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years) with controversy on effectiveness of school-closures in controlling the pandemic. It is of
equal importance to evaluate the risk of transmission in children who are often asymptomatic
or mildly symptomatic carriers that may incidentally transmit SARS-CoV-2 in different settings.
We conducted this review to assess transmission and risks for SARS-CoV-2 in children (by age-
groups or grades) in community and educational-settings compared to adults.

Methods Data for the review were retrieved from PubMed, EMBASE, Cochrane Library, WHO
COVID-19 Database, China National Knowledge Infrastructure (CNKI) Database, WanFang
Database, Latin American and Caribbean Health Sciences Literature (LILACS), Google Schol-
ar, and preprints from medRixv and bioRixv) covering a timeline from December 1, 2019 to
April 1, 2021. Population-screening, contact-tracing and cohort studies reporting prevalence
and transmission of SARS-CoV-2 in children were included. Data were extracted according to
PRISMA guidelines. Meta-analyses were performed using Review Manager 5.3.

Results Ninety studies were included. Compared to adults, children showed comparable
national (risk ratio (RR)=0.87, 95% confidence interval (CI)=0.71-1.060 and subnational
(RR=0.81, 95% CI=0.66-1.01) prevalence in population-screening studies, and lower odds
of infection in community/household contact-tracing studies (odds ratio (OR)=0.62, 95%
CI=0.46-0.84). On disaggregation, adolescents observed comparable risk (OR=1.22, 95%
CI=0.74-2.04) with adults. In educational-settings, children attending daycare/preschools
(OR=0.53, 95% CI=0.38-0.72) were observed to be at lower-risk when compared to adults,
with odds of infection among primary (OR=0.85, 95% CI=0.55-1.31) and high-schoolers
(OR=1.30, 95% CI=0.71-2.38) comparable to adults. Overall, children and adolescents had
lower odds of infection in educational-settings compared to community and household clusters.

Conclusions Children (<10 years) showed lower susceptibility to COVID-19 compared to
adults, whereas adolescents in communities and high-schoolers had comparable risk. Risks
of infection among children in educational-settings was lower than in communities. Evidence
from school-based studies demonstrate it is largely safe for children (<10 years) to be at schools,
however older children (10-19 years) might facilitate transmission. Despite this evidence, stud-
ies focusing on the effectiveness of mitigation measures in educational settings are urgently

Background There is uncertainty with respect to SARS-CoV-2 transmission in children (0-19

. needed to support both public health and educational policy-making for school reopening.

As of 5 April 2021, there have been 131.0 million confirmed COVID-19 cases and nearly 2.8 mil-
lion confirmed deaths globally [1]. The response in countries worldwide has gone from an initial
stage of strict lockdowns and business closures to variable periods of relaxation with social distanc-
ing, use of face masks and hand hygiene, and now vaccination roll outs for adults. During this pe-
riod, daycare centers, schools and educational institutions were closed initially and then reopened
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at different stages. This has however, been a bone of much contention across the world with various countries
adopting different measures. The global spread of variants of concern now threatens to reverse progress and
disrupt the opening of the economy, commerce and education.

School closures are understandable. Children play an important role in the transmission of some respiratory
infectious diseases and may suffer from more severe outcomes than adults, such as influenza [2,3], rendering
school closures an effective public health policy in reducing the spread and influence of these diseases. This is
especially true in novel pandemics where pharmaceutical interventions, such as vaccines, are not immediate-
ly available and delaying disease spread is a priority [3-6]. However, children and adolescents under 19 years
of age comprise a small proportion of total reported COVID-19 cases (1%-10%) [7-9]. This group has been
reported to present with a milder clinical course compared to adults infected with SARS-CoV-2, with more fa-
vorable outcomes in general [7,9-11].
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To date, there is much controversy concerning the benefits of the ongoing and future closure of schools and
other educational institutions in controlling the COVID-19 pandemic, as limited data on transmission of
COVID-19 in educational settings is available [12-16]. It is of equal importance to evaluate the risk of suscep-
tibility and transmission in children who are often asymptomatic or mildly symptomatic carriers, that may in-
cidentally transmit SARS-CoV-2 in both educational and community settings, especially with the third wave
of COVID-19 and newer variants spreading in many Countries crippling the health care system and economy.

We undertook a systematic review of the infection and transmission rates and risks of SARS-CoV-2 in children
and adolescents in household, community and educational settings since the beginning of the pandemic, to
help in understanding policy responses for safe school reopening for children of various ages.

METHODS

This systematic review is reported in accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) reporting guidelines.

In this review, we focused on the following review objectives:

1-What is the overall risk of infection in children and adolescents compared to adults (>19 years) from pop-
ulation screening and contact-tracing studies?

2-What are the odds of being an infected contact in children and adolescents compared to adults (>19 years)
in educational settings?

3-What is the risk of infection for children and adolescents in educational settings in comparison to that in
communities?

Literature search

To investigate the risk of SARS-CoV-2 infection and transmission in children and adolescents and their potential
contribution to transmission in various settings, we searched for national and subnational prevalence studies,
and contact-tracing studies (CTS) from community/household clusters and educational settings.

Data for the review were retrieved from PubMed, EMBASE, Cochrane Library, WHO COVID-19 Database,
China National Knowledge Infrastructure (CNKI) Database, WanFang Database, Latin American and Carib-
bean Health Sciences Literature (LILACS), Google Scholar, and “Living Evidence of COVID-19” (a database
updated daily with published articles from PubMed and EMBASE and preprints from medRixv and bioRixv)
covering a timeline from December 1, 2019 to April 1, 2021. Preprints from ChinaXiv (http:/www.chinaxiv.
org/home.htm) were also searched. Complementary searches were conducted by manually searching the na-
tional public health websites, and the John Hopkins Humanitarian Health Resource. The reference lists of all
retrieved articles were examined as well. There was no language restriction applied for the search. The search
terms applied for each research question and the specific search strategies for PubMed and other databases are
provided in Table S1 in the Online Supplementary Document.

The search results from various databases were uploaded into Covidence Systematic Review Software (Veritas
Health Innovation 2016, Melbourne, Australia) for screening.
Inclusion and exclusion criteria

We included population screening studies investigating the age-specific prevalence of SARS-CoV-2 infections,
contact-tracing and cohort studies reporting the incidence and attack rate (number of infections secondary to
a suspected close contact) of children (0-9 years) and adolescents (10-19 years old) compared to adults, case
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series presenting direct evidence of COVID-19 cases transmitted by SARS-CoV-2 positive children compared
to adults, and data from national public health websites and official government reports, when available. We
excluded review articles, opinions, viewpoints and communication letters (if not presenting data on number
of infections or attack rate of SARS-CoV-2) and modeling studies were also excluded. Studies that did not re-
port the number of infections or attack rate of SARS-CoV-2, and studies with possible duplications of cases (eg,
overlapping time periods within the same institutions/cities/countries) were also excluded.

Study screening

Two review authors independently reviewed each title and abstract from the search results. Upon obtaining
the full text, two reviewers independently screened the full text and decided whether to include or exclude
the study, in accordance with the criteria specified previously. Any disagreements were resolved by indepen-
dent review by a third author.
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Data extraction

The following data were extracted from each study using standardized data abstraction forms: authors, country,
study type, study period and its relationship with the epidemic curve in the country/area and school closure/
reopen status, study setting (household, community, daycare, primary or secondary school; other mitigation
measures if any), case definition (index case, primary case, secondary case), testing methods, contact-tracing
methods, sampling method, number of infected children and/or adults (specified whether or not student-con-
tacting staff) and total number of students and staff in the educational setting (or reported attack rate).

Meta-analysis and qualitative synthesis

For each dichotomous outcome, the weighted mean prevalence and 95% confidence interval (CI) was cal-
culated. The meta-analyses were performed using Review Manager 5.3 adopting the random-effects models.
Pooled risk ratios (RR) between children and adults were presented in both national and subnational prevalence
studies with disaggregation into active infection and past infection indicated by PCR testing and antibodies
seroprevalence, respectively. The pooled odds ratios (OR) of children being infected in households were pre-
sented and disaggregated by children (<10 years) and adolescent (10-19 years), and school operational status
(openv/partially open or closed) in the region/Country. The odds of contracting infection in children compared
to adults in schools and daycare centers were also analyzed. Total number of children and adolescents tested
and diagnosed with COVID-19 were computed separately for communities and educational settings to calcu-
late the odds ratio (OR) of risk of infection in educational settings compared to community settings. Statistical
heterogeneity across studies was evaluated by calculating the I? statistic. I* values equal to or above 50% were
considered as “significant” heterogeneity in this study. Additionally, the x? test for heterogeneity was performed
and the forest plot was visually inspected to assess the degree of overlap between the Cls of included studies.
The characteristics, biases, and results of the included studies were summarized narratively. For studies in-
cluded but not eligible for meta-analysis due to a lack of sufficient data, we also qualitatively synthesized the
results to present a full picture.

Assessment of methodological quality and risk of bias

Two independent reviewers assessed each included study for methodological quality. A quality assessment tool
was adopted from the National Heart, Lung, and Brain Institute (NHLBI) and Research Triangle Institute Inter-
national [17] for observational studies, where are as the quality of prevalence studies was assessed using a crit-
ical appraisal checklist for prevalence studies [18]. Study quality was scored on basis of clear study objectives,
case definition, consecutive inclusion of cases, sample sizes, comparability of included patients, measurement
of outcomes, length of follow-up, and appropriately defined statistical methods and results. However, stud-
ies were not excluded based on study quality. Studies with score 6-8 were considered to be good quality, 4-5
considered fair quality and <4 considered poor quality.

RESULTS

The systemic literature search yielded 3700 results during the search dates. Of these, 117 studies were examined
in full text and 90 were included in the final analysis after addition of 3 studies from other resources (Figure
1). The characteristics of included studies were summarized in Table S2 in the Online Supplementary Doc-
ument. Thirty studies were excluded because they either presented overlapping data, provided little age-dis-
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3700 Records identified through database searching after deduplication (PubMed, aggregated data for children, Or were commentar-
Embase, WHO Database, Google Scholar, and Preprint databases) ies, editorials or reviews with no empirical data.
=
=]
B .
= S . The overall risk of SARS-Cov-2
(] E £ 3583 xcluded on tHle and abstract infection among children and
E A = adolescents in comparison to adults
Z
E < 117 papers retrieved for full text review To investigate the overall risk of SARS-Cov-2 infec-
ac g tion among children and adolescents, we included
S.-é A 60 studies, of which 29 were population-screening
52 — —  studies [19-47] and 31 were CTS [48-78].
% > 5 Excluded 30 studies, with the criteria as follows:
o O 5 Added from other (1) studies not presented with data regarding the The prevalence of COVID-19 in children and ad-
[a @) L resources: 3 papers prevalence or attack rate of SARS-CoV-2 infection .
: » AN — olescents (<20 years of age) were reported in 11
(2) studies with possible duplications of cases, national and 18 subnational surveillance studies.
I Among them, six were from low- and middle-in-
90 Published or preprint studies focusing on the Come countries (LMICs) : Compared to adult' pop-
Z susceptibility and transmission of SARS-CoV-2 in children ulations, a Comparable risk of SARS-CoV-2 infec-
| tion was observed in children and adolescents in
@ l both national (RR=0.87, 95% CI=0.71-1.06) and
. - subnational (RR=0.81, 95% Cl=0.66-1.01) sur-
29 National and 31 Community 30 School or day i . . . 5
3 cegiong) o amibcloster care contact veillance studies, as shown in Figure 2 and Figure
3 prevalence Contact-tracing tracing studies 3. When disaggrega[ed by testing methods (ie, RT-
S tudi tudi > .
£ = — PCR vs serological test), children and adolescents
Figure 1. PRISMA flow diagram of study selection process. showed a similar lower risk of past infection from

seroprevalence data in national (RR=0.77, 95%
CI=0.62-0.96) studies but insignificant effect in subnational studies (RR=0.80, 95% CI=0.59-1.08). The risk
of active infection was lower compared to adults but insignificant in both national studies (RR=0.98, 95%
CI=0.69-1.38) and subnational surveillance studies at point estimate level (RR=0.77,95% CI=0.48-1.22).

Children Adults Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% ClI M-H, Random, 95% Cl
1.1.1 Infection positivity
Gudbjartsson 2020 0 848 100 12232 05% 007000115 ¥
ICMR COVID Study group 4718 128135 35466 892383 13.7% 0.92[0.89, 0.95] *
Office for National Statistics 2020 18 5977 96 29824 7.3% 0.94[0.57,1.55] =
Public health agency of Sweden 2020 3 485 17 2086 2.2% 0.76[0.22, 2.58]
Riley 2021 417 25122 2023 180835 13.2% 1.48[1.34,1.65] =
Yousaf 2020 14 69 33 126 6.7% 0.77[0.45,1.35] ===
Subtotal (95% Cl) 161636 1117486 43.6% 0.98 [0.69, 1.38] <
Total events 5170 37735

Heterogeneity: Tau®= 0.10; Chi*= 78.59, df= 5 (P < 0.00001); F= 94%
Test for overall effect: Z=0.12 (P = 0.90)

1.1.2 Seroprevalence

Canada COVID-19 report August CBS 30 3581 245 34156 9.2% 1.17[0.80,1.70] B
Hallal 2020 46 3399 303 21597 10.3% 0.96[0.71,1.31] T
Murhekar 2021 271 3021 2864 26061 13.1% 0.82[0.72,0.92] -
Netherlands PIENTER corona 2020 116 21300 70 7000 10.5% 0.54[0.41,0.73] —_—

Pollan 2020 388 11422 2712 49653 13.2% 0.62[0.56, 0.69] -

Subtotal (95% CI) 42723 138467 56.4% 0.77 [0.62, 0.96] <>

Total events 851 6194

Heterogeneity: Tau®= 0.05; Chi*= 25.07, df= 4 (P < 0.0001); F= 84%
Test for overall effect: Z=2.37 (P =0.02)

Total (95% CI) 204359 1255953 100.0% 0.87[0.71, 1.06] <
Total events 6021 43929

Heterogeneity: Tau®= 0.07; Chi*= 155.85, df= 10 (P < 0.00001); F= 94% 052 0!5 £
Testfor overall effect: Z=1.41 (P =0.16) Favours children Favours adults
Test for subaroup differences: Chi*=1.35, df=1 (P = 0.24), F= 26.0%

o

Figure 2. Pooled risk ratio of SARS-Cov-2 infection in children vs adults in national surveillance, disaggregated by infec-
tion positivity and seroprevalence.

Thirty-one studies undertook contact-tracing in community, household and family clusters, of which, 12 were
from LMICs. The pooled odds of secondary attack in children and adolescents was significantly lower than that
inadults (OR=0.62, 95% CI=0.46-0.84), with high heterogeneity (I’=0.91) (Figure 4, Panel A). When further
disaggregated by the schools’ operational status (ie, school closure vs school fully or partially open) during the
study period, both children and adolescents were found to have lower risk of infection than did adults when
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Children Adults Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
2.1.1 Infection positvity
Bignami 2021 25304 1320140 120495 4879790 12.0% 0.78[0.77,0.79)] =
Lavezzo 2020 3 467 70 2345 2.7% 0.22[0.07,088 —— D)
Menachemi 2020 29 77 231 821 9.6% 1.34 [0.98, 1.82) == =
Streeck 2020 5 55 132 857  4.1% 0.59 [0.25, 1.38] N Sa| z
Subtotal (95% ClI) 1320739 4883813 28.4% 0.77 [0.48, 1.22] T z 8]
Total events 25341 120928 £3) )
Heterogeneity: Tau?= 0.15; Chi*=17.23, df= 3 (P = 0.0006); IF= 83% T Z
Test for overall effect: Z=1.12 (P = 0.26) ; é
2.1.2 Seroprevelence Q 2
Bendavid 2020 9 621 40 2709 51% 0.98 [0.48, 2.01) L B EE‘ D‘
Biggs 2020 0 48 19 648  0.6% 0.34[0.02,5654] ¢ [ =
Bogogiannidou 2020 0 490 5 1585 0.5% 0.28[0.02,5.30] ¢ [75) >
Gidding 2020 ) 670 17 2561 1.8% 0.45[0.10, 1.94] €3] O
Gonzalez 2021 (1) 220 583 236 768 11.3% 1.23[1.086, 1.43] £ oz O
Nawa 2020 0 98 3 644 0.5% 0.93[0.05,17.88] * >
Pagani 2020 52 475 866 3668 10.1% 0.46 [0.36, 0.60) e
Public Health Ontario 2020 1 1378 86 7524 5.9% 0.70[0.37,1.30) e
Shakiba 2020 24 134 97 417 8.4% 0.77[0.51,1.15) =1
Smith 2021 15 555 21 503 5.7% 0.65 [0.34, 1.24] —
Stringhini 2020 33 455 186 231 9.0% 0.90[0.63, 1.29] 1
Sutton 2020 0 29 ] 877 0.5% 1.54 [0.09,25.85] 4 >
Weis 2020 1 58 51 562 1.1% 0.18[0.03,1.35] 4
Wiens 2021 196 740 215 1100 11.1% 1.36[1.14, 1.61] ==
Subtotal (95% ClI) 6334 25877 71.6% 0.80 [0.59, 1.08] <=
Total events 563 1851

Heterogeneity: Tau®= 0.16; Chi*= 65.94, df= 13 (P < 0.00001); F=80%
Test for overall effect: Z=1.46 (P=0.14)

¢

Total (95% Cl) 1327073 4909690 100.0% 0.81 [0.66, 1.01]
Total events 25904 122779

Heterogeneity: Tau*= 0.10; Chi*=114.22, df= 17 (P < 0.00001); I*= 85% 501 052 055
Test for overall effect: Z=1.90 (P = 0.06) " Favours children Favours adults
Test for subgroup differences: Chi*=0.02, df=1 (P=0.88), F=0%

Footnotes

(1) children population was 0-15 years old

+ t
5 10

Figure 3. Pooled risk ratio of SARS-Cov-2 infection in children vs adults in subnational surveillance, sub-grouped into in-
fection positivity and seroprevalence.

schools were fully or partially open (OR=0.52, 95% CI=0.33-0.83), but no significant effect during school
closures (OR=0.72, 95% CI=0.46-1.14).

In a subgroup analysis of CTS (based on 18 out of the 31 studies) in which age-disaggregation was possible,
we found that the pooled OR for SARS-CoV-2 infection among children compared to adults was 0.57 (95%
CI=0.37-0.87), suggesting a significantly lower risk of secondary attack in this population at the communi-
ty and household level. However, a comparable risk of secondary attack was observed among adolescents
(OR=1.22,95% CI=0.74-2.04) (Figure 4, Panel B).

Infection and transmission of COVID-19 among children and adolescents in
educational settings compared to adult teachers and staff

Thirty studies conducted in educational settings were included [12-15,57,79-103], among which six studies
were cross-sectional studies and the remaining 24 were contact-tracing or cohort studies. Upon checking the
availability of sufficient data for comparison of children vs adults, 24 studies were included in the meta-analysis.

The pooled estimate of the included studies suggested that children and adolescents appeared to have a lower
though statistically insignificant risk of secondary attack in school settings when compared to adults (OR=0.84,
95% CI=0.62-1.14) (Figure 5). Subgroup analysis also suggested significant lower odds of infection among
children attending daycare centers/preschools (OR=0.53, 95% CI=0.38-0.72), but insignificant effect in pri-
mary schools (OR=0.85,95% CI=0.55-1.31) compared to the adult staff. However, high-school students had
comparable risk of infection to adults (OR=1.30, 95% CI=0.71-2.38).

Risk of contracting SARS-CoV-2 infection among children and adolescents in
schools compared to community settings

Using the existing evidence from both community-based studies and studies conducted in educational set-
tings, we further calculated the pooled odds ratios for contracting infection among children and adolescent in
educational settings vs communities and household-clusters. When total number of children and adolescents
tested and diagnosed with COVID-19 in the two settings were compared, children observed lower odds of
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Figure 4a. Children Adults 0Odds Ratio 0Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
3.3.1 During school closure
Chaw 2020 12 430 39 1317 4.4% 0.94 [0.49,1.81] N
Dattner 2020 441 1738 432 978  5.4% 0.43(0.36, 0.51] -
U Gupta 2020 6 6 7 116 0.9% 189.80(9.74, 3699.75) "
— Jiang 2020 1 1 7 11 0.7% 1.80[0.06, 54.33]
[ 2 Kim 2020 1 78 0 170 0.7% 6.60[0.27, 163.84] >
z [ Kong 2020 5 5 1" 1 Not estimable
Q Li2020 4 100 60 292 3.3% 0.16 [0.06, 0.46) —_—
€8] Liu 2020 93 1867 421 9713 5.4% 1.16[0.92,1.46) I~
I Z Luo 2020 14 357 113 3053  4.6% 1.06 [0.60,1.87] =
= < Park 2020 50 694 2119 58379 5.3% 2.06 [1.54, 2.76) ==
I [a Posfay-Barbe 2020 0 4 47 57 0.8% 0.02[0.00,049) —————
®) o Qifang Bi 2020 17 233 67 811 4.7% 0.87(0.50,1.52] —
— Schwartz 2020 3 5 g 11 1.4% 0.56 (0.06, 5.22) —
X Wang Y 2020 13 36 64 92 3.9% 0.25[0.11, 0.56] =
< Q Wang Z 2020 2 10 130 179 2.2% 0.09[0.02, 0.46)
] = Zhang (3) 2020 2 46 10 323 22% 1.420.30,6.71) —
[9p] Zhang 2020 47 756 606 6437 5.2% 0.64[0.47,0.87) .
] O Subtotal (95% ClI) 6366 81950 51.0% 0.72[0.46, 1.14] <
oz O Total events 71 4141
Heterogeneity: Tau®= 0.51; Chi*= 148.87, df= 15 (P < 0.00001); F= 80%
Testfor overall effect: Z=1.41 (P=0.16)
3.3.2 During schools open/partially open
Atherstone 2021 32 79 9 16 3.2% 0.53[0.18,1.57] e
Cheng 2020 1 281 21 2286 1.6% 0.39(0.05,2.87) [
James 2020 2 8 33 37 1.7% 0.04[0.01,027) ¥———
Korea Centers for Disease Control and Prevention 1 155 12 2201 1.5% 1.181[0.15,9.17]
Laws 2020 19 68 36 120 4.4% 0.90(0.47,1.75) e
Laxminarayan 2020 428 6075 2800 42556 5.5% 1.08[0.97,1.20] =
Lopez 2020 13 123 18 92 4.0% 0.49[0.22,1.05) I
Maltezou 2020 30 43 38 66 3.9% 1.70(0.75, 3.84) T
Metlay 2021 210 4672 1599 13245 55% 0.34[0.30, 0.40 =
Mizumoto 2020 10 175 284 231 4.4% 0.43[0.23,0.83] ——
Rosenberg 2020 42 156 88 182 4.9% 0.39[0.25,0.62) -
Russell 2020 6 39 613 3672 3.8% 0.91[0.38,217) ——
Somekh 2020 15 58 21 36 3.7% 0.25(0.10, 0.60] —
van der Hoek 2020 0 43 55 666 0.9% 013[0.01,200 ¥————————————
Subtotal (95% ClI) 11975 67496 49.0% 0.52[0.33,0.83] L 2
Total events 809 5627
Heterogeneity: Tau®= 0.53; Chi*=187.41, df= 13 (P < 0.00001); F= 3%
Test for overall effect: Z= 2.73 (P = 0.006)
Total (95% CI) 18341 149446 100.0% 0.62 [0.46, 0.84] L 2
Total events 1520 9768
Heterogeneity: Tau®= 0.42; Chi*= 337.35, df= 29 (P < 0.00001); F=91% 50 o1 F1 150 1005
Test for overall effect: Z=3.13 (P = 0.002) . Favoﬁrs children Favours adults
Testfor subgroup differences: Chi*= 0.96, df=1 (P =0.33), F=0%
Figure 4b. Children Adults 0dds Ratio 0dds Ratio
Study or Subgroup Events Total Events Total Weight M-H, 95% CI M-H, Rand 95% Cl
3.2.1 Children
Atherstone 2021 5 8 9 16  2.3% 1.30[0.23,7.38]
Chaw 2020 4 267 39 1317 3.9% 0.50(0.18,1.41) —r
Dattner 2020 149 891 432 978 6.0% 0.25[0.20,0.32) ==
Jiang 2020 1 1 7 1 0.9% 1.80(0.06, 54.33] >
Kong 2020 4 4 5 5 Not estimable
Korea Centers for Disease Control and Prevention 0 88 12 2201 1.2% 0.99 [0.06, 16.85]
Laws 2020 9 44 18 60 4.2% 0.60 [0.24,1.50] et
Laxminarayan 2020 40 1072 2800 42556 5.8% 0.55(0.40,0.76) ==
Liu 2020 60 1048 421 9713 5.9% 1.341.01,1.77) ~
Lopez 2020 13 123 18 92 4.6% 0.49(0.22,1.05) =
Park 2020 § 237 2119 58379  4.3% 0.57(0.24,1.39) ———
Qifang Bi 2020 11 148 67 811 5.0% 0.89(0.46,1.73] —_
Rosenberg 2020 5 25 88 182 3.9% 0.27[0.10,0.74] I —
Russell 2020 1 16 613 3672 1.9% 0.33[0.04,252) —
van der Hoek 2020 0 3 55 666 1.2% 0.17[0.01, 2.90)
Zhang 2020 47 756 606 6437  5.8% 0.64 (0.47,0.87) ==
Subtotal (95% CI) 4759 127096 56.9% 0.57 [0.37,0.87] L
Total events 354 7308
Heterogeneity: Tau®= 0.42; Chi*= 85.45, df=14 (P < 0.00001); F= 85%
Test for overall effect: Z= 2.60 (P = 0.009)
3.2.2 Adolescents
Atherstone 2021 27 71 9 16 3.7% 0.48(0.16,1.43] —_— T
Chaw 2020 8 163 39 1317 4.6% 1.69[0.78, 3.68] g
Dattner 2020 291 846 432 978  6.0% 0.66 [0.55, 0.80] -
Kim 2020 1 78 0 170 0.9% 6.60(0.27,163.84) >
Kong 2020 1 1 6 6 Not estimable
Korea Centers for Disease Control and Prevention 1 67 12 2201 1.9% 2.76[0.35, 21.57) =
Laws 2020 10 24 18 60 4.0% 1.67 [0.62, 4.45] =S S
Liu 2020 33 819 421 9713 5.7% 0.93[0.65,1.33] =
Park 2020 45 457 2119 58379 5.8% 2.90(2.13,3.96) -
Qifang Bi 2020 6 85 67 811 4.4% 0.84 (0.35, 2.01) ===
Russell 2020 5§ 23 613 3672 4.0% 1.39(0.51,3.75) —_—j—
van der Hoek 2020 0 12 55 666 1.2% 0.44[0.03,7.54] ¢
Zhang (3) 2020 2 2 4 5  08% 1.67 [0.05, 58.28) >
Subtotal (95% ClI) 2648 77994 43.1% 1.22[0.74, 2.04) -
Total events 430 3795
Heterogeneity: Tau*= 0.47; Chi®= 72.39, df= 11 (P < 0.00001); I*= 85%
Test for overall effect: Z=0.78 (P = 0.44)
Total (95% CI) 7407 205090 100.0% 0.79 [0.56, 1.11] <
Total events 784 11104
Heterogeneity: Tau®= 0.49; Chi*= 215.36, df = 26 (P < 0.00001); I*= 88% 0 ?05 052 é 2=0
Test for overall effect Z=1.34 (P =0.18) Favours children Favours adults

Test for subaroup differences: Chi*=5.12, df=1 (P =0.02), F= 80.5%

Figure 4. Pooled odds of children and adolescents being an infected contact in community and household family clusters
Panel A. Odds of children and adolescents being infected vs adults, by school status. Panel B. Odds of children and ado-
lescents being infected vs adults, by age group (subset of studies in Panel A).
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Children Adults Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
4.2.1 Day care and preschool
Heudorf 2021 78 3065 48 1062  4.7% 0.55[0.38, 0.80] I
Lachassinne 2021 14 327 14 197 3.9% 0.58 [0.27,1.25) =
Ladhani 2020 22 306 83 486  4.5% 0.38(0.23,0.62) —
Larosa 2020 0 156 0 204 Not estimahble
Link-Gelles 2020 17 30 16 22 29% 0.48[0.15,1.60] —
NCIRS (1) 0 84 0 18 Not estimahle
NCIRS (2) 0 369 3 70 0.9% 0.03[0.00,051] —
NCIRS (3) 7 406 6 128 3.0% 0.36[0.12,1.08) r
Okarska-Napierala 2020 8 28 51 25 27% 1.60[0.45,5.74) ]
Torres 2020 18 147 39 235 4.2% 0.70[0.38,1.28) i
Subtotal (95% Cl) 4918 2447 26.8% 0.53[0.38,0.72] <>
Total events 164 214
Heterogeneity: Tau®= 0.06; Chi*=10.12,df =7 (P=0.18); F=31%
Test for overall effect: Z= 3.93 (P < 0.0001)
4.2.2 Primary school
Armann 2020 11 1536 1 502 1.5% 3.61 [0.47, 28.06] >
Brandal 2020 2 234 1 58 1.2% 0.49[0.04,551] ¢
Duh 2020 7 21 1 9  1.4% 0.27[0.03,2.51] ¢
Fontanet 2020 45 510 80 1411 4.7% 1.61[1.10, 2.35) s
Heavey 2020 0 1001 2 139 0.8% 0.02[0.00,057) ¥——
Heudorf 2021 71 2891 8 897  3.9% 2.80[1.34,5.83) —————
Kriemler 2020 0 341 0 29 Not estimable
Ladhani 2020 61 486 84 658  4.8% 0.98 [0.69, 1.40] B
Ladhani 2021 61 542 104 689  4.8% 0.71[0.51,1.00] ==
Larosa 2020 1 266 0 204 0.8% 2.31[0.09, 57.02) >
NCIRS (4) 1 179 4 39 1.4% 0.05[0.01,045) ——
NCIRS (5) 2 778 1 80  1.2% 0.20[0.02,2.27) ¢
NCIRS (6) 0 210 0 21 Not estimable
Sazhlewski 2020 51 100 29 88 4.3% 212[1.17,3.83] ——
Torres 2020 66 515 39 235 4.6% 0.74[0.48,1.14) —r
Volpp 2021 8 775 17 405  3.6% 0.24[0.10, 0.56) _—
Yoon 2020 2 6320 0 1207 08% 0.96 [0.05,19.92] 4 g
Subtotal (95% Cl) 16895 6671 39.8% 0.85 [0.55, 1.31] <>
Total events 389 371
Heterogeneity: Tau®= 0.35; Chi*= 53.94, df=14 (P < 0.00001); F=74%
Test for overall effect: Z= 0.74 (P = 0.46)
4.2.3 High school
Fontanet 2020 92 240 79 421 4.8% 2.69[1.88, 3.85) ==
Kriemler 2020 1 324 0 37 0.8% 0.34[0.01,8.61] ¢
Ladhani 2021 30 274 105 690  4.6% 0.69[0.44, 1.06) I
Larosa 2020 37 572 0 204  1.0%  28.64[1.75, 468.59) —_—
NCIRS (7) 0 165 0 23 Not estimable
NCIRS (8) 5 229 1 235 1.4% 0.51[0.08, 4.40] ¢
NCIRS (9) 2 600 1 96 1.2% 0.32[0.03,3.54] ¢
Pray 2020 100 127 16 41 3.9% 5.79(2.71,12.35] _—
Sazhlewski 2020 180 409 29 88 4.5% 1.60[0.98, 2.60] —
Stein-Zamir 2020 153 1161 25 176 4.6% 0.92[0.58, 1.45) T
Szahlewski 2021 123 197 4 9  25% 2.08[0.54,7.99) =
Torres 2020 16 265 39 235  4.2% 0.32(0.18, 0.60] E—
Subtotal (95% Cl) 6628 2255 33.4% 1.30 [0.71, 2.38] T
Total events 739 299
Heterogeneity: Tau®= 0.69; Chi*= 70.11, df=10 (P < 0.00001); *= 86%
Test for overall effect: Z= 0.84 (P = 0.40)
Total (95% ClI) 28441 11373 100.0% 0.84 [0.62, 1.14] <
Total events 1292 884
Heterogeneity: Tau®= 0.47; Chi*=170.76, df= 33 (P < 0.00001); F=81% 0:1 012 |J=5 ﬁ é 1=El
Testfor overall effect. Z=1.11 (P=0.27) ) Fa\}ours chfldren Eavours Adults

Testfor subgroup differences: Chi*=7.79, df=2 (P=0.02), F=74.3%
Footnotes

(1) april to July
(2) July to Sept
(3) march to april
(4) march to april
(5) July to Sept
(6) April to July
(7) april to july
(8) july to sept
(9) march to april

Figure 5. Pooled odds ratios for children and adolescent contracting infection compared to adults, by educational setting.

infection (OR=0.53, 95% CI=0.38-0.75) in schools compared to community and households, which was con-
sistently observed on disaggregation by age; children (<10 years) (OR=0.45, 95%=0.39-0.51); adolescents
and high-schoolers (OR=0.63, 95% CI=0.56-0.72) (Figure S1 in the Online Supplementary Document).
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Study quality assessment

The majority of included studies were considered of good or fair quality based on the scores generated by us-
ing quality assessment tools (Table S3 in the Online Supplementary Document). Out of the 29 population
prevalence studies, 28 were of good quality while one was of fair quality. Twenty-five out of 31 contact-tracing
studies were of good quality while six were of fair quality. For studies conducted in educational settings, eight
were of fair quality and the remaining 22 were of good quality.

Studies were primarily downgraded for inadequate sample size and unclear description of study setting. How-
ever, potential biases were noted for some of the included studies, which could negatively affect their quality
(eg, low response rate from the study population in contact-tracing studies [15,81,83,85], only symptomatic
cases receiving tests [12,14,79,86,104]).
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DISCUSSION

This systematic review provides a comprehensive assessment of COVID-19 risk of infection and transmission
in children and adolescents compared to adults in household, community and educational settings and in the
relationship of age and school contexts with risks of transmission. Consistent with previous reviews [105,106],
we found an overall lower risk of infection among children and adolescents (0-19 years) in households and
communities compared to adults. In educational settings, children attending daycare, preschool and primary
school presented a lower risk of infection than that of adults.

Our review has several important strengths. Compared to existing reviews [105,106], most of which were
conducted at an earlier stage of the pandemic, the present review provided the most up-to-date evidence
of this research question. We have undertaken several pre-specified sub-group analyses as per data avail-
ability. The subgroup comparisons included assessment of active infection (PCR test), past infection (blood
serology), school operational status and differential effects by age groups. It was also important to assess if
the risk of community transmission was affected by school closure. Using a broad search strategy imple-
mented in English, Chinese and Spanish databases, we summarize evidence from 90 studies from 31 dif-
ferent countries. We also attempted to reduce possible overlap in cases to prevent duplication. Compared
to a previous systematic review by Viner et al [105], we report almost thrice the number of studies with
disaggregation of analyses by age and settings. This review is primarily limited by the large heterogeneity
across studies and the lack of uniform age- and test-specific evidence for transmission in different study set-
tings. Lastly, the evidence of COVID-19 infection in children is rapidly evolving; therefore, evidence from
this review should be cautiously interpreted and regularly updated. This review does not include model-
ling studies, which can forecast future transmission scenarios but under various assumptions about disease
transmission and immunity [107].

Currently available epidemiological data have revealed two unique features of pediatric COVID-19 cases: a
relatively low prevalence in this population and milder clinical features compared to adult patients [9,108].
Several studies and reviews have studied children and adolescents’ susceptibility to SARS-CoV-2 infection
and their role in transmission in different settings. Viner et al. examined studies on the prevalence of SARS-
CoV-2 infection in children and young people (<20 years), and found that the pooled odds ratio of being
infected among children vs adults was 0.56 (95% CI: 0.37-0.85) with substantial heterogeneity (I>*=95%)
[105]. Goldstein et al [109] reviewed data on detection of SARS-CoV-2 infection in different settings and
suggested a significantly lower susceptibility of infection for children (<10 years of age) compared to adults.
There was some evidence of robust spread of SARS-CoV-2 in secondary and high-schools (eg, high sero-
prevalence of anti-SARS-CoV-2 antibodies among high-school students in northern France [83], and an
outbreak in an Israel high-school [13]), while the spread seemed to be more limited in primary schools
[12,14,15,82,88-91]. Xu et al. conducted a living systematic review and reported that the SARS-CoV-2 in-
fection attack rates were 0.15% (95% CI=0%-0.93%) among students and 0.70% (95% CI=0%-3.56%)
among school staff, respectively [110]. These findings are largely consistent with the primary finding of the
present study that children are not as susceptible to SARS-CoV-2 infection as adults, and while children are
known to be “super spreaders” for influenza [111] and measles viruses [112], they play only a limited role
in SARS-CoV-2 transmission in various settings.

Symptomatic patients have a lower SARS-CoV-2 cycle threshold (Ct) values, which corresponds to higher viral
RNA levels. SARS-CoV-2 Ct values have been found to be almost linearly inversely correlated with its trans-
mission [113]. Furthermore, a meta-analysis reported risk of asymptomatic transmission is significantly lower

2021 « VoL. 11 « 05013 8 www.jogh.org ¢ doi: 10.7189/jogh.11.05013



COVID among children and adolescents

than that of symptomatic transmission (relative risk=0.58; 95% CI=0.34-0.99) [114]. To contextualize, these
findings might suggest that children may be less likely to transmit SARS-CoV-2 due to their lower prevalence
of symptomatic and severe presentation during the infection [115].

School closures are an effective public health mitigation measure in reducing the community transmission of
many respiratory infectious diseases, such as influenza [2,3], however, current evidence on the effectiveness
of school closures in curbing the COVID-19 pandemic is inconsistent. Large experiences from Australia, USA
and England demonstrated low transmission rates in schools and early childhood education services when
these facilities were still open [90,91,116]. However, Auger et al. conducted a US population-based observa-
tional study between March 9 and May 7, 2020 and found that school closure was associated with a significant
decline in the incidence of COVID-19 [117]. Majority of the school linked index cases report none or only a
small number of secondary cases [91,93]. Reports investigating outbreaks have demonstrated a higher trans-
mission by school-age children to other students or teachers, particularly when the mitigation measures were
inadequately implemented in schools [104]. Reports from Sweden [118] and US [119] suggest a comparable
increased risk of transmission from teacher to students and other staff members. These highlight the significance
of focusing COVID-19 prevention protocols and vaccination strategies for the teachers, which may indirectly
protect students who might not be immediately prioritized in the vaccine rollout. In the present study, we find
overall that opening educational establishments may not predispose children and adolescents to a higher risk
of SARS-CoV-2 infection compared to adults. On the contrary, children and adolescents were found to have
more than 2-fold greater risk of infection in household and community settings than in schools. The school
attendance may serve as a protective factor, which reduces children’s chances of community contacts in a rel-
atively isolated environment during school hours. It may also be attributable to the effective infections control
measures applied in schools introduced by global and national guidelines.
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Importantly, prolonged school closures have also been found to have negative impacts on the education-
al and social development of children including increasing mental disorders, worsening nutrition, lack of
physical activities, substance abuse, child violence and abuse [106,120-124]. Lessons from the 2013-2016
Ebola pandemic suggested that youth, and young girls in particular, of poor households saw the largest
increase in permanent school dropouts post-Ebola [125,126]. The disruption of education is particularly
harmful to young children who are in the most sensitive window of learning, as the early education loss
could permanently affect the development of one’s foundational skills [127]. Alternative educational op-
portunities such as online distance learning may not be available to poorer or marginalized populations and
are non-existent in many LMICs [128].

The decision to reopen schools is understandably a delicate balance between various factors, including the
incidence of COVID-19 cases in the community, the concerns and choices of the parents and the public, the
school-based mitigation strategies in place including vaccinations for teachers and the availability of resources.
It is recommended that schools should only be reopened when the prevalence of COVID-19 at the community
level is under a relatively safe threshold [129].

Safe reopening of schools is not possible without proper mitigation plans and strategies in place. Some of the
measures, which are suggested by the present guidelines, include repeat testing, avoiding crowded/close con-
tact environments, social distancing, wearing facial coverings, maintaining hand hygiene, and some protec-
tive measure of classrooms and environment, including limiting classroom size and ensuring adequate ven-
tilation including open air classes where feasible [130]. Despite these recommended actions, there are major
challenges in evaluating the effectiveness of such guidelines. It is even more challenging to ensure the most ef-
fective interventions to be properly implemented in schools. Mitigation strategies at schools may incur a con-
siderable financial cost. For instance, it was estimated that an additional 20 billion USD would be needed for
the nationwide implementation of recommended school-based mitigation strategies in the US [131].There is
currently limited data on and much need for collating evidence from safe school reopening strategies and ex-
perience across the world.

Given the highly contagious nature of SARS-CoV-2 and the new variants, a expanding vaccine eligibility for
children and adolescents and addressing it’s hesitancy is the most effective strategy for returning children to
schools [116]. While some countries have prioritized vaccination of school teachers and staff to reduce oc-
cupational transmission, the evidence of effectiveness of vaccination strategies in adolescents is just emerging
[132] and trials are being ramped up in younger children [133]. Given the potential serious complications of
COVID-19 infection in subsets of children [134], vaccination research and implementation in children must
be prioritized across the world.
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