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Summary
Background The higher hospitalisation rates of those aged 0–19 years (referred to herein as ‘children’) observed since the
emergence of the immune-evasive SARS-CoV-2 Omicron variant and subvariants, along with the persisting vaccination
disparities highlighted a need for in-depth knowledge of SARS-CoV-2 sero-epidemiology in children. Here, we
conducted this systematic review to assess SARS-CoV-2 seroprevalence and determinants in children worldwide.

Methods In this systematic review and meta-analysis study, we searched international and preprinted scientific
databases from December 1, 2019 to July 10, 2022. Pooled seroprevalences were estimated according to World
Health Organization (WHO) regions (at 95% confidence intervals, CIs) using random-effects meta-analyses.
Associations with SARS-CoV-2 seroprevalence and sources of heterogeneity were investigated using sub-group and
meta-regression analyses. The protocol used in this study has been registered in PROSPERO (CRD42022350833).

Findings We included 247 studies involving 757,075 children from 70 countries. Seroprevalence estimates varied
from 7.3% (5.8–9.1%) in the first wave of the COVID-19 pandemic to 37.6% (18.1–59.4%) in the fifth wave and 56.6%
(52.8–60.5%) in the sixth wave. The highest seroprevalences in different pandemic waves were estimated for South-
East Asia (17.9–81.8%) and African (17.2–66.1%) regions; while the lowest seroprevalence was estimated for the
Western Pacific region (0.01–1.01%). Seroprevalence estimates were higher in children at older ages, in those
living in underprivileged countries or regions, and in those of minority ethnic backgrounds.

Interpretation Our findings indicate that, by the end of 2021 and before the Omicron wave, around 50–70% of children
globally were still susceptible to SARS-CoV-2 infection, clearly emphasising the need formore effective vaccines and better
vaccination coverage among children and adolescents, particularly in developing countries and minority ethnic groups.
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Research in context

Evidence before this study
Despite vaccination against SARS-CoV-2 infection, children
remain the largest unvaccinated group worldwide. With the
emergence of the Omicron variant, an increasing number of
children requiring critical care have been observed in both
developed and developing countries. We searched
international scientific databases up to July 10, 2022, for any
systematic reviews on the SARS-CoV-2 seroprevalence in
children. The following search terms were used: “2019 novel
coronavirus”, “SARS-CoV-2”, “COVID-19”, “coronavirus”,
“antibody”, “serology”, “seroprevalence”, “student”,
“pediatric”, “adolescent” and “children”. We found systematic
reviews on SARS-CoV-2 seroprevalence in the general
population, healthcare workers and some specific population
groups but no systematic reviews that specifically estimate
SARS-CoV-2 seroprevalence in children.

Added value of this study
We included 247 studies, analysed serological data for
757,075 children from 70 countries, and provide a
comprehensive assessment of the SARS-CoV-2 seroprevalence
in children. We found that the pooled seroprevalence rates
varied hugely across pandemic waves, from 7.39%
(5.85–9.09%) in the first wave to 37.60% (18.14–59.42%) in

the fifth wave and 56.69% (52.83–60.50%) in the sixth wave.
Additionally, seroprevalence varied substantially across WHO
regions, with the highest seroprevalence of children in the
South-East Asia region and the lowest in the Western Pacific
region. Our findings also indicated higher seroprevalences in
children at older ages, those living in countries or regions with
low-income and low human development indices, and those
of minority ethnic backgrounds. No significant difference was
found between males and females. Pandemic waves during
sampling, gross national income per capita, and the quality of
studies were the main sources of heterogeneity.

Implications of all the available evidence
Our findings from existing serological evidence indicated that,
although there were significant increases in SARS-CoV-2
seroprevalence in children during the latest waves of the
pandemic, mainly due to the spread of the Delta variant,
∼50–70% of children globally likely remained susceptible to
SARS-CoV-2 infection by infection by the end of 2021 and
before the Omicron wave. These findings emphasise an
urgent need to expand vaccination coverage for children and
adolescents, particularly for those in underprivileged settings
and those with minority ethnic backgrounds.
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Introduction
Coronavirus Disease 2019 (COVID-19), caused by the
severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), continues to be a major global health concern.
As of mid-November 2022, more than 630 million
confirmed cases of COVID-19 and ∼6.6 million deaths
have been reported globally, representing a case fatality
rate of 10.6%.1 In late 2021, the SARS-CoV-2 Omicron
variant (B.1.1.529) began to spread in several countries
(South Africa, USA, England, Belgium), and in mid-
2022, this became the predominant circulating variant
in most parts of the world.2,3 The rapid transmission of
the SARS-CoV-2 Omicron variant has led to unprece-
dented COVID-19 cases and hospitalisation, especially
among children.3–5

While evidence suggested milder or even asymp-
tomatic SARS-CoV-2 infections in children and ado-
lescents (0–19 years of age; referred to hereafter as
“children”) pre-Omicron,6–8 more adverse health out-
comes from COVID-19, including pneumonia, throm-
bosis, septic shock, MIS-C, and multiorgan failure,
were documented then.9–14 The lower risk of disease in
children “pre-Omicron”, combined with concerns
about vaccine safety and parental hesitancy, led to
limited vaccine uptake and slow implementation of
vaccination in children globally (particularly for
children of <12 years of age).15,16 Vaccines for children
were also largely inaccessible in many parts of the
world that were lagging behind in the vaccination of
adults, particularly in low and middle-income countries
(LMICs).15,16 To date, children remain the largest
unvaccinated group worldwide. With the emergence of
Omicron, an increasing number of children requiring
critical care have been observed in developed countries
(e.g. USA, England, and Germany) with sufficient
vaccine supplies.3,17,18 Meanwhile, disproportionate
fatalities have occurred in LMICs, where there is often
even lower vaccine availability/coverage, limited critical
care capacity, and poor healthcare.16,19 UNICEF
estimates that approximately 17,000 children and
adolescents have died from COVID-19.20,21

There is evidence that available vaccines do not
protect children adequately against SARS-CoV-2
Omicron infection,22,23 and the waning of both
natural infection and vaccine protection are well
documented.24–26 Against this background and the race
for the development of a new generation of vaccines that
protect against a wide range of variants, including new
ones,16 we aimed to provide estimates for the proportion
of children with detectable antibodies and to identify
sources of heterogeneity in SARS-CoV-2 seroprevalence
in children for various regions of the world.
www.thelancet.com Vol 56 February, 2023
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Methods
This systematic review and meta-analysis was con-
ducted according to the Cochrane Handbook of Sys-
tematic Reviews27 and reported following the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (see S1 Checklist).28,29

The protocol used in this study has been registered
in PROSPERO (CRD42022350833). The study was
approved by the Ethics Committee of the Babol
University of Medical Science, Babol, Iran (no.
IR.MUBABOL.REC.1401.133).
Search strategy and selection criteria
We systematically searched international scientific da-
tabases (i.e. PubMed, Embase, Web of Science Core
Collection, and Scopus) and preprint repositories (i.e.
MedRxiv, BioRxiv, and SSRN) for articles published
from December 1, 2019 to July 10, 2022. We used a
combination of the following search terms using Bool-
ean operators ‘AND’ and/or ‘OR’, without language re-
striction: “2019 novel coronavirus”, “SARS-CoV-2”,
“COVID-19”, “coronavirus”, “antibody”, “serology”,
“seroprevalence”, “students”, “pediatrics”, “adoles-
cents”, and “children” (Fig. S1). We also searched the
first ten pages of the Google Scholar engine using the
above keywords and the name of individual countries.
Moreover, the bibliographies of included articles and
relevant reviews were screened for other additional,
potentially eligible articles. If available, we reviewed
institutional reports via the SeroTracker data platform30

for individual countries. All records identified were
imported into the EndNote X9.0 reference manager
software (Thompson and Reuters, Philadelphia, PA),
and duplicates were removed. Three trained in-
vestigators (M.A., E.M., and S.M.) independently eval-
uated the titles and abstracts of individual studies.
Studies were eligible for inclusion if they had reported
SARS-CoV-2 seroprevalence data for children (defined
as young people of 0–19 years of age). Studies were
excluded if they: were performed on adults; did not
include original primary data (reviews or systematic
reviews); reported current infection with SARS-CoV-2
(e.g., prevalence based on polymerase chain reaction
(PCR) testing), radiology investigations, or clinical case
reports or series; diagnostic studies; studies of the ki-
netics of anti-SARS-CoV-2 antibodies; duplicated or
retracted studies.
Data extraction and risk of bias evaluation
Three investigators (R.N., F.S., and H.P.) indepen-
dently extracted sample and study characteristics
information and transferred it into a standardised
Microsoft Excel 2016 spreadsheet (Microsoft Corpora-
tion, Redmond, WA). Two investigators (A.M. and
www.thelancet.com Vol 56 February, 2023
R.N.) independently assessed the risk of bias for in-
dividual studies. The principal investigator (A.R.)
cross-verified the data collected for possible errors.
The cut-off points and seropositivity values defined by
the authors of the included studies were used in the
analysis. In our previous meta-analyses on SARS-CoV-
2 seroprevalence worldwide,31,32 we recorded the
numbers of children who tested seropositive for anti-
SARS-CoV-2 serum antibodies (IgG, IgM, and/or
IgA). Furthermore, if a study reported seropositivity
for different antibody isotypes, we extracted the
numbers of children seropositive for specific IgG
antibody only. Due to the small number of available
studies of vaccinated children, we included studies in
which seroprevalence to naturally acquired SARS-CoV-
2 infection(s) were evaluated. For sequential cross-
sectional studies, data were extracted for the whole
study period. For longitudinal studies conducted in a
particular population, the most recent period was
considered. For studies having datasets in different
pandemic waves, we extracted data for each individual
datasets, separately. If a study utilised multiple sero-
logical assays, we used results for the assay with the
highest diagnostic specificity and sensitivity.

We stratified seroprevalences according to WHO-
defined regions (Africa [AFR], Eastern Mediterranean
[EMR], Europe [EUR], Southeast Asia [SEAR], the
Americas [AMR], and Western Pacific [WPR])33; WHO-
defined sub-regions based on mortality strata (A to
E)33; World Bank’s income category34; the human
development index (HDI) level35; global pandemic waves
(Table S1)36,37; risk of bias assessment; and serological
methods—point-of-care lateral flow immunoassay
[LFIA], enzyme-linked immunosorbent assay [ELISA];
chemiluminescence enzyme immunoassay [CLIA],
immunofluorescence assay [IFA], virus neutralisation
assay [VNA], Luminex multi-antigen serology assay
[LMAS], and luciferase-linked immunosorbent assay
[LLIS]. We also recorded values of gross national income
(GNI) per capita38 and HDI35 for each country. Where
the data were available, we recorded seroprevalences
based on age groups, gender and/or ethnicity (white,
black, brown/Hispanic, and multiple races/Asian/
other/unknown). The risk of bias of studies included
was assessed using the Joanna Briggs Institute (JBI)
critical appraisal tools for prevalence, analytical cross-
sectional and cohort studies39–41; studies were classified
as having a low, moderate, or high risk of bias. Two age
classifications were considered, namely model 1 (≤9 and
10–19 years) and model 2 (≤5, 6–10, 11–15, and 16–19
years).
Meta-analysis
Seroprevalence was defined as the number of chil-
dren who tested positive for specific anti-SARS-CoV-2
3
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serum antibodies (using a well-designated threshold
in the assay), divided by the total number of children
tested. If the prevalence in a study was reported as
zero, we added a continuity correction of 0.5 to the
number of seropositive cases before statistical anal-
ysis.42 Freeman–Tukey double arcsine transformation
was used to stabilise the variances of seroprevalence43

before weighting measures using the inverse variance
method. Pooled seroprevalence proportions and
associated 95% CIs were then estimated using Der-
Simonian and Laird random-effects models (REM)44

to factor the geographical and study-level heteroge-
neities. The ‘metaprop’ command in Stata was used
to perform the meta-analyses.45 Between-study het-
erogeneity was assessed using Cochran’s chi-square
tests and I2 statistics.46 An I2 of >75% indicated
substantial heterogeneity. In this article, the numbers
in parentheses represent the estimated 95% CI for
seroprevalence.

We performed several subgroup analyses, as well
as univariable and multivariable linear mixed-effects
meta-regression to explore possible sources of het-
erogeneity, and the effects of socio-economic indices
and study characteristics on SARS-CoV-2 seropreva-
lence in children. The regression coefficients, the
associated 95% CI, and the p-values were reported in
the meta-regression analysis. The coefficient of
determination (R2) was also calculated to indicate the
percentage of variance explained by the effect modi-
fiers. We also conducted sensitivity analyses to assess
the robustness of pooled estimates by removing each
study through the “leave-one-out” method.47 As the
conventional funnel plot and publication bias tests for
meta-analyses of proportion studies with low preva-
lence are inaccurate,48 we assessed publication bias
using logit-transformation of effect size and sample
size instead of the inverse of the standard error. All
analyses were carried out using Stata 17 (Stata Corp.,
College Station, TX).
Role of funding source
There was no funding source for this study. The corre-
sponding author (A.R.) had access to the data used in
this study and had final responsibility for the decision to
submit the manuscript for publication. All authors had
access to all data used in this study and accepted the
responsibility for the decision to submit the manuscript
for publication.
Results
Study characteristics
A total of 46,702 articles were identified in the initial
literature search; these articles included 43,734 articles
from credible international scientific databases, 2703
from preprint repositories, and 265 from Google
Scholar or article bibliographies. Of these, 45,809
publications were duplicates or irrelevant in the initial
screening and, thus, removed; the full texts of 893
unique publications were reviewed in depth against
the inclusion criteria (Fig. 1). Of these 893 publica-
tions, 247 studies (= 234 articles and 13 institutional
reports) met the inclusion criteria for final meta-
analysis. These 247 publications contained 302 data-
sets involving 757,075 children from 70 countries in
six WHO-defined regions. Most datasets (n = 144)
were from Europe, and the least (n = 14) were from
the Western Pacific region (Table 1). Detailed infor-
mation is presented in Table S2. Sampling dates for
the majority of studies were the end of 2021 (essen-
tially before the Omicron wave); only for one study,
sampling was ended in April 2022; for another,
sampling was during February 16–28, 2022.
SARS-CoV-2 seroprevalence
Of the 757,075 children surveyed in 70 countries,
131,361 had specific SARS-CoV-2 serum antibodies
(Table S3). The pooled seroprevalence rates varied
across pandemic waves from 7.39% (5.85–9.09%;
I2 = 99.72%) in the first wave to 37.61%
(18.14–59.42%; I2 = 99.85%) in the fifth wave and
56.69% (52.83–60.51%) in the sixth wave (Table 1).
Random-effects meta-regression analyses showed sig-
nificant, increasing trends in seroprevalence during
the pandemic based on the start date of sampling
(β = 0.0003, 0.0001–0.0005, p < 0.001) and the end
date of sampling (β = 0.038, 0.016–0.059, p < 0.001)
(Fig. 2A and B).
SARS-CoV-2 seroprevalence according to WHO
regions and sub-regions
Table 1 shows pooled seroprevalence estimates by WHO
region according to pandemic waves. Only studies in
Europe had enough data for all six waves. Overall, dur-
ing the pandemic waves with available data for each
region, the highest and lowest seroprevalences were
estimated for Southeast Asia and the Western Pacific
regions, respectively (Table 1). For the South-east
Asia region, seroprevalence ranged from 17.98%
(7.86–31.08%; I2 = 99.76%) in the second wave to
81.81% (80.61–82.96%) in the fifth. For the African re-
gion, SARS-CoV-2 seroprevalence was 17.20%
(0.01–58.36%; I2 = 99.79%) and 66.12% (60.53–71.40%)
in the first and fifth waves, respectively. For the Eastern
Mediterranean region, SARS-CoV-2 seroprevalence was
13.59% (0.04–42.76%; I2 = 99.21%) and 31.34%
(28.03–34.76%) in the first and fourth waves, respec-
tively. For Latin America & the Caribbean, SARS-CoV-2
www.thelancet.com Vol 56 February, 2023
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Fig. 1: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart—showing the literature search strategy and the
numbers of peer-reviewed articles included in, and excluded from, this study.
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seroprevalence was 3.56% (2.09–5.07%; I2 = 99.41%)
and 21.87% (3.90–48.67%) in the first and fourth waves,
respectively. For North America, seroprevalence was
2.10% (0.71–4.13%; I2 = 95.92%) in the first wave and
37.01% (36.53–37.46%) in the fifth. For the European
region, SARS-CoV-2 seroprevalences ranged from
7.80% (6.39–9.33%; I2 = 99.09%) in the first wave to
56.92% (54.27–59.55%) in the sixth wave. For the
Western Pacific region, SARS-CoV-2 seroprevalence was
1.01% (0.45–1.76%; I2 = 83.93%) and 0.01%
(0.00–2.95%) in the first and fourth waves, respectively
(Table 1). We also estimated seroprevalences in indi-
vidual WHO sub-regions, defined based on child and
adult mortality strata (A to E), according to different
global pandemic waves (cf. Table 1).

For countries with three or more eligible datasets,
the highest seroprevalences were recorded in Peru
(49.37%; 20.54–78.43%; I2 = 99.21%), Saudi Arabia
(39.94%; 23.29–57.86%; I2 = 95.51%), Colombia
(37.61%; 19.51–57.67%; I2 = 97.79%), South Africa
(35.51%; 28.76–42.55%; I2 = 98.12%), Russia (31.74%;
22.61–41.64%; I2 = 98.26%) and India (29.72%;
12.59–50.49%; I2 = 99.93%), respectively (Table 2).
Further information concerning the SARS-CoV-2
seroprevalences in WHO-regions, sub-regions, and
individual countries are given in Tables 1 and 2 and
Fig. 3.
www.thelancet.com Vol 56 February, 2023
Relationship between seroprevalence and socio-
demographic variables
There were 11, 38, 61, and 192 datasets for countries
with low, lower-middle, upper-middle- and high-income
levels, respectively. The highest, pooled seroprevalence
was estimated for lower-middle income countries
(21.21%, 12.81–31.05%; I2 = 99.83%), and the lowest
seroprevalence for high-income countries (10.02%,
8.46–11.71%; I2 = 99.63%) (Table 3).

There were 13, 31, 55, and 203 datasets for countries
with low, medium, high, and very high HDI levels,
respectively. The highest and lowest pooled seropreva-
lence estimates were for countries with medium
(22.31%, 12.97–33.32%; I2 = 99.85%) and very high
(10.74%, 9.16–12.43%; I2 = 99.63%) HDI levels (Table
3). Multivariable meta-regression analyses showed a
significant, decreasing trend in prevalence with
increasing income (β = −0.00002, −0.00003 to −0.00001,
p < 0.001) and a non-significant, declining trend in
prevalence with increasing HDI (β = 0.108, −0.103 to
0.309, p = 0.316) levels (Fig. 2C and D, Table 4).
SARS-CoV-2 seroprevalence, according to sex, age
and ethnicity
Of the eligible studies, 71 reported seroprevalence
estimates, classified by gender. The pooled
5
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WHO regionsa/sub-regionsb Wave 1 Wave 2 Wave 3 Wave 4 Wave 5 Wave 6

Datasets Seroprevalence Datasets Seroprevalence Datasets Seroprevalence Datasets Seroprevalence Datasets Seroprevalence Datasets Seroprevalence

South-East Asia NA NA 8 17.98 (7.86–31.08) 3 25.01 (16.72–34.33) 3 57.22 (53.45–60.95) 1 81.81 (80.61–82.96) NA NA

SEAR-B NA NA – – 2 27.31 (22.02–32.94) NA NA NA NA NA NA

SEAR-D NA NA 8 17.98 (7.86–31.08) 1 27.69 (25.86–29.57) 3 57.22 (53.45–60.95) 1 81.81 (80.61–82.96) NA NA

African 4 17.20 (0.01–58.36) 5 7.31 (0.49–20.87) 14 19.07 (9.95–30.28) 4 41.43 (34.08–48.98) 1 66.12 (60.53–71.40) NA NA

AFR-D 3 24.31 (0.01–76.36) 1 26.49 (23.34–29.82) 3 16.88 (5.34–33.11) NA NA NA NA NA NA

AFR-E 1 2.78 (1.53–4.62) 4 4.21 (0.01–14.53) 11 19.67 (8.94–33.29) 4 41.43 (34.08–48.98) 1 66.12 (60.53–71.40) NA NA

Latin America & the Caribbean 9 3.56 (2.29–5.07) 9 36.46 (17.30–58.15) 11 27.54 (19.21–36.73) 5 21.87 (3.90–48.67) NA NA NA NA

AMR-B 9 3.56 (2.29–5.07) 5 26.71 (6.45–54.26) 9 26.95 (19.33–35.32) 5 21.87 (3.90–48.67) NA NA NA NA

AMR-D NA NA 4 49.37 (20.54–78.43) 2 42.32 (40.33–44.32) NA NA NA NA NA NA

Eastern Mediterranean 5 13.59 (0.04–42.76) 14 9.73 (5.01–15.78) 5 29.57 (23.51–36.01) 2 31.34 (28.03–34.76) NA NA NA NA

EMR-B 3 23.53 (0.87–62.34) 11 9.90 (6.06–14.54) 4 30.29 (22.25–38.98) 2 31.34 (28.03–34.76) NA NA NA NA

EMR-D 2 1.78 (0.80–3.10) 3 8.38 (0.01–41.23) 1 27.01 (24.10–30.04) NA NA NA NA NA NA

North Americas 11 2.10 (0.71–4.13) 16 5.74 (3.33–8.72) 9 14.51 (6.98–24.16) 4 26.78 (19.90–34.26) 1 37.01 (36.53–37.46) NA NA

AMR-A 11 2.10 (0.71–4.13) 16 5.74 (3.33–8.72) 9 14.51 (6.98–24.16) 4 26.78 (19.90–34.26) 1 37.01 (36.53–37.46) NA NA

European 39 7.80 (6.39–9.33) 44 6.38 (4.56–8.47) 34 11.97 (8.77–15.59) 14 18.48 (12.21–25.70) 11 30.36 (18.97–43.12) 2 56.92 (54.27–59.55)

EUR-A 36 8.33 (6.33–10.57) 37 4.50 (3.31–5.85) 31 10.98 (8.03–14.32) 14 18.48 (12.21–25.70) 11 30.36 (18.97–43.12) 1 56.69 (52.83–60.51)

EUR-B NA NA 3 7.49 (4.34–11.31) 1 39.87 (34.34–45.60) NA NA NA NA 1 57.14 (53.34–60.88)

EUR-C 3 27.25 (22.29–32.51) 4 32.74 (9.75–61.38) 2 21.21 (20.42–22.02) NA NA NA NA NA NA

Western Pacific 6 1.01 (0.45–1.76) 4 0.43 (0.01–1.80) 3 0.84 (0.58–1.14) 1 0.01 (0.00–2.95) NA NA NA NA

WPR-A 1 0.30 (0.04–1.07) 2 0.33 (0.05–0.76) 1 0.77 (0.41–1.32) NA NA NA NA NA NA

WPR-B 5 1.21 (0.58–2.05) 2 0.09 (0.05–0.14) 2 0.88 (0.54–1.30) 1 0.01 (0.00–2.95) NA NA NA NA

Worldwide 74 7.01 (5.42–8.79) 100 9.09 (7.19–11.17) 79 16.10 (12.07–20.59) 33 25.63 (17.73–34.43) 14 37.01 (24.95–49.95) 2 56.92 (54.27–59.55)

Abbreviation: NA, not available data; SEAR, South-East Asia region; AFR, African region; AMR, region of the Americas; EMR, Eastern Mediterranean region; EUR, European region; WPR, Western Pacific region. aRegions defined by the World Health
Organization. WHO regions are sorted according to prevalence rates. bSubregionsare sorted based on mortality strata (A to E). A, very low child mortality and low adult mortality; B, A, low child mortality and low adult mortality; C, low child
mortality and high adult mortality; D, high child mortality and high adult mortality; E, high child mortality and very high adult mortality. The developed countries are at (AMR-A, EUR-A, EUR-B, EUR-C and WPR-A), low-mortality developing
countries are at (AMR-B, EMR-B, SEAR-B and WPR-B), and high-mortality developing countries are at (AFR-D, AFR-E, AMR-D, EMR-D and SEAR-D).

Table 1: Global and regional SARC-CoV-2 seroprevalence estimates in children according to pandemic waves in WHO-regions, (results from 247 studies containing 302 datasets performed in 70 countries).
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Fig. 2: Meta-regression analyses of SARS-CoV-2 seroprevalence data for children (0–19 years of age) in eligible, peer-reviewed and published
studies according to: (A) start date of sampling (showing a statistically significant upward trend in seroprevalence during pandemic waves), (B)
end date of sampling (showing a statistically significant upward trend in seroprevalence during pandemic waves), (C) country’s income status
(showing a statistically significant downward trend in seroprevalence in countries with higher level of income), and (D) human development
index (HDI) (showing a statistically significant downward trend in seroprevalence in countries with higher HDIs).

Articles
seroprevalence was estimated at 9.96%
(6.63–13.84%; I2 = 99.47%) for males and 10.07%
(6.71–14.01%; I2 = 99.49%) for females. Analyses by
age (i.e. models 1 and 2) showed higher seropreva-
lence estimates for children in older age groups (i.e.
10–19 years of age; Table 3). Seroprevalence esti-
mates by ethnicity were 8.62% (4.71–13.53%;
I2 = 97.69%) for white, 8.75% (5.54–12.54%;
I2 = 94.78%) for Asian/other minorities, 9.81%
(5.93–14.47%; I2 = 93.94%) for black, and 18.14%
(10.46–27.24%; I2 = 90.91%) for Hispanic people
(Table 3).
SARS-CoV-2 seroprevalence, according to study
type, risk of bias and serological assay
We identified 232population-, 33 school-, and 37hospital-
based datasets. Respective pooled seroprevalences were
13.81% (11.68–16.05%; I2 = 99.84%), 10.92%
(7.57–14.81%; I2 = 99.23%), and 10.71% (6.41–15.91%;
I2 = 99.18%) (Table 3).

Critical appraisal using JBI tools indicated that
148, 112, and 42 datasets had low (score: 7–9/9),
www.thelancet.com Vol 56 February, 2023
moderate (score: 4–6/9) and high (score: 0–3) risks
of bias, respectively (Table S4). The corresponding
pooled seroprevalence estimates were 10.81%
(8.37–13.49%; I2 = 99.86%), 15.69% (12.34–19.34%;
I2 = 99.73%), and 14.87% (10.71–19.59%;
I2 = 99.32%), respectively.

Most datasets (n = 144) used ELISA as the sero-
logical test, followed by CLIA (n = 97), rapid LFIA
(n = 46) and other serological methods (n = 15) (e.g.,
Virus neutralisation, Luminex multi-antigen serology,
luciferase-linked immunosorbent, and immunofluo-
rescence assays). The highest and lowest pooled
seroprevalences were estimated for ELISA (14.34%,
11.57–17.34%; I2 = 99.77%) and rapid LFIA (9.89%,
5.63–15.16%; I2 = 99.23%), respectively (Table 3).
Univariable and multivariable meta-regression
analyses to identify sources of heterogeneity
Table 4 presents the results of the univariable and
multivariable meta-regression analyses of the study
characteristics to explore the sources of heterogeneity.
The univariable analysis revealed that sampling dates,
7
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Countrya (number of datasets) Number of children screened (total) Number of sero-positive children Pooled seroprevalence % (95% CI) Heterogeneity

I2 Q p-value

Andorra (1) 10,981 1336 12.17 (11.56–12.79) – – –

Argentina (1) 227 107 47.14 (40.51–53.85) – – –

Australia (3) 3786 23 0.59 (0.36–0.87) – – <0.001

Austria (2) 2862 34 1.18 (0.81–1.61) – – <0.001

Bangladesh (1) 1004 553 55.08 (51.94–58.19) – – –

Belgium (8) 5586 1085 19.67 (13.21–27.05) 97.60 292.44 <0.001

Bosnia (1) 306 122 39.87 (34.34–45.61) – – –

Brazil (14) 29,268 1156 11.01 (6.73–16.13) 99.26 1763.03 <0.001

Cameroon (1) 241 69 28.63 (23.01–34.78) – – –

Canada (6) 3713 195 2.62 (0.65–5.64) 93.77 80.30 <0.001

Central African Republic (1) 307 203 66.12 (60.53–71.41) – – –

Chile (2) 1545 159 10.28 (8.81–11.85) – – <0.001

China (6) 28,835 138 0.91 (0.12–2.27) 97.83 231.44 <0.001

Colombia (4) 3576 1198 37.61 (19.51–57.67) 97.79 135.89 <0.001

Croatia (4) 1182 139 9.83 (3.31–19.23) 95.44 65.81 <0.001

Czech republic (2) 396 92 16.82 (13.27–20.68) – – <0.001

Denmark (6) 5195 146 2.08 (0.84–3.81) 92.50 66.72 <0.001

Dominican Republic (1) 379 22 5.81 (3.67–8.66) – – –

DR Congo (1) 352 39 11.08 (8.01–14.83) – – –

Ecuador (1) 402 45 11.19 (8.28–14.69) – – <0.001

England (15) 12,187 2836 20.15 (12.76–28.73) 99.20 1756.17 <0.001

Estonia (1) 213 4 12.17 (11.56–12.79) – – –

France (14) 10,793 1003 8.79 (5.42–12.87) 97.84 602.11 <0.001

Germany (17) 48,140 1417 3.07 (1.92–4.47) 98.17 874.40 <0.001

Greece (5) 4563 348 6.91 (1.08–17.15) 99.16 477.67 <0.001

Honduras (1) 37 3 8.11 (1.71–21.91) – – –

India (12) 35,685 12,104 29.72 (12.59–50.49) 99.93 17305.97 <0.001

Indonesia (1) 69 8 11.59 (5.14–21.57) – – –

Iran (5) 1177 224 16.57 (11.54–22.29) 82.14 22.40 <0.001

Ireland (2) 398 6 1.51 (0.47–3.02) – – <0.001

Israel (5) 10,062 758 11.26 (7.87–15.17) 95.43 87.53 <0.001

Italy (13) 5867 953 15.24 (7.65–24.81) 98.75 966.77 <0.001

Japan (1) 98 0 0.02 (0.01–3.69) – – –

Jordan (3) 4152 779 10.44 (0.01–36.93) – – <0.001

Kenya (4) 1205 294 23.42 (17.65–29.72) 87.75 32.65 <0.001

Laos PDR (1) 1417 28 1.98 (1.32–2.84) – – –

Malaysia (1) 123 0 0.02 (0.01–2.95) – – –

Mali (1) 2672 173 6.47 (5.57–7.47) – – –

Mexico (5) 4961 1143 23.19 (21.08–25.36) 58.07 9.54 <0.001

Mongolia (1) 1898 20 1.05 (0.64–1.62) – – –

Mozambique (5) 6405 100 1.27 (0.41–1.57) 91.62 47.77 <0.001

Netherlands (4) 1552 63 4.46 (0.94–10.25) 94.67 56.36 <0.001

Nicaragua (1) 1964 978 49.81 (47.56–52.03) – – –

Nigeria (1) 41 12 29.27 (16.13–45.54) – – –

Norway (2) 2633 88 3.25 (2.61–3.96) – – <0.001

Oman (4) 1020 68 11.59 (3.95–22.31) 92.51 40.05 <0.001

Pakistan (5) 2919 601 6.14 (0.01–26.81) 99.53 855.16 <0.001

Peru (4) 1451 603 49.37 (20.54–78.43) 99.21 382.86 <0.001

Poland (3) 780 397 19.32 (0.01–65.49) – – <0.001

Portugal (3) 2122 601 18.92 (0.01–59.41) – – <0.001

Qatar (2) 9293 668 7.13 (6.61–7.66) – – <0.001

Russia (8) 12,349 2974 31.74 (22.61–41.64) 98.26 403.68 <0.001

Saudi Arabia (4) 751 370 39.94 (23.29–57.86) 95.51 66.88 <0.001

Senegal (1) 462 89 19.26 (15.77–23.16) – – –

(Table 2 continues on next page)
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Countrya (number of datasets) Number of children screened (total) Number of sero-positive children Pooled seroprevalence % (95% CI) Heterogeneity

I2 Q p-value

(Continued from previous page)

Sierra Leone (1) 724 14 1.93 (1.06–3.22) – – –

South Africa (6) 194,311 62,637 35.51 (28.76–42.55) 98.12 266.79 <0.001

South Sudan (1) 740 196 26.49 (23.34–29.82) – – –

Spain (6) 13,109 508 11.66 (5.57–19.54) 97.61 209.35 <0.001

Sri lanka (1) 191 65 34.03 (27.35–41.22) – – –

Sweden (2) 525 147 27.93 (24.15–31.86) – – <0.001

Switzerland (19) 99,791 10,085 12.48 (9.17–16.21) 99.06 1927.43 <0.001

Togo (1) 2158 1190 55.14 (53.02–57.26) – – –

Tunisia (1) 293 143 48.81 (42.95–54.69) – – –

Turkey (1) 149 14 9.41 (5.23–15.26) – – –

United Arabic Emirates (1) 2310 100 4.33 (3.54–5.24) – – –

USA (35) 150,146 19,055 9.37 (4.57–15.61) 99.89 33195.74 <0.001

Vietnam (1) 624 3 0.48 (0.11–1.41) – – –

Yemen (1) 889 240 27.01 (24.10–30.04) – – –

Zambia (1) 150 9 6.01 (2.78–11.08) – – –

Zimbabwe (2) 940 381 40.48 (37.36–43.64) – – <0.001

aCountries re sorted alphabetically.

Table 2: Seroprevalence estimates of SARS-CoV-2 among children in 70 countries around the world.

Articles
income and HDI levels were significantly associated
with the heterogeneity of seroprevalence estimates
(p < 0.001). In the multivariable meta-regression, the
variables ‘start date’ of sampling (β = 0.0003,
0.0001–0.0005, p < 0.001), ‘end date’ of sampling
(β = 0.038, 0.016–0.059, p < 0.001), income level
(β = −0.00002, −0.00003 to −0.00001, p < 0.001) and
risk of bias (β = 0.027, 0.002–0.053, p = 0.033) were
significantly associated with the heterogeneity of
SARS-CoV-2 seroprevalence in children. The final
model could explain 75.56% of the total heterogeneity
(I2 = 22.85%).
Fig. 3: Display of geographically referenced SARS-CoV-2 seroprevalence in
reviewed studies published from December 1, 2019 to July 10, 2022.

www.thelancet.com Vol 56 February, 2023
Sensitivity analysis and publication bias
We evaluated the potential impact of each study on the
pooled seroprevalence using sensitivity analysis. In
other words, we assessed whether omitting one study
would substantially alter the pooled prevalence. The re-
sults of the sensitivity analysis indicated that the omis-
sion of any individual study did not substantially alter
the overall pooled prevalence (data not shown), revealing
a high robustness of results. Moreover, the funnel plot
assessing “small-study effects” for the pooled prevalence
was symmetric and showed no evidence of publication
bias (Fig. S2).
children (0–19 years) worldwide—based on data from eligible, peer-
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Variable: subgroup Number datasets Number of children screened (total) Number of seropositive children Pooled seroprevalence % (95% CI)

Income:

Low 11 13,895 2116 11.68 (2.84–25.35)

Lower middle 38 49,915 15,507 21.21 (12.81–31.05)

Upper middle 61 281,666 71,054 19.39 (14.01–25.41)

High 192 411,599 42,684 10.02 (8.46–11.71)

Human development index (HDI):

Low 13 14,398 2217 13.25 (4.32–25.98)

Medium 31 46,337 15,167 22.31 (12.97–33.32)

High 55 271,893 68,198 17.62 (11.91–24.17)

Very high 203 424,447 45,779 10.74 (9.16–12.43)

Gender:

Male 71 55,702 5404 9.96 (6.63–13.84)

Female 71 57,056 5466 10.07 (6.71–14.01)

Age (Model 1):

≤9 57 59,912 3218 10.22 (7.99–12.68)

10–19 75 264,657 71,253 12.62 (8.96–16.81)

Age (Model 2):

<5 92 42,889 3098 11.01 (8.43–13.87)

5–9 113 89,361 8707 13.47 (10.59–16.64)

10–14 103 77,992 9889 15.16 (11.28–19.48)

15–19 66 30,308 3508 14.78 (10.96–19.06)

Race/ethnicity:

White, non-Hispanic 16 9437 485 8.62 (4.71–13.53)

Black, non-Hispanic 17 4072 324 9.81 (5.93–14.47)

Brown/Hispanic 16 1046 229 18.14 (10.46–27.24)

Multiple race/Asian/Other/Unknown 17 10,944 480 8.75 (5.54–12.54)

Type of studies:

Population-based 232 686,645 125,228 13.81 (11.68–16.05)

School-based 33 38,116 4659 10.92 (7.57–14.81)

Hospital-based 37 32,314 1474 10.71 (6.41–15.91)

Risk of bias:

Low 148 522,377 97,219 10.80 (8.37–13.49)

Moderate 112 193,718 29,451 15.69 (12.34–19.34)

High 42 40,980 4691 14.87 (10.71–19.59)

Serological method used:

LFIA 46 74,640 4969 9.89 (5.63–15.16)

ELISA 144 289,247 36,163 14.34 (11.57–17.34)

CLIA 97 372,895 87,939 12.36 (9.41–15.64)

Others (IFA, LLIS, LMAS, VNA) 15 20,293 2290 11.76 (8.89–14.95)

Abbreviations: LFIA, Point-of-care lateral flow immunoassay; ELISA, enzyme-linked immunosorbent assay; CLIA, chemiluminescence enzyme immunoassay; IFA, immunofluorescence assay; VNA, virus
neutralization assay; LMAS, luminex multi-antigen serology assay; LLIS, luciferase-linked immunosorbent assay.

Table 3: SARS-CoV-2 seroprevalence estimates among children, according to a priori-defined subgroups and socio-demographic geographic parameters.

Study variable Univariable analyses Multivariable analyses

Coefficient 95% CI p Coefficient 95% CI p

Beginning date of sampling 0.0005% 0.0004–0.0006% <0.001 0.0003% 0.0001–0.0005 <0.001

End date of sampling 0.068% 0.053–0.063% <0.001 0.038% 0.016–0.059 <0.001

HDI −0.302% −0.446 to −0.157% <0.001 0.108% −0.103 to 0.319 0.316

GNI per capita −0.00002% −0.00003 to −0.00001% <0.001 −0.00002% −0.00003 to −0.00001% <0.001

Serological method −0.004% −0.024 to 0.015% 0.664 0.002% −0.015 to 0.019 0.795

Type of studies −0.023% −0.052 to 0.005% 0.112 −0.021% −0.046 to 0.004 0.109

Risk of bias 0.021% −0.009 to 0.049% 0.180 0.027% 0.002–0.053 0.033

Abbreviations: HDI, human development index; GNI, gross national income.

Table 4: Association between study characteristics and SARS-CoV-2 seroprevalence estimates heterogeneity.
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Discussion
We conducted a comprehensive systematic review of
the global evidence on SARS-CoV-2 seroprevalence in
children (0–19 years) up to July 2022. We provided
pooled seroprevalence estimates globally as well as
seroprevalence stratified by WHO region, pandemic
waves, socio-demographic variables, and study qual-
ity. It should be noted that the majority of seropre-
valence estimates included in this study were made
by the end of 2021; only two studies included sam-
ples in early 2022 (February or April 2022). There-
fore, seroprevalence estimates presented in our study
does not completely cover the Omicron waves.

Our findings revealedmarked variation in SARS-CoV-
2 seroprevalence among children, depending on the
pandemic wave and geographical region. Our findings
showed increasing global seroprevalence over time,
ranging from 7% in the first wave, when the index variant
dominated incidence, to 37% in the fifth and 56% in the
sixth waves when the incidence of Delta variant domi-
nated and Omicron subvariants BA.2 and BA.4/BA.5
began to spread. Based on stratified analyses for distinct
WHO-regions and different waves, we concluded that—
except for WPR, where the SARS-CoV-2 seroprevalence
was very low (<1%), >56% of European children were
seropositive by the sixth wave; ∼57–80% of South-East
Asian-, ∼40–70% of African-, and ∼26–40% of North
American-children were seropositive by the fifth wave;
>26% of children in South America and the Caribbean
region by the fourth wave; and >30% of children in
Eastern Mediterranean region were exposed to SARS-
CoV-2. The increasing trend in seroprevalence was in
accordance with previous findings in the general human
population31,32,49 and could be attributed to a higher
probability of exposure to the virus over time, lower and
slower vaccination coverage in children (particularly
those of <12 years of age), and/or the emergence of new
SARS-CoV-2 variants/sublineages (namely the Delta
variant and Omicron BA.1-BA.5 subvariants), charac-
terised by higher transmissibility.31,36,50,51

Seroprevalence estimates varied considerably among
WHO-regions and sub-regions. They were markedly
higher in LMICs compared to developed countries, a
finding that is consistent with previous meta-analyses
conducted on the general human population.31,49,52

Poverty, more outdoor activity, lower education/
parental knowledge of preventive measures, over-
crowded households and schools, higher rates of co-
morbidities, malnutrition, lack of facilities for virtual
education, poor vaccination rates, poor adherence to
lockdowns in settings where livelihoods rely on daily
wages and fragile healthcare systems were likely among
the predominant reasons for higher SARS-CoV-2 sero-
prevalence estimates in children in LMICs.53–55 More-
over, nationwide or citywide lockdowns, early mass
vaccination, school closures, higher educational levels,
and better accessibility to preventive measures appear to
www.thelancet.com Vol 56 February, 2023
be among the main reasons for lower seroprevalence
estimates in children in Western Pacific countries (e.g.
China, Australia, and Japan).6,56–62 Globally, recent data
showed that, as of April 2022, only 50 countries world-
wide had active COVID-19 national vaccination pro-
grams for children,16 which were mostly in the
developed world.

The present findings indicated relatively similar
seroprevalences for males (9.96%) and females
(10.07%), suggesting no sex difference in the risk of
acquiring SARS-CoV-2 infection. However, there were
differences in relation to ethnic background; for
example, Hispanic children had a higher risk of
acquiring SARS-CoV-2 infection compared with white
children, consistent with the results of previous sys-
tematic reviews relating to general human pop-
ulations,31,32,52 and national studies in England63,64 and
the USA.65–67 This difference might be explicable by
variations in living conditions, such as living in large
families and/over-crowding, as well as poverty and poor
accessibility to preventive measures (such as mask-
wearing and vaccination).31,68 There were also differ-
ences among diagnostic methods, with the highest
seroprevalences linked to ELISA (14.3%) and CLIA
(12.3%), and the lowest seroprevalence to LFIA. Previ-
ous meta-analyses showed consistent lower sensitivities
for LFIA (66–80%) compared with ELISA (84–93%) and
CLIA (90–97%), with diagnostic specificity >95% being
estimated for all methods employed.69,70 Reasons for
differences in the diagnostic performance of serological
tests for COVID-19 have been discussed in previous
articles.32,71–74

This study has several limitations that should be
highlighted to avoid misinterpretation. (1) Most limita-
tions relate to the variability in the nature (linked to
study quality) and extent of a study, which is common in
systematic reviews of seroprevalence studies.31,32,52,75,76

For instance, studies varied in their sampling strategy,
and the sensitivity and specificity of a serological assay
used. (2) Although we reviewed data for 70 countries,
there was variability in the number of datasets among
the countries studied, and there were no data for ∼60%
of countries worldwide. (3) More developed countries
contributed more SARS-CoV-2 seroprevalence datasets,
and few datasets were available for the sixth wave of the
pandemic. (4) This systematic review may have also
missed studies published in un-indexed or local jour-
nals. (5) Another primary limitation was high hetero-
geneity among studies anticipated in meta-analyses of
global prevalence estimates52,77,78; however, we per-
formed the multivariable meta-regression analysis to
identify sources of heterogeneity and could explain
75.6% of the variability among studies. (6) As sufficient
data were unavailable at the time for all pandemic
waves, and the final multivariable model did not
converge, meta-regression analyses were conducted on
data over a defined two-year period.
11
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In conclusion, the findings of this comprehensive
meta-analysis suggest that ∼50–70% of children globally
were still susceptible to SARS-CoV-2 infection by mid-
2022. Seroprevalence increased considerably in the lat-
est waves of the pandemic due to the spread of the
Omicron variant. Seroprevalence was higher in devel-
oping countries, with high vaccine disparities for adults
and children. Since March 2022, more than 70 million
doses of CORBEVAX a global health COVID vaccine has
been administered to adolescents in India, one of the
worst affected nations.79 Considering the highly conta-
gious nature of the new SARS-CoV-2 variants, devel-
oping a new generation of vaccines that is effective
against a wide range of variants and expanding vaccine
coverage for children and adolescents must be a priority,
particularly for those in underprivileged settings and
those with minority ethnic backgrounds. As the present
study included data prior to the COVID-19 pandemic
wave linked to Omicron variants of SARS-CoV-2 (from
early 2022), future investigation(s) should critically
assess seroprevalence during and after this wave.
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