
REVIEW ARTICLE

SARS-CoV-2 infection in children and implications for
vaccination
Jordan Nathanielsz1,2,3, Zheng Quan Toh3,4, Lien Anh Ha Do3,4, Kim Mulholland3,4,5 and Paul V. Licciardi3,4✉

© The Author(s), under exclusive licence to the International Pediatric Research Foundation, Inc 2022

The COVID-19 pandemic caused by novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is responsible for more
than 500 million cases worldwide as of April 2022. Initial estimates in 2020 found that children were less likely to become infected
with SARS-CoV-2 and more likely to be asymptomatic or display mild COVID-19 symptoms. Our early understanding of COVID-19
transmission and disease in children led to a range of public health measures including school closures that have indirectly
impacted child health and wellbeing. The emergence of variants of concern (particularly Delta and Omicron) has raised new issues
about transmissibility in children, as preliminary data suggest that children may be at increased risk of infection, especially if
unvaccinated. Global national prevalence data show that SARS-CoV-2 infection in children and adolescents is rising due to COVID-
19 vaccination among adults and increased circulation of Delta and Omicron variants. To mitigate this, childhood immunisation
programmes are being implemented globally to prevent direct and indirect consequences of COVID-19 including severe
complications (e.g., MIS-C), debilitating long-COVID symptoms, and the indirect impacts of prolonged community and school
closures on childhood education, social and behavioural development and mental health. This review explores the current state of
knowledge on COVID-19 in children including COVID-19 vaccination strategies.

Pediatric Research (2023) 93:1177–1187; https://doi.org/10.1038/s41390-022-02254-x

IMPACT:

● Provides an up-to-date account of SARS-CoV-2 infections in children.
● Discusses the direct and indirect effects of COVID-19 in children.
● Provides the latest information on the current state of global COVID-19 vaccination in children.

INTRODUCTION
The global pandemic caused by the novel severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) is responsible for more than
500 million cases, with over 6 million recorded deaths by April
2022 according to the World Health Organisation (WHO).1 The
epidemiology and transmission characteristics from early COVID-
19 outbreaks have been instrumental in providing insights for
public health mitigation strategies (such as social distancing and
stay at home regulations) to stem community transmission.2–4 In
initial phases of the pandemic, it was evident that children were
less likely to become infected than adults, and typically
experienced milder illness.5–9 Consequently, those at highest risk
of hospitalisation and death such as the elderly population, were
prioritised for the early vaccine trials and subsequent national
COVID-19 vaccination programmes.10

The global landscape of the pandemic has changed rapidly with
the emergence of SARS-CoV-2 variants that are more infectious and
potentially more virulent than the original Wuhan-Hu-1/2019
strain.11 What we now know is that children and adolescents of all
ages are susceptible to SARS-CoV-2 infection6,7 and preliminary data
indicate that they may be at increased risk of infection to particular
SARS-CoV-2 variants such as Delta12,13 and Omicron,14,15 especially if

unvaccinated. As global prevalence rises, in areas where the virus
has not been contained by public health mitigation strategies (prior
to vaccination), there have been increasing numbers of children
requiring critical care (e.g., the United States of America (USA) and
the United Kingdom (UK)).8,16,17 In contrast, in low-to-middle income
countries (LMICs) where there is often lower vaccine availability,
lower critical care capacity and poor healthcare quality, there have
been disproportionate fatalities.18 This review provides a current
state of the SARS-CoV-2 (COVID-19) literature in children at a critical
time when children have become a major focus during this
pandemic and to guide targeted future empirical research to
improve the COVID-19 response in paediatric populations.

SEARCH STRATEGY AND SELECTION CRITERIA
We searched for any peer-reviewed articles relating to SARS-CoV-2
infection and vaccination in children until April 2022 using
PubMed, Scopus and Google Scholar databases and Search terms
included ‘COVID-19’, ‘SARS-CoV-2’, ‘Variants of Concern’, ‘Delta
Variant’, ‘Omicron’, ‘Long-COVID’, ‘MIS-C’, ‘COVID-19 vaccination’.
Articles were also identified through cross-referencing. References
from English and non-English languages were reviewed.
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GLOBAL SARS-COV-2 EPIDEMIOLOGY
Between January and March 2020 early reports suggested that
children represented 1–5% of total COVID-19 cases.2,6,9,19 This was
in contrast to other respiratory viruses, such as influenza or
respiratory syncytial virus (RSV), which prior to the pandemic, had
a higher burden of disease in young children.20 However, the
emergence of several variants of concern (VOC) and the use of
COVID-19 vaccines in adults has seen SARS-CoV-2 cases increase
among children. Table 1 shows estimates of age-specific SARS-
CoV-2 cases per 100,000 people from national and WHO
surveillance data over the 2 years of the COVID-19 pandemic
from April 2020 to April 2022, highlighting the change in SARS-
CoV-2 prevalence among children over this period. It is important
to note the level of data and testing practices (including routine
household testing) in children varies widely between countries,
with some settings (e.g., Indonesia, China, India) likely to under-
estimate prevalence in children. As the global pandemic continues
to evolve, children now represent between 10 and 23% of COVID-
19 cases (Table 1).

SARS-COV-2 VARIANTS OF CONCERN
The WHO has identified five SARS-CoV-2 VOC—Alpha, Beta,
Gamma, Delta, Omicron—that have emerged around the world
since September 2020.11 These variants are associated with one or
more of the following—increased transmissibility, increased
virulence or change in clinic disease caused, and/or decreased
effectiveness of public health mitigations strategies, available
diagnostics, vaccines or therapeutics.11 In late 2020 and early 2021
during subsequent second and third waves of the pandemic,
these VOC circulated in various frequencies in geographical
regions until September 2021 where Delta rapidly replaced the
Alpha variant globally to become the then predominant strain.21

Delta is thought to be twice as contagious13 and some studies
suggest might cause more severe illness and hospitalisation in
unvaccinated persons compared to the Alpha or original Wuhan
variants.22,23 Delta-specific data from the UK show a direct link
between infection and hospitalisation among predominately
unvaccinated children, where children (5–12 years) had a five-
fold higher incidence of infection compared to those over 65 years
(most of who have been fully vaccinated with a COVID-19
vaccine).12 This in part is due to restriction easing and increased
social interaction and school attendance in young people.12

Similarly, CDC data from the USA reported a five-fold increase in
child and adolescent hospitalisations, a ten-fold increase in young
children (0–4 years) and a ten-fold increase in unvaccinated
compared to vaccinated adolescents (12–17 years).24 Hospital
admissions requiring ICU admission have remained similar to the
pre-Delta period (~20%).17

As of April 2022, the newest circulating variant Omicron
represents >99% of total variant frequency globally.21 First
identified in November 2021, Omicron rapidly spread through
South Africa where childhood cases were higher than in all three
previous pandemic waves, with hospitalisation increasing unchar-
acteristically ahead of adult populations.15 Similarly in early 2022,
US CDC data have indicated that children aged 0–4 years old not
yet eligible for COVID-19 vaccination are being hospitalised at five
times the rate previously seen during Delta predominance.14

However, despite higher case incidence, multiple studies suggest
children infected with Omicron are likely to be younger and less
likely to experience severe disease.25–27

In addition, during the transitional phases of Delta to Omicron,
some countries have begun to vaccinate younger age groups (i.e., 3
or 5 up to 11 years), although significant vaccine inequity still exists
in settings such as South and Central Africa where less than 10% of
the population were vaccinated. Vaccines developed during the
pre-Omicron phase are now being re-evaluated, where a two-dose
mRNA vaccine regimen has been shown to still protect against Ta
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hospitalisation and severe disease in children, although less
effectively than against Delta.28,29 A booster dose in 16–17-year-
old adolescents can restore vaccine effectiveness up to 81%.28

In children, it is not currently clear whether Omicron14,15,25–27

causes a higher severity of illness compared to earlier variants or if
rising hospital admissions reflect increases in transmission in
susceptible unvaccinated child cohorts. Further research is needed
to determine the virulence and transmission characteristics of
SARS-CoV-2 variants and implications for unvaccinated children.

SARS-COV-2 TRANSMISSION IN CHILDREN
Early studies into transmissibility and susceptibility of the Wuhan
strain in children provide useful insights into the mode of
transmission of VOC. Transmission of SARS-CoV-2 predominantly
occurs through the direct person-to-person spread of respiratory
droplets and indirectly via fomite transmission (contaminated
surfaces).3,4 In addition, airborne transmission (infectious agent
suspended as aerosol) can occur in specific circumstances (i.e.,
during oral medical procedures and airway management).3

Prolonged viral shedding in the faeces of children has also been
identified, even when children are asymptomatic,30,31 although
the significance of faecal-oral/faecal-aerosol transmission in
children is not fully understood. The primary setting for viral
transmission is during close proximity when indoors with contact
with infected individuals (e.g., the household, workplaces and
educational settings).3

Determining the relative infectiousness of children has been
difficult as children are infrequently reported as the index case in
household studies due to confounding factors such as shared
sources of infection, increased exposure during caring for an
unwell child, and asymptomatic cases in children being under-
recognised.32 Data from national South Korean contact tracing of
over 10,592 household participants found that transmission of the
Wuhan variant was high if the index patient was 10–19 years old,
but low in households with 0–9-year-old children.2 A meta-
analysis of 54 household studies since the beginning of the
pandemic found a significantly lower secondary attack rate in
children compared to adults (16.8% vs 28.3%)32 and an increasing
SARS-CoV-2 household prevalence with age, from 23% in those <5
years old and up to 68% in those >65 years.33 Furthermore,
transmissibility is more likely with symptomatic compared to
asymptomatic or pre-symptomatic index cases,32 where asympto-
matic children have been shown to have lower SARS-CoV-2 viral
RNA levels.34 This supports the notion that children, who are more
likely to be asymptomatic,5,9,35 are less likely to transmit the virus.
Educational settings such as Early Childhood Education Care

(ECEC), primary and secondary schools are also important
transmission sites for seasonal respiratory viral infections such as
influenza and RSV.20,36 In response to the COVID-19 pandemic, 107
countries had implemented school closures as early as March
2020.20 Many studies have shown that school closures during the
pandemic reduce viral transmission; how effective this mitigation
strategy is for SARS-CoV-2 remains still uncertain. A technical
report from the Murdoch Children’s Research Institute in Australia
analysing the global literature on pandemic school closures (pre-
Delta variant) concluded schools were not a primary driver of
SARS-CoV-2 transmission and pose no greater risk with mitigation
strategies compared to other public places.37 The evidence-based
recommendations from this report, weighing up the indirect
effects of school closures, advocated for the prioritisation of
school reopening.37 In returning to in-person teaching, multi-
layered mitigation strategies have been introduced around the
world to reduce the incidence of SARS-CoV-2 infections in school-
age children (many of whom are still unvaccinated), as well as
teachers and other staff. Strategies include hand hygiene, social
distancing, masks, cohorting (a system for grouping students in

classes), regular surveillance with rapid antigen tests, mandatory
vaccination in staff and supply of air-purification systems.38

Transmission rates of the Wuhan strain during late 2020 across
25 Australian educational settings (15 schools and 10 ECEC
services) found the secondary attack rate to be low at 2.8%.39

Child-to-child transmission (0.3%) was lower than child-to-staff
(1.0%) and staff-to-staff (4.4%) secondary transmission39 and
transmission was higher during sports, particularly indoors.40 A
report from the National Centre of Immunisation Research and
Surveillance in Australia in mid-2021 recorded a five-fold higher
transmissibility with the Delta variant in educational settings
compared to the ancestral Wuhan strain in 2020.41 Across
51 similar educational settings (19 schools and 32 ECEC services)
the secondary attack rate for Delta was 4.7% with transmission
remaining highest in staff-to-staff (11.2%) and lowest in child-to-
child (1.6%).41 In addition, tertiary transmission to household
contacts from secondary cases acquired in educational settings
was 70.7% (73.4% from children and 66.3% from staff) for the
Delta variant, considerably higher than the 16.5% tertiary attack
rate seen in the ancestral Wuhan strain.41 Overall, only 2% of
children were hospitalised in this study, with most infections
being asymptomatic or mild.41

In the later part of 2021, a report found at the beginning of the
transition to Omicron predominance, the Omicron variant was 1.5
times more transmissible than Delta in Australia.42 In schools
affected by Omicron outbreaks, the child-to-child spread was high
(4%) and more than eight-fold higher in primary school children
compared to high school children (0% vs 8.4%),42 likely reflecting
high uptake of vaccination in adolescents >12 years in Australia.
Importantly, school outbreaks appear to occur during high rates of
community transmission, poor compliance with mitigation strate-
gies or when staff are the primary drivers of transmission.36,37,39,41

These findings highlight that with the implementation of multi-
layered mitigation strategies, a return to face-to-face teaching is
unlikely to contribute to community transmission of COVID-19.42

This is supported by further evidence that school closures alone
are conversely insufficient to stem community transmission and
should be used as a last resort.37,41,43

ACUTE CLINICAL FEATURES OF COVID-19 DISEASE IN
CHILDREN
One of the first landmark retrospective studies from China, and a
smaller study in Italy (using the same descriptive categories of
severity) found that up to 90%7 and 98%35 of confirmed paediatric
cases, respectively, were either asymptomatic, mild or moderate.
The highest incidence of SARS-CoV-2 infection occurs in those
10–19 years of age19,44–47 with varied estimates of mean age
between 5 and 11 years.5–8 The exact proportion of infected
children who are asymptomatic is currently unclear, with variable
estimates between 4.4%7 and 16%5 but can be as high as 68%
depending on the setting.6

The most common symptoms in older children are fever and
cough (50%).5,6,8,9 For very young children <6 months, many
COVID-19 disease symptoms (such as loss of smell and taste) are
unable to be reported. Children can also present with gastro-
intestinal symptoms like nausea, vomiting and diarrhoea, some-
times as the sole presenting feature.5,6 While critical illness in
children is rare,8,9,35 it can and does occur. In areas where SARS-
CoV-2 was not initially contained by public health measures, for
example in the USA, UK (prior to vaccination) and LMICs like
Indonesia, there have been large numbers of children requiring
hospitalisation and critical care.8,16–18 Age (infants <1 month and
adolescents 10–14 years), health status and co-morbidities (e.g.,
pulmonary disease, obesity, oncological, neurological and con-
genital heart disease) all increase the risk of severe disease and
death (although rare) among children.5,8,48 In Indonesia, UNICEF
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reported that malnutrition was a factor in children experiencing
severe COVID-19.49

COMPLICATIONS AND SEQUELAE OF COVID-19 IN CHILDREN—
MULTISYSTEM INFLAMMATORY SYNDROME IN CHILDREN
(MIS-C) AND LONG-COVID
The harms experienced by children were not a major focus of
health system efforts early in this pandemic given the milder form
of acute COVID-19 illness compared to adults.6,7,9 There is
however the potential risk for severe complications or prolonged
and recurrent symptoms that can impact long-term health in
children. Multisystem inflammatory syndrome in children (MIS-C),
otherwise known as Paediatric Multisystem Inflammatory Syn-
drome – Temporally Associated with SARS-CoV-2 (PIMS-TS) is a
rare but serious hyperinflammatory condition that occurs approxi-
mately 1 month after exposure to SARS-CoV-2.8,50,51 MIS-C shares
similar clinical features to Kawasaki disease and toxic shock
syndrome. Primary treatment for these illnesses is with intrave-
nous immunoglobulin (IVIG) or systemic corticosteroids in
addition to supportive care.52 Recent conditional recommenda-
tions from the WHO suggest using corticosteroids in place of IVIG;
however, there remains limited evidence of direct comparison
between these therapies, and other factors such as global
availability need to be taken into account.52 Other biological
immunosuppressive agents have been trialled, although no
randomised trials, nor data are available to evaluate their
benefits.53

There have been multiple studies from the UK and USA
characterising MIS-C using criteria outlined by WHO and
CDC.8,50,51 One study of 456 COVID-19-positive children admitted
to UK hospitals found 54 cases (11%) met MIS-C criteria at or
during hospitalisation and were up to five times more likely to be
admitted to critical care.8 Incidence data from the USA show 316
MIS-C cases per 1,000,000 SARS-CoV-2 infections in those aged
<21 years.50,53 Multiple studies estimate the median age of MIS-C
onset is between 8 and 9 years old and more likely to affect males
and children from Hispanic, Latino or black backgrounds
compared with children from white backgrounds.8,50,51,54 In one
global review, most children with MIS-C were previously healthy
(80%) and had gastrointestinal (71%) and cardiovascular (82%)
system involvement, requiring invasive treatment in critical care
units including mechanical ventilation (18%).55 MIS-C also
presents a significant risk of acute illness and an unknown risk
of long-term complications for children. CDC data from the US
show that 17% of children suffer from coronary-artery aneur-
ysms,55 and up to 0.8% die.54

There are also increasing reports of prolonged or recurrent
symptoms following the recovery of COVID-19, referred to as
‘long-COVID’ or ‘post-COVID syndrome’.56–62 Mechanisms includ-
ing immune dysregulation, autoimmunity or potential viral
persistence have been suggested to explain long-COVID;62

however, data to test these hypotheses are needed. Long-COVID
syndrome has mainly been characterised in adults59,62 with less
data available in children and adolescents58,59 and all of these
data pre-date Omicron predominance. A national UK analysis
consistently found that long-COVID syndrome was lower in
children, highest among females aged 50–69 years and occurred
in those with higher viral loads during infection.60

A number of important limitations have been highlighted in
studies of long-COVID.58,59 These include the lack of a clear
definition of long-COVID, reliance on self-reporting and the
uncertainty of symptom identification without clinical
assessment.58,59 Furthermore, control groups are vital for any
inference of symptoms attributable to long-COVID, especially
given the non-specific nature and high natural prevalence of
symptoms as well as the confounding impact of indirect health
effects attributable to the pandemic itself and associated public

health restrictions such as school closures.58 A critical review from
Zimmermann et al. in 2022 highlighted the variability among 27
long-COVID studies where only 9 of 27 studies included an
uninfected control group.61 The difference in reported persisting
symptoms between confirmed SARS-CoV-2 cases and the control
group ranged from –1 and 13%, where all but one study was
<3%.61 The most commonly reported symptoms of long-COVID
are headache (3–80%), fatigue (3–87%), sleep disturbance
(2–63%), concentration difficulties (2–81%), abdominal pain
(1–76%), muscle aches and pain (1–61%), respiratory symptoms
(1–30%), loss of smell (3–26%), and loss of appetite (2–50%).58

Furthermore, with implications for the long-term health of
children, there is also emerging literature showing high expression
of angiotensin-converting enzyme 2 (ACE2), a host cell receptor
required for SARS-CoV-2 viral entry, in male sperm and female
reproductive tissues.63 Both the consequences of long-COVID and
urogenital concerns of SARS-CoV-2 have serious potential for
lasting impacts on the health and wellbeing of children and are
yet to be fully characterised. Large longitudinal studies that assess
the sequelae of SARS-CoV-2 on health and development as well as
how this impacts school absenteeism and educational perfor-
mance in children will provide more robust data on this issue.57

SARS-COV-2 IMMUNE RESPONSES
There is still much unknown regarding the nature and persistence
of immunity following infection with SARS-CoV-2 in children.
Limited lines of evidence characterising the humoral and cellular
response to the virus show a more robust innate immune
response during early infection, which is suggested to limit the
infection and lead to the favourable clinical outcomes seen in
children.64–66

Cellular and humoral antibody-mediated responses are vital
components of viral defence.67 Antibodies play a critical role in the
neutralisation of the receptor-binding domain (RBD) on the Spike
(S) protein of SARS-CoV-2 binding to the ACE2 receptor, which is
responsible for viral cell entry and is the highly divergent
component compared to other human coronaviruses.68 The rapid
rise of Omicron predominance can also be explained by numerous
mutations in the Spike protein allowing this variant to partially
escape immune recognition from a number of pre-existing
vaccines developed for previous ancestral strains of SARS-CoV-
2.69 CD4+ T cells are also critical in generating the neutralising
antibody response and development of adaptive immunity and
memory.67 Antibodies targeting the S protein are therefore the
basis of protection from infection and current COVID-19
vaccines.67

In adults, a range of studies has reported an association
between a higher neutralising antibody titre in severe compared
to mild COVID-19 disease.70 However, children are able to mount
an effective and specific IgG antibody response against SARS-CoV-
2 following infection that persists for at least 8 months.71 The
exact duration of these antibodies remains to be determined and
is estimated to persist for between 1 and 2 years based on the
sustained IgG response of closely related SARS (which shares
~69% homology with SARS-CoV-2).70 An early study in adults
investigating reinfection following recovery from the wild-type
Wuhan-Hu-1 strain of SARS-CoV-2 found natural immunity appears
to confer protection for at least 1 year.72 While some evidence
suggests slightly lower protection from reinfection is inferred from
the Beta variant,73 it remains unclear for other prevalent variants
such as Delta and Omicron. Studies comparing the strength of the
antibody response in children following SARS-CoV-2 infection and
duration of protection against reinfection are needed.
Pre-existing cross-immunity from endemic coronavirus infec-

tions may provide some protection from novel SARS-CoV-2.74

Despite this, higher cross-reactive IgA and IgG SARS-CoV-2
antibodies have been observed in older adults compared to

J. Nathanielsz et al.

1180

Pediatric Research (2023) 93:1177 – 1187



children who have mostly IgM, indicating a less experienced but
more polyreactive response due to less endemic coronavirus
exposure.75 Currently, it remains unclear whether cross-immunity
contributes to lower disease severity in children.74 With the
divergence in infection rates of school-aged children (10–19
years), age-stratified data are needed to understand differences in
the immunological response to SARS-CoV-2 and how this may
inform strategies to protect children.

COVID-19 VACCINATION IN CHILDREN
A number of countries with an adequate supply of COVID-19
vaccines have successfully immunised high proportions of their
adult population and have now begun to vaccinate adolescents
<18 years of age including children as young as 2 years old, as
shown in Table 2. Recommendations on which vaccine and age
group differ between countries due to the consideration of safety
concerns of COVID-19 vaccines in younger children and the
benefit of protecting at-risk children from SARS-CoV-2 based on
their epidemiological situation. Figure 1 illustrates the global
COVID-19 vaccination programmes in children.
Currently, the SARS-CoV-2 mRNA vaccines ‘Comirnaty’ (Pfizer-

BioNTech’s BNT162b2) and ‘Spikevax’ (Moderna’s mRNA-1273) are
by far the most common globally approved vaccines in adolescent
age groups (12–17 years of age) and Comirnaty the most common
in children 5–11 years of age (see Table 2). The immunogenicity of
COVID-19 mRNA vaccines has shown non-inferior immune
responses in children and adolescents when compared to
adults.76–79 Specifically, following two doses of the Pfizer-
BioNTech’s Comirnaty vaccine the geometric mean ratio of
SARS-CoV-2 50% neutralising titres of 5–11-year olds78 (receiving
a smaller dose of the vaccine comparable to young adults, 10 μg
compared to 30 μg) and 12–15-year olds76 relative to young adults
16–25 years was 1.04 and 1.76, respectively. Similarly, the Spikevax
vaccine elicited an 8% higher neutralising antibody titre in 12–17-
year olds compared to those aged 18–25 years.77 Preliminary data
submitted to regulators show that Spikevax also generates a
robust neutralising antibody response in 6–11-year and 6-month
to 6-year-old cohorts given smaller doses of the vaccine
comparable to young adults (50 and 25 μg compared to 100 μg,
respectively).79 Vaccination programmes in children differ
between countries, where many have begun immunisation of
children aged 5–11 years with Comirnaty and 6–11 years with
Spikevax, while others including Finland, Germany, Sweden as
well as Pakistan and Ukraine have not begun vaccination of
children <12 years of age due to risk of adverse effects (Table 2).
A direct comparison between the two mRNA vaccines is difficult

due to study design differences and variations in the assays used
to measure neutralising antibodies77 and there is currently no
head-to-head studies comparing these vaccines in children. In
adults, Comirnaty produces a slightly lower antibody response
compared to the Spikevax vaccine.71 The efficacy of Pfizer-
BioNTech’s Comirnaty reported by negative SARS-CoV-2 PCR nasal
swabs in those aged 12–15 years at 7 days after two doses was
100% in those aged 12–15 years76 and 90.7% in those aged 5–11
years with a reduced dosage.78 In comparison, the efficacy of
Spikevax vaccine reported by positive SARS-CoV-2 PCR nasal swab
was 100% in preventing COVID-19 disease (i.e., displaying
symptoms) and 56% in preventing any SARS-CoV-2 infection
(i.e., symptomatic and asymptomatic) at 14 days following the
second dose in those 12–17 years of age.77 However in the setting
of Omicron predominance, recent Spikevax Phase 3 trials showed
reduced vaccine efficacy in 6 months to 2 years (43.7%) and those
2–6 years (37.5%) of age, although similar to trends observed in
adult data.79 A recent study also showed that both vaccines
reduce viral load in front-line healthcare workers by up to 40%.80

There is yet to be a similar study for viral load in children.

Table 2. Nationally active COVID-19 vaccination programmes in child
age groups <18 years of age (as of April 2022).

Country Age
(years)

Africa

Egypt;112 South Africa;113

Morocco112
12–17 Comirnaty

Jordan112 12–17 Comirnaty
and Covilo

Guinea112 12–17 Comirnaty and
Spikevax

Namibiaa 112 12–17 –

Zimbabwe114 14–17 CoronaVac

Americas

Cuba;85 Venezuela115 2–17 Soberana 02

Chile94 3–17 CoronaVac

5–17 Comirnaty

United States (USA);116

Uruguay117
5–17 Comirnaty

Brazil118 5–17 Comirnaty

6–17 CoronaVac

Canada;119 Colombia120 5–17 Comirnaty

6–17 Spikevax

Argentina121 5–17 Covilo

12–17 Comirnaty and
Spikevax

Costa Ricaa 112 5–17 –

Mexico122 12–17 Comirnaty

Asian-pacific/Asia

China123 3–17 Coronavac
and Covilo

5–17 Comirnaty

Cambodia124 3–17 Coronavac

Australia;125 Vietnam112 5–17 Comirnaty

6–17 Spikevax

Japan;126 Malaysia;127

Singapore;128 South Korea;129

New Zealand130

5–17 Comirnaty

Thailand131,132 5–17 Comirnaty

6–17 CoronaVac
and Covilo

Indonesia133 6–17 CoronaVac

12–17 Comirnaty

Mongolia134 12–17 Comirnaty

India89 12–17 Corbevax

15–17 Covaxin

Europe/UK

Europeb 135 and UK136 (exc.
Switzerland, Netherlands,
Finland, Sweden, Russia,
Germany)

5–17 Comirnaty

Switzerland;137 Netherlands138 5–17 Comirnaty

12–17 Spikevax

Finlandc;139 Sweden140 12–17 Comirnaty

Russia141 12–17 Sputnik V

Germanyc 142 16–17 Comirnaty
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Phase 1/2 trials of the inactivated SARS-CoV-2 vaccines,
‘CoronaVac’ (Sinovac Biotech) and ‘Covilo’ (Sinopharm’s BBIBP-
CorV), have also been tested for safety and immunogenicity in
children 3–17 years of age.81,82 CoronaVac shows a higher
neutralising antibody response at all ages receiving two smaller
1.5 μg doses than that elicited in adults receiving two full doses
(3 μg).81 Similarly, Covilo induced a robust neutralising antibody
response in all ages comparable to convalescent serum and adult
participants by 56 days following two doses of 4 μg.82 However, a
lower seroconversion rate and corresponding lower neutralising
antibody titre was reported at 28 days in the 3–5 years age group,
similar to those >60 years, believed to be due to the less
developed/weakened immune system in these age groups.82

Phase 3 efficacy trials and long-term follow-ups are still required to
evaluate the protection against SARS-CoV-2 infection and
persistence of antibodies elicited by these inactivated vaccines.
Currently, the WHO does not recommend the use of CoronaVac or
Covilo for the vaccination of children <18 years of age.83,84

However approval has been granted for one or both of these
inactivated vaccines in children as young as 3 years old in Chile,
China, Cambodia and The United Arab Emirates as well as in those
>6 years in Argentina, Indonesia, Thailand and Brazil (see Table 2).
Furthermore, Cuba and Venezuela are the first countries to

begin vaccination of children as young as 2 years old with a single
dose of Finlay Institutes anti-RBD FINLAY-FR-2 vaccine ‘Soberana
02’.85 There is yet to be published large-scale trial data; however, a
Phase I/II trial of 350 children aged 3–18 years in Cuba showed no
severe adverse events and induction of neutralising antibody
titres as high as convalescent children following two doses.86

India has also approved three vaccines for use in children. The
world’s first DNA vaccine, ‘ZyCOV-D’ produced by India’s Cadila,87

found to be safe and well tolerated in 935 adolescents (12–17
years) with efficacy in preventing symptomatic PCR positive cases
in those aged 12–18 years by 66.6%.88 Also a protein subunit

vaccine ‘Corbevax’ (Biological E Limited) in 12–17-year olds and an
inactivated vaccine ‘Covaxin’ (Bharat Biotech) in 15–17-year olds.89

There are currently no published data on these vaccines and the
WHO does not recommend the use of Covaxin in children <18
years.90

The ‘Vaxzevria’ (AstraZeneca-Oxford University’s ChAdOx1
nCoV-19) and Ad26.COV2.S (Johnson and Johnson) vaccines are
currently not approved for use in children.

IMPLICATIONS FOR COVID-19 VACCINATION IN CHILDREN
The global vaccine rollout in children has been slow and
inequitable in many parts of the world (see Fig. 1). In the setting
of limited vaccine supply, the WHO recommends vaccination in
populations at high risk of severe disease (i.e., elderly and
healthcare workers).10 For many LMICs, there is insufficient access
to COVID-19 vaccines to immunise high-priority groups.91 Since
severe disease in children is rare, they have not been initially
prioritised for COVID-19 vaccination, in contrast to prior pan-
demics such as the 2009 H1N1 Influenza outbreak.92 As the
proportion of SARS-CoV-2 infections in children and adolescents
rises around the world,19,44–47,49 an increasing argument to
prioritise childhood vaccination can be made to prevent
severe disease,5,6,8 MIS-C,8,50,51,93 the debilitating effects of
long-COVID56–60 and the indirect impacts of prolonged commu-
nity and school closures.37,41,43 A number of countries have now
approved and begun immunising children >2 years of age,
although global vaccination rates in children are poorly reported
and inconsistent compared to adults. By April of 2022, Australia
has fully vaccinated 34% of 5–11-year olds and 80% of 12–15-year
olds,44 while Chile has fully vaccinated greater than 82% of 3–17-
year olds.94 Still, many nations have not yet begun vaccination
programmes <12 years of age (see Table 2).
The indirect effects of unprecedented and prolonged closure of

schools, direct and indirect insults to personal health, loss of
support networks and community access present ongoing
challenges for children, adolescents and their families (see Fig. 2).
For some LMICs, like Indonesia, the lack of remote learning
hardware has led to unprecedented school drop-out rates.49 In-
person participation in education provides an essential safe and
supportive learning environment that fosters social, behavioural,
cognitive and physical development as well as access to
healthcare.37,41,95 During this pandemic, children have been
reported to experience loneliness, isolation, disruption to routines
and coping mechanisms as well as stress related to remote
learning.96 According to a Royal Children’s Hospital survey of over
2000 parents of 3400 children in Melbourne (a setting of
prolonged lockdowns), over 36% stated COVID-19 has negatively
affected their child’s mental health, and up to one-in-ten children
were either struggling or unable to cope with life.97 School
closures also impact school vaccination programmes. During the
pandemic, routine vaccination has been delayed in 20% of
children in western settings and over 60% in LMIC settings,98,99

putting them at increased risk and susceptibility to vaccine-
preventable disease.
There is also a significant risk for unvaccinated children once

public health restrictions are eased and international travel
restarts. This includes children travelling overseas with families,
for educational placements, as well as local susceptibility to SARS-
CoV-2 community transmission. Recently, as the Omicron variant
spreads globally there has been a disproportionate number of
child cohorts infected with the virus in settings where the elderly
population, most at risk of hospitalisation and death, have been
prioritised in early vaccine trials and subsequent national COVID-
19 vaccination programmes.10 For example, in some LMIC settings
yet to vaccinate children <12 years old, childhood cases are higher
than in all three previous pandemic waves, and hospitalisation has
increased uncharacteristically ahead of adult populations.15

Table 2. continued

Country Age
(years)

Middle-East

Israel143 5–17 Comirnaty

Iran144 5–17 Comirnaty

Pakistan145 12–17 Comirnaty

12–17 Covilo and
Coronavac

Saudi Arabia146 5–17 Comirnaty

12–17 Spikevax

United Arab Emirates
(UAE)d 147

3–11 Covilo

5–17 Comirnaty

Ukraine148 12–17 Comirnaty
aIt is unclear from references what vaccine is currently used in national
vaccination programs in Namibia and Costa Rica.
bEurope (EU) inclusive of Austria, Belgium, Bulgaria, Croatia, Republic of
Cyprus, Czech Republic, Denmark, Estonia, France, Greece, Greenland,
Hungary, Iceland, Italy, Latvia, Lithuania, Luxembourg, Poland, Portugal,
Romania, Slovakia, Slovenia, Spain are all approved for Comirnaty (Pfizer-
BioNTech) and Spikevax (moderna), with predominant use of Comirnaty in
those 5-11 years of age.
cVaccination of high risk children and young people (i.e. those who are at
greater risk of infection or severe disease due to serious conditions such as
oncological, neurological, heart or pulmonary disease, immunocompro-
mised and congenital syndrome) is occuring in 5-11 year olds in Finland
and 12-15 year olds in Germany.
dUnited Arab Emirates (UAE) inclusive of Abu Dhabi, Ajman, Dubai,
Fujairah, Ras Al Khaimah, Sharjah and Umm Al Quwain.
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Similarly, in some developing settings the very young 0–4 years
old not eligible for COVID-19 vaccination (due to concerns of
vaccine safety) are also affected.14

The safety of COVID-19 vaccines in children is an important
consideration. Serious heart conditions (myocarditis and pericar-
ditis) have been reported during community surveillance with
mRNA vaccines Comirnaty and Spikevax in Canada,100 USA101 and
Israel102 showing a predominance for male patients in adolescent
age groups (15–24 years).101 For this reason, the use of the
Spikevax vaccine in Sweden and Norway has been temporarily
suspended for those <30 years in Sweden and those <18 years in
Norway (with Comirnaty recommended for men <30 years) due to
the potential of an increased incidence in heart inflammation
compared to Cormirnaty.103,104 While both mRNA vaccines are
associated with an increased risk of myocarditis/pericarditis, head-

to-head comparison data in the US among 18–39-year olds shows
Spikevax has a significantly higher rate of myocarditis/pericarditis
compared to Cormirnaty.105 A direct comparison in the 12–18-year
age group is still not possible given the different age groups
authorised to receive each vaccine.105 Ongoing surveillance will
be crucial to detect any rare side effects even with reduced
dosages in younger age groups. Until recently, vaccine safety in
very young (<12 years of age) was unclear.
Comirnaty has shown a favourable safety and immunogenicity

profile in a smaller cohort of 2268 children aged 5–11 years of age
who received a smaller dose of the vaccine (10 μg compared to
30 μg).78 In addition, safety and efficacy trials are also underway
for Spikevax in children 6 months to 12 years where interim results
indicate similar safety and tolerability to older age groups, with no
severe adverse events including cases of myocarditis/pericarditis
or MIS-C reported in 6700 children.79 While these sample sizes are
too small to make definitive conclusions about rare adverse events
including heart inflammation, surveillance data from CDC follow-
ing administration of 8.7 million doses of Pfizer’s Comirnaty
vaccine in children aged 5–11 years found of 4249 adverse events
97.6% were non-serious.106 Overall, the risk of vaccine-induced
heart disease is thought to be smaller than that attributable to
COVID-19 infection itself. A large study in Israel found COVID-19 is
associated with an increased risk of myocarditis (11 events per
100,000 cases; 95% CI 3.95–25.12) compared to mRNA vaccination
(2.7 events per 100,000 people; 95% CI 1.55–12.44).107 Emerging
data from the USA also suggest that patients with COVID-19 are 16
times more likely to develop myocarditis compared to those not
diagnosed with COVID-19, with a disproportionate incidence in
males and those <16 years old.108 In the USA, hospital-based
myocarditis has risen over 40% in 2020 alone,108 presenting
serious implications for the long-term health and wellbeing of at-
risk children.
Covilo82 and CoronaVac81 vaccines have also shown to be well

tolerated in children aged 3–17 years, with one case of systemic
acute allergic reaction (later diagnosed with food allergy) reported
for Covilo82 and one case of pneumonia reported for CoronaVac.81

Both systemic adverse reactions were considered unrelated to
vaccination. Currently, no additional severe adverse reactions have
been reported; however, community surveillance outside of China
has been limited to date. AstraZeneca’s ‘Vaxzevria’ Phase 3 trials in

Youngest child age group

16–17 years

12–15 years

5–11 years

< 5 years

Fig. 1 Global COVID-19 vaccination programmes in children. World map showing where COVID-19 vaccines have been approved and/or
used in national rollout programmes in children 3–17 years of age (as of April 2022).
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Fig. 2 Indirect effects of the COVID-19 pandemic on children.
Social and health determinants of COVID-19 in children—altering
any of education, health, home-life or access to the community is
likely to impact one or more developmental areas whether social,
behavioural, emotional or otherwise.
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children (6–17 years) ceased recruiting on the potential of a higher
risk of thrombosis and thrombocytopenia syndrome. Trials are
continuing for those 16 years and older,109 and current
recommendations for use are for those >18 years only.110 Careful
surveillance for safety signals following COVID-19 vaccination in
children will be critical to ensure public confidence in the vaccines
themselves as well as to ensure we adequately protect children.

CONCLUSION
The international landscape of the COVID-19 pandemic is rapidly
changing. As the proportion of SARS-CoV-2 infections in children
and adolescents rises globally, an increasing argument to prioritise
childhood vaccination can be made to prevent direct and indirect
consequences of COVID-19 disease including complications from
severe disease, debilitating long-COVID symptoms, and the
indirect impacts of prolonged community and school closures
on childhood education, social and behavioural development. It is
important for policymakers to consider the safety concerns of
COVID-19 vaccines in young children to guide their use as
communities re-open. Moreover, ensuring equitable vaccine
supply to LMICs will be critical to prevent severe disease and
death in high-risk child and adult populations.

Research gaps
Significant progress has been made in our understanding of how
COVID-19 has affected children and their role in the pandemic
over the past 2 years. However, considerable gaps in our
knowledge remain where research should be prioritised. This
includes a better grasp of why children are less susceptible to
severe disease and the immunological characteristics that may
underpin this. Moreover, we are only beginning to understand the
indirect effects of the pandemic and how this may have affected
their mental health as well as their educational progress. Greater
precision around long-COVID diagnoses in children is also urgently
needed. Finally, the safety and efficacy of COVID-19 vaccines in
children, particularly those 5–11 years of age (and younger), will
need to be investigated in detail given their relatively low risk of
developing severe COVID-19 disease in these age groups.
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