
(RR, 1.84; 95% CI, 1.48-2.29) groups. It is already well known that preterm infants have

a higher prevalence of ICU admissions for respiratory illness than full-term infants.32,33
Although prematurity among children older than 2 years was not analyzed, the high impact
of prematurity on severe COVID-19 identified in this study suggests that clinicians manage
preterm infants with COVID-19 more carefully.

Obesity and diabetes are known to be risk factors for severe COVID-19-associated illness
among adults.34,35 The high-risk tendency in obese populations has been explained by
several mechanisms, such as immune dysfunction, altered pulmonary physiology, and high
angiotensin converting enzyme 2 (ACE2) expression.3¢ Considering the risk of obesity, obese
children with COVID-19 need close monitoring for clinical deterioration or progression to
acute respiratory distress syndrome. Additionally, in obese children, lifestyle habit control
and prevention through COVID-19 vaccination were emphasized.
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Diabetes is a metabolic disorder resulting from impaired insulin secretion or insulin resistance
and is known to be associated with a higher risk of acquiring infectious diseases. Insulin
resistance seems to promote the synthesis of end-glycosylation products and stimulate
proinflammatory cytokines and oxidative stress, resulting in a higher likelihood of infection and
worse prognosis.3” Diabetes and hyperglycemia have been proven to be independent prognostic
factors of morbidity and fatality in patients infected with SARS-CoV and MERS-CoV.38,39 In
adults, diabetes has emerged as a major risk factor that increases severe illness and mortality

in COVID-19 patients.40 The relationship between diabetes and severe COVID-19 was explained
by overexpression of angiotensin converting enzyme 2.41 Although diabetes was identified as
arisk factor in this study, this was mainly due to one large retrospective study.25 Interestingly
other studies included in the analysis did not show a significant relationship between diabetes
and severe COVID-19. This result was explained by many theories, such as the low incidence of
COVID-19 in children due to strict quarantine policy, the relatively high controlled diabetes in
children compared to adults, and the high proportion of type 1 diabetes in children. Diabetic
children with COVID-19 should be monitored for future research.

Our analysis of heart disease as a risk factor contributing to severe COVID-19 included 652
COVIDA9 children with heart disease, including CHD. A small number of patients with heart
disease were included because active quarantine measures and a relatively short pandemic
period prevented many children with heart disease from becoming infected with COVID-19.
Respiratory syncytial virus (RSV) infection is an important risk factor for morbidity and
mortality in children with CHD. A recent systematic review showed that a case fatality rate of
up to 3% was associated with RSV infection in children with CHD.42 The persistent COVID-19
pandemic could have an effect similar to that of RSV in heart disease patients. From this point
of view, children with heart disease should be considered a priority of COVID-19 vaccination.
However, the increased prevalence of myocarditis after COVID-19 vaccination with the mRNA
vaccine in adolescents aged 12-17 years should be considered in heart disease patients carefully.

Asthma, neurodevelopmental delay and complex genetic disorders, such as Down syndrome,
have been considered risk factors for a severe clinical course in previous studies on endemic
respiratory viruses.4344 However, these comorbidities, which can be considered risk factors,
had no effect on the risk of severe COVID-19 in our analysis. Asthma was considered one

of the risk factors for severe COVID-19 during the early pandemic. However, an initial
systematic review reported that the role of asthma as a risk factor in children with COVID-19
was unclear.45 In subsequent studies in adults, asthma was found to be a nonsignificant risk
factor for poor outcomes in COVID-19 patients.46:47 All 6 studies in our analysis showed that
children with asthma had no poor outcomes after COVID-19. The clinical association between
asthma and severe COVID-19 has not been fully established, and type 2 airway inflammation
and downregulation of ACE2 receptors in asthmatic patients could affect these results.
Neurodevelopmental delay and complex genetic disorders require attention to interpretation
because these groups consisted of heterogeneous diseases. Additionally, we cannot overlook
the low incidence of COVID-19 in children due to strict quarantines, such as school closures.
When there is a chance of SARS-CoV-2 infection after the normalization of daily life, children
with these underlying comorbidities should be monitored carefully.

Generally, immunocompromised status was defined as a risk factor for severe respiratory
viral disease in any age group. However, each subgroup (immunosuppressant drug use,
immunodeficiency, and hemato-oncologic disease) analysis showed that all detailed statuses
were not significant factors for severe COVID-19 in our study (Fig. 3C). This may be because
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immunocompromised status included heterogeneous disease groups. Additionally, most
studies on the impact of hemato-oncologic disease have shown that the outcome of severe
COVID-19 is ICU admission. ICU admission could have increased to monitor the clinical
status due to hemato-oncologic disease itself, such as young age; therefore, data about
respiratory support or mortality should be followed.

Among individuals with complex genetic disorders, individuals with Down syndrome receive
slightly more attention because they have a longer life expectancy than individuals with other
genetic disorders and are known to be at high risk of respiratory tract infections. In adults,
Down syndrome patients with COVID-19 had more severe disease than those with other
medical conditions.48 Several case reports emphasized careful monitoring and reported

that children with Down syndrome developed severe COVID-19.49:50 We could not locate
well-designed research focusing on children with Down syndrome. However, children with
Down syndrome had comorbidities, such as cardiopathies, immunodeficiency, obesity, and
diabetes, that were found to be related to severe COVID-19 in our analysis. Accordingly, it is
necessary to monitor children with Down syndrome for COVID-19 more carefully.

Although excluded from our high-risk group analysis, MIS-C should be considered when
analyzing the seriousness of COVID-19. A recent study analyzing 2,818 MIS-C cases in
individuals less than 21 years of age reported that the odds of death were significant in
persons aged 1620 years (adjusted odds ratio [aOR], 6.8; 95% CI, 2.7-17.1), with neurologic
disorders (aOR, 5.1; 95% CI, 1.9-14.1) and noncardiac congenital anomalies (aOR, 6.5;

95% CI, 2.6-16.0).51 However, MIS-C should be distinguished from severe COVID-19 in our
analysis due to the characteristics of showing the clinical manifestations for a relatively long
time after SARS-CoV-2 infection.

This study has some limitations. The nature of the included studies and the definition of
comorbidities in the studies were heterogeneous. In several studies, patients in their early
twenties, such as 21 years old, were included; however, we could not exclude those data
because studies of only children under 18 years old are scarce. In most of the included studies,
the number of enrolled children was so small, and there were only 4 studies with more than
500 subjects. In addition, the criteria for ICU admission might be different depending on

the environment of each hospital. Finally, we could not evaluate the effect of combined
comorbidities due to difficulty in detailed classification. Last, the current study was based

on the limited number of published studies thus far regarding the risk factors for severe
COVID-19 in children; therefore, this is a living systematic review. However, this systematic
review and meta-analysis was strengthened by a comprehensive literature search and detailed
classification of underlying comorbidities.

In conclusion, we recommend that children with comorbidities such as obesity,

diabetes, heart disease, chronic lung diseases other than asthma, seizure disorder, and

an immunocompromised status be classified as a high-risk population who should be
considered for hospitalization when infected with SARS-CoV-2 and a priority population
for COVID-19 vaccination. Additionally, neonates and preterm infants younger than 1

year of age should be included in the high-risk group for COVID-19 and receive active
monitoring and management when infected. Children with underlying diseases determined
to be nonsignificant risk factors in our analysis could be considered high-risk when their
underlying conditions are unstable; therefore, they must be monitored carefully. Recently,
several severe COVID-19 in Korean children were reported.52 We hope that risk stratification
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in children with COVID-19 can help clinicians manage patients and policymakers establish
priority populations for COVID-19 vaccination.
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