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SUMMARY

Children have been disproportionately affected by the COVID-19 pandemic. Despite evidence of a very low
risk of severe disease, children were subjected to extensive lockdown, restriction and mitigation measures,
including school closures, to control the rapid spread of SARS-CoV-2 in most parts of the world. In this
review we summarise the UK experience of COVID-19 in children four years into the largest and longest
pandemic of this century. We address the risks of SARS-CoV-2 infection, immunity, transmission, severity
and outcomes in children. We also assess the implementation, uptake, effectiveness and impact of COVID-
19 vaccination, as well as the emergence, evolution and near disappearance of PIMS-TS (paediatric in-
flammatory multisystem syndrome temporally associated with SARS-CoV-2) and current understanding of
long COVID in children. This review consolidates current knowledge on childhood COVID-19 and empha-
sises the importance of continued research and the need for research-driven public health actions and
policy decisions, especially in the context of new variants and future vaccines.

© 2024 The Authors. Published by Elsevier Ltd on behalf of The British Infection Association. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

December 31, 2023, will mark the fourth anniversary of the start
of the coronavirus disease 2019 (COVID-19) pandemic when the
World Health Organisation (WHO) was first informed of a cluster of
cases of pneumonia of unknown cause detected in Wuhan City,
Hubei Province, China. The responsible agent was subsequently
identified as a novel coronavirus on January 9, 2020 and formally
named as SARS-CoV-2 in February 2020. Coronaviruses are a large
family of related viruses that typically cause mild respiratory disease
in animals and humans. Rare outbreaks of related coronaviruses,
such as Middle East respiratory syndrome (MERS) and severe acute
respiratory syndrome (SARS), have been associated with more se-
vere disease but these were rapidly brought under control by ef-
fective public health measures.! In contrast, the high transmission
rate and rapid international spread of SARS-CoV-2 was un-
precedented, leading the WHO to declare the COVID-19 outbreak a
global pandemic on March 11, 2020.

In England, the first cases of SARS-CoV-2 were confirmed on
January 31,2020 and the first paediatric cases on February 29, 2020.”

* Correspondence to: UKHSA, 61 Colindale Avenue, London NW9 5EQ, UK.
E-mail address: annabel.powell@ukhsa.gov.uk (A.A. Powell).
T See sKIDs Investigation team members in Appendix.
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By early March 2020, it was evident that the early containment
measures were unsuccessful in controlling the spread of SARS-CoV-2
in the UK, leading the Prime Minister to declare the first national
lockdown on March 23, 2020, including school closures. Despite very
limited evidence, however, children were disproportionally affected
by the lockdowns, restrictions and mitigations imposed national
institutions to control the pandemic. In many parts of the world,
children endured extraordinary periods of isolation and exclusion
from school, which not only disrupted their education, but also
impacted their physical and mental well-being, as well as access to
social services, school immunisations and school meals, with the
most deprived being disproportionately affected, likely leading to
wider inequity gaps in the long-term. These effects have been dis-
cussed in detail by others.™® In this review, we summarise the
current evidence on (i) the risk of infection, immunity, transmission
and severity (ii) implementation, uptake and impact of COVID-19
vaccination, (iii) the emergence, evolution and near disappearance of
PIMS-TS (Paediatric inflammatory multisystem syndrome tempo-
rally associated with SARS-CoV-2, also known as MIS-C, multisystem
inflammatory syndrome in children), and (iv) the risks of long COVID
in children during the first four years of the pandemic. Unlike many
other countries, children of all ages in the UK have remained largely
in school after the first pandemic year, with only short periods of
school closures during March-May 2020, January-March 2021. The
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decision to close schools early in the pandemic was based largely on
experiences with previous influenza pandemics and modelling stu-
dies identifying children as major drivers of infection and trans-
mission of respiratory viruses,® alongside the uncertain role of
children in SARS-CoV-2 transmission.”

Children and SARS-CoV-2 infection

Early in the pandemic, children were considered to be at lower
risk of SARS-CoV-2 infection than adults, based mainly on data from
PCR-testing of symptomatic individuals in healthcare and household
contact settings.”’ In England, too, children accounted for only a
small proportion of PCR-confirmed cases during the first pandemic
wave, when testing for the virus was limited to healthcare settings.”
With increasing availability and widespread use of SARS-CoV-2 PCR-
and antigen-testing, high rates of asymptomatic and mild, transient
infections were identified in children.*° The true burden of child-
hood SARS-CoV-2 infection at a population level, however, could
only be determined using serological tests to measure past ex-
posure.'° During the first pandemic wave, our first study measured
serum SARS-CoV-2 nucleocapsid antibodies in children of healthcare
workers in five UK cities during April-May 2020,"" followed by
primary school students and staff in 45 English schools in June
2020." We found that SARS-CoV-2 nucleocapsid antibody ser-
oprevalence (a marker of SARS-CoV-2 infection) was similar in
children and adults, indicating that children were as likely to be
infected as adults, but were more likely to remain asymptomatic.

Higher infection rates reported in school-aged children com-
pared to adults when the alpha variant emerged in November 2020
could be explained by adults being in various stages of local and
national lockdown, whilst children continued to attend school.”
With the emergence of the delta variant and the first cases identified
in the UK in March 2021, infection rates in children increased rapidly
alongside adult infection rates, mainly after national lockdown re-
strictions were eased for adults in May 2021."° The subsequent
emergence of the Omicron variant in November 2021, which evaded
both natural and vaccine-induced immunity, was associated with
very high infection rates across all age groups, including young
children who were the least infected age-group at the time.'* Our
outbreak, longitudinal and cross-sectional studies in educational
settings during the first two years of the pandemic consistently
demonstrated that SARS-CoV-2 infection rates in educational set-
tings generally reflected local community infection rates, indicating
that educational settings were not hubs of community infection.

Cross-sectional community seroprevalence work in 0-18-year-
olds undertaken in seven English regions between October 2019 and
June 2021 showed adjusted seroprevalence rising from 0% to 5% after
the first wave (June-August 2020), to 18% after the second wave
(January-March 2021) and 20% by April-June 2021."° Seroprevalence
ranged from 14% in 0-4-year-olds to 33% in 15-18-year-olds. In
educational settings, our initial seroprevalence work led to the de-
velopment and validation of an oral fluid assay for SARS-CoV-2 nu-
cleocapsid and spike protein antibodies,'® which was subsequently
used to estimate regional and national seroprevalence in school-
aged children in England. We found that, by December 2021, prior to
the emergence of Omicron, 40% of primary school-aged students
(5-11 year-olds) had SARS-CoV-2 antibodies through prior exposure
and 82% of secondary school-aged children (12-18 year-olds) had
antibodies through a combination of prior exposure and, around half
the adolescents sampled, COVID-19 vaccination.'” By February 2020,
the large surge in Omicron infections, which peaked in January 2022,
resulted in seroprevalence increasing to 62% for primary school-aged
children and 97% for secondary school-aged children, and then to
82% and 99%, respectively, by March 2022.'8

These findings are consistent with national seroprevalence esti-
mates using residual clinical blood samples from hospitalised
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children. During November-December 2021, seropositivity rates
were 37% in 1-4-year-olds, 54% in 5-11-year-olds, 78% in 12-15-
year-olds and 87% in 16-17-year-olds. By September 2022, ser-
oprevalence had increased to 93%, 98%, 99% and 99%, respectively.'”
Notably, despite large differences in mitigation measures and vari-
able vaccination rates in the United States, nucleocapsid antibody
seroprevalence (indicating prior SARS-CoV-2 exposure irrespective
of vaccination status) by February 2022 was 75% in 0-11-year-olds
and 74% in 12-17-year-olds, with one-third of the children becoming
newly seropositive since December 2021.>°

In summary these data indicate that the emergence of Omicron
marked a watershed moment in the pandemic, resulting in most
children becoming infected with SARS-CoV-2, irrespective of vacci-
nations or mitigations. By mid-2022, nearly all children had ex-
perienced one or more natural SARS-CoV-2 infections.

COVID-19 transmission

Early on in the pandemic, although it appeared children were at a
lower risk of infection, their role in transmission was unclear. Due to
lockdowns and children living at home, the majority of the early
studies assessing transmission were in household investigations
which reported that children were less susceptible to SARS-CoV-2
infection or transmission than adults.”’ In England, prospective
follow up of 126 cases in children aged <19 years reported to PHE
during March-November 2020 and their 248 contacts found a sec-
ondary attack rate of 33% when utilising both PCR-testing and SARS-
CoV-2 antibody testing to diagnose current or past infection, re-
spectively, with the lowest secondary attack rates among contacts
aged 0-10 years (16%).”? Children had fewer symptoms overall, and
the risk of the primary case transmitting to other household contacts
was lower in those without respiratory or systemic symptoms. A
subsequent meta-analysis of studies that only utilised PCR-testing
for confirmation of SARS-CoV-2 infection estimated a secondary
attack rate of 17%.%°. In educational settings, PHE also initiated en-
hanced surveillance after the partial re-opening of schools in June
2020. Most cases linked to outbreaks occurred among staff members
only (73%), with staff-to-staff transmission being the most common
mode of infection spread.”® The risk of infection for students and
staff during the summer term was low overall but regional com-
munity incidence was found to be strongly associated with the
number of outbreaks in educational settings, thus acknowledging
that higher community infection rates increased the chances of
seeding events into educational settings. A systematic review and
meta-analysis published in 2021 found that children had lower odds
of infection in educational settings compared to household and
community clusters (OR = 0.53, 95% CI; 0.38-0.75).” This is con-
sistent with a later meta-analyses which found a pooled secondary
attack rate when the index case was a child was lower in educational
settings compared to household studies (p = 0.002).>° These ob-
servations could be due to a variety of reasons including effective
infection control measures in place in educational settings compared
to schools thereby reducing the risk of transmission, or the type of
contact within settings, with prolonged and closer contact expected
in households, thus increasing the risk of transmission in these
settings.”® Additionally, during 2020 and 2021, children with con-
firmed SARS-CoV-2 infection were excluded from school and,
therefore, would spend more time at home, thus potentially in-
creasing the risk of infection for household contacts. With the
emergence of the highly transmissible Delta and Omicron variants,
there have been fewer studies assessing risk of transmission in
children. One study conducted in Japan found that, compared with
earlier strains, transmission in children was 3-4 times higher with
the delta variant, and 8-10 times higher with the Omicron variant.”®

Most studies on vaccine effects on SARS-CoV-2 transmission have
been conducted in adults. In England, COVID-19 vaccine
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effectiveness was assessed against onward transmission from an
adult index case infected with the Alpha variant, and Delta variant to
their household contacts.?” After two doses on BNT162b2 this was
found to be 57% (Crl: 2-85) and 36% (Crl: -1 to 66) respectively.
Another study found no difference in the secondary attack rate for
household contacts exposed to vaccinated vs unvaccinated index
cases (25% [95% CI: 15-35] vs 23% [15-31]).?® They also found peak
viral load increase to be associated with increasing age. A contact
tracing study in Belgian from 2021 to 2022 showed comparatively
higher estimates of vaccine effectiveness against transmission fol-
lowing two doses of BNT162b2, likely due to not restricting to
household contacts only, although showed a significant decrease in
protection against Omicron (31% [95% CI: 25-37]) than Alpha (96%
[95% CI 95-97]) and Delta (87% (95% CI 84-88)).°

In children a cohort study in schools and childcare settings
during September-December 2021 in Australia found that secondary
cases were 4 times more likely to occur after Delta and Omicron
infections compared with previous strains.’’ Vaccination, either in
the index case or the contact, reduced secondary transmission more
compared to no vaccination for the Delta variant, but had less of an
impact on transmissions with the Omicron variant.>° Where the
index case was unvaccinated and the contact was vaccinated, the
secondary attack rate was 0.7 (0.3-1.4) during the Delta period, but
5.1 (2.7-8.5) during the Omicron period.

Severe COVID-19 and hospitalisations

In adults, hospitalisation with a positive SARS-CoV-2 test pro-
vided a useful proxy to assess the risk of severe COVID-19 and the
impact of vaccination early in the pandemic.’' In children, however,
the vast majority of SARS-CoV-2 infections were asymptomatic or
mild. Since all children were until recently routinely PCR-tested for
SARS-CoV-2 when attending healthcare settings, irrespective of their
presenting complaint, hospitalisation with a positive SARS-CoV-2
PCR-test was not a useful indicator for severe COVID-19 in chil-
dren.>?** In south London, for example, between December 1, 2020
and January 31, 2022, of the 147 children hospitalised with a positive
SARS-CoV-2 PCR test, only 10% (n = 15) had severe COVID-19 pre-
senting as pneumonitis, with most hospitalisations for severe
COVID-19 occurring during the alpha variant wave (10/15, 67%), af-
fecting older children aged 12-18 years (9/15, 60%) and those with
comorbidities (11/15, including 8 with immunosuppression).*” In a
further 33% (49/147), of children hospitalised with a positive SARS-
CoV-2 test, SARS-CoV-2 likely contributed to hospitalisation, how-
ever clinical presentations were typical of other childhood viral ill-
nesses (including fever without a focus in infants, acute asthma
exacerbation and febrile convulsion) while, in the remaining 57%
(83/147), SARS-CoV-2 infection was incidental in children hospita-
lised for other non-infectious medical conditions.*”

The emergence of the Omicron variant was associated with very
high infection rates across all age groups, especially young children
who were the last uninfected and unvaccinated age-group at the
time. During this period, hospitalisations in children with a positive
SARS-CoV-2 test also increased, although a substantial proportion of
cases had incidental infection.>” In South Africa, for example, when
the Omicron variant first emerged during October-December 2021,
462/6287 (7%) of those aged 19 years or younger were hospitalised
with a positive SARS-CoV-2 test. However, of those with available
medical records, less than half (61/138, 44%) had a primary diagnosis
of COVID-19 and their median hospital stay was only 2 days (IQR,
1-3 days).>* In the UK, there were reports of infants under 1 year of
age being disproportionally affected with Omicron compared to
previous variants but further review found that most infants hos-
pitalised with Omicron were less sick, required less support and
were discharged earlier than infants hospitalised with previous
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variants.®® The pattern of illness observed with Omicron in infants
and young children is consistent with other common respiratory
viruses, that typically cause upper respiratory infections in young
children. Other recent studies also report a lower risk of severe
disease with Omicron, which disproportionately affected younger
children but with a shorter hospitalisation stay, fewer intensive care
admissions and more favourable outcomes.*®

A recent comprehensive analysis using multiple national data-
bases of childhood hospitalisations in England during July 2020 to
February 2022 identified 3.2 million children with recorded first
SARS-CoV-2 infection including 29,230 (0.9%) SARS-CoV-2 asso-
ciated hospital admissions, of which SARS-CoV-2 was the cause or a
contributory factor for hospitalisation in 21,000 (71.8%).>” The au-
thors used broader definitions of SARS-CoV-2 suspected involve-
ment, which likely explains the higher contribution of SARS-CoV-2
to hospitalised cases compared to other studies, and were only able
to link to confirmed cases of COVID-19 despite nearly all children
having been exposed to the virus during the study period (~12
million estimated vs 3 million confirmed). Those who were hospi-
talised primarily due to SARS-CoV-2 infection had the lowest disease
severity compared to other groups and, reassuringly, 25% of children
were hospitalised for one day, and 50% for two days or less, in-
dicating that, for the majority of children, their disease was incon-
sistent with the course of severe disease in adults and children,
along with the very low requirement for intensive care admission
(n = 1710; 5.9% of 29,230 SARS-CoV-2 associated admissions, 0.05%
of 3.2 million children with confirmed infections and 0.01% of ~12
million children in England). These findings provide further re-
assurance of a very low risk of severe COVID-19 in children, irre-
spective of underlying conditions or COVID-19 vaccination status. It
is also important to note that these data are limited to the first two
pandemic years. This is important because, even in this study, al-
though the number of infections were highest during Omicron,
SARS-CoV-2 associated hospitalisation rates declined during the
Delta and Omicron periods compared to the original wild type and
alpha variant waves, as did the proportion requiring ICU care.

Notably, a study comparing SARS-CoV-2 infection in children
during more recent periods when other respiratory viruses were also
circulating in Colorado, United States, found that the majority of
hospitalisations were due to RSV in children aged < 4 years, with RSV
cases more likely to require oxygen support, longer hospital stay and
higher risk of pneumonia and bronchitis than SARS-CoV-2 or influ-
enza. Comparatively COVID-19 cases were more likely to require
invasive mechanical ventilation and influenza carried the greatest
risk of ICU admission.*®

In England, UKHSA has been regularly reporting on hospitalisa-
tions in different age-groups using the Severe Acute Respiratory
Infection (SARI) surveillance system, which was established in 2020
to report the number of laboratory-confirmed influenza and COVID-
19 cases admitted to hospital and critical care units in National
Health Service (NHS) hospitals across England (Fig. 1). Childhood
hospitalisation rates reported through SARI typically follow com-
munity infection rates, with increased hospitalisations during peak
periods of community infection with the different SARS-CoV-2 var-
iants, but with hospitalisations rates substantially below adult rates.
Notably, since the first Omicron peak in January 2022, there were six
other infection peaks due to Omicron variants until June 2023,
children aged 5-14 years had the lowest hospitalisation rates com-
pared to all other age-groups whereas hospitalisation rates for 0-4-
year-olds were higher than for younger adults for the first time in
the pandemic. This is consistent with other upper-respiratory tract
infections and a higher rate of infection for this age group than
previous waves, additionally younger adults who were already at a
lower risk of severe disease were protected through vaccination and
infection.® Although the completeness of reporting through SARI is
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Fig. 1. COVID-19 hospitalisation rates by age-group and week using UKHSA SARI-watch surveillance data in children and adults (excluding older adults), England 2020-2023.

difficult to ascertain, which may limit comparison with other hos-
pitalisation data, the observed trends over time would be expected
to remain comparable across variant waves.

Overall, childhood risk of hospitalisation for severe COVID-19 has
always remained very low, and the length of hospital stays are for
most children was two days or less, highlighting low disease se-
verity. Additionally, and reassuringly, the risk of hospitalisation was
lower with the Omicron variant compared to earlier SARS-CoV-2
variants. Importantly, the risk of hospitalisation was found to be
higher amongst certain groups, including infants, children with
underlying health conditions, and children living in areas with
higher levels of deprivation highlighting the need to appropriately
focus interventions.

COVID-19 deaths and infection-fatality rates

As part of enhanced national surveillance during 2020-21, we
followed up all fatal cases within 100 days of confirmed SARS-CoV-2
infection in England and found that 81/185 (44%) deaths were due to
COVID-19; of these, 61 (75.3%) had an underlying condition, most
commonly severe neurodisability (n=27) and other im-
munocompromising conditions (n=12) (Fig. 2).“° In our analysis
until the end of 2021, SARS-CoV-2 was responsible for 1.2% (81/
6790) of all childhood deaths. The estimated infection fatality rate
using modelled national SARS-Cov-2 infection rates was 0.70/
100,000 SARS-CoV-2 infections in <20-year-olds and a mortality
rate of 0.61/100,000. In Germany, the estimated case fatality rate
until May 2021 was 0.9/100,000 children based on a total of 14
paediatric COVID-19 fatalities.*! Our on-going analysis found that,
despite a large number of Omicron infections in children, the in-
fection fatality rate during the Omicron wave was substantially
lower than previous variant waves at 0.2/100,000 cases compared to
0.7/100,000 during March 2020 to December 2021.*” As in previous
waves, the majority of COVID-19 fatalities were in children with
severe underlying comorbidities.

In the German study, the case fatality rate in children without
comorbidities was 0.3 per 100,000, with no deaths due to COVID-19
reported in children older than five years.”> Additionally, a recent

systematic review found that the risk of death due to COVID-19 in-
creased with increasing number of comorbidities compared to
children with no comorbidities.** While all comorbidities assessed
in the systematic review were associated with an increased risk of
death except asthma, those with neurological and cardiac co-
morbidities had the greatest increase in odds of severe disease and
death. Together, these studies demonstrate a much higher risk of
severe disease and death in children with underlying conditions
compared to healthy children, highlighting a need for targeted
public health action for clinically vulnerable children.

COVID-19 vaccines for Children

In the UK, vaccination against COVID-19 began in December
2020, prioritising those at the highest risk of severe disease and
death, namely older adults and those with underlying at-risk con-
ditions. Uniquely, the UK implemented an extended 12-week in-
terval rather than the authorised 3-week interval for the two-dose
vaccine schedule to expedite the number of people receiving the first
dose.” The UK was also unique in offering the vaccine to children
aged 12-15 years with severe neurodisabilities in January 2021,
despite not being tested or authorised in this age-group, because of
their high risk of severe and fatal COVID-19.”° In this cohort of
children, we showed that both mRNA and adenovirus-based vac-
cines were immunogenic, although vaccine uptake has remained
very low in this high-risk age-group.”’*

Countries such as the United States and Israel rapidly im-
plemented COVID-19 vaccination for children as soon as the vaccines
became authorised for the respective childhood age groups.’® In
contrast, the UK opted for a more cautious approach.”® Early con-
cerns about mRNA vaccine-associated myocarditis, mainly after the
second vaccine dose in adolescent and young adult males, led the UK
scientific committee (the Joint Committee on Vaccination and Im-
munisation, JCVI) to recommend a single dose in the first instance
for 16-17-year-olds in August 2021 and, in September 2021, re-
commended against vaccination for 12-15-year-olds because of
their very low risk of severe COVID-19.°" This decision was, however,
based primarily on a health perspective and, in order to evaluate the
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wider national context, which was outside of the remit of the JCVI,
ministers were recommended to seek the advice of the Chief Med-
ical Officers, who recommended vaccination with the aim of “pro-
tecting young people from catching COVID-19, reducing transmission in
schools and keeping pupils in the classroom”.>

A second dose of mRNA vaccine for 16-17-year-olds was subse-
quently recommended by the JCVI in November 2021, and later, in
12-15-year-olds, when there was greater certainty in the data re-
garding the risk-benefits of vaccination, as well as emerging data on
rapidly waning protection offered by the first dose against
Omicron.”*>*

A lower-dose (10 mcg) mRNA COVID-19 vaccine for 5-11-year-
olds was licensed in December 2021 and, in the UK, was initially
offered to high-risk children and those with an at-risk family
member.”® In February 2022, this offer was extended to all 5-11
year-olds.”® Subsequently, children who turned five on or after
September 1, 2022 are currently only eligible for vaccination if they
are in a clinical risk-group. In April 2023, vaccine eligibility was
extended to younger children aged 6 months to 4 years who were in
a clinical risk group.”” In England, by the end of 2022, two-dose
COVID-19 vaccine uptake was 63% in 16-17-year-olds, 49% in 12-15-
year-olds and 11% in 5-11-year-olds.’® By comparison, vaccine up-
take in Israel was 65% in 12-15-year-olds and 25% for 5-11-year-olds
and, in the US by October 2022, was 71% for 12-17-year-olds and 39%
for 5-11-year-olds.””>®

Overall, in light of high levels of population immunity and low
disease severity with Omicron and its subvariants, in November
2022, the JCVI advised the targeting of future COVID-19 vaccine
programmes to high-risk groups only, namely older adults and those
in a clinical risk group, and moving away from vaccinating healthy
children and adults aged <50 years.”®

Myocarditis

The rollout of mRNA COVID-19 vaccines was associated with an
increase in reports of acute myocarditis, predominantly in adoles-
cent and young adult males.®° Published studies continue to report
an increased risk of myocarditis after mRNA vaccination in males
aged 12-39-years, especially young adults aged 18-29 years.°' In
5-11-year-olds, post-implementation studies reported a much lower
risk of post-vaccination myocarditis, potentially because of the lower
dose in mRNA vaccines for this age group.®” Using the Vaccine Ad-
verse Event Reporting System (VAERS), the US Centre for Disease
Control and Prevention (CDC) calculated the rates of myocarditis per
1 million doses to be 2.6 for 5-11-year-olds, 46.4 for 12-15-year-olds
and 75.9 for 16-17-year-olds.®> Myocarditis risk was higher in males
and after both doses, with higher risks associated with the second
mRNA dose; the risk was also higher with the mRNA-1272 (Spikevax,
Moderna) vaccine than the BNT-162b2 (Cominarty®, Pfizer) vaccine,
possibly because of a higher antigen content in the former.®*

Initial studies with short follow-up reported favourable out-
comes of mRNA vaccine-induced myocarditis. An early study by the
CDC found that 87% (577/661) of hospitalised cases had resolved
presenting symptoms by hospital discharge. More recent studies
with longer follow-up, however, have raised potential long-term
complications in a proportion of patients. In Victoria, Australia, 75
cases of vaccine-induced myocarditis (8.3/100,000 doses), pre-
dominately in males (n=62, 82.7%) and after dose two (n=61,
81.3%).°> The highest risk was in 16-17-year-olds, and the most
common presenting symptoms were chest pain, dyspnoea and pal-
pitations. Females were more likely to have ongoing clinical symp-
toms at 1-month follow up (p=0.02). Cardiac MRI abnormalities
were identified in 91.7% (31/36) of those who were investigated. In
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Canada, follow-up of 20 consecutive patients (median age 23 years,
85% male) with acute myocarditis within 10 days of mRNA vacci-
nation, 18 (90%) had persistence of abnormal late gadolinium en-
hancement (LGE) consistent with fibrosis, although none of the
patients experienced major clinical outcomes which was defined as
“defined as cardiac hospitalisation, new-onset heart failure requiring
diuretic use, atrial fibrillation, or ventricular arrhythmia.”®® The au-
thors concluded that patients with COVID-19 mRNA vaccine-asso-
ciated myocarditis showed rapid improvements in cardiac oedema,
contractile function and global LGE burden after 3 months, but re-
gional fibrosis following oedema resolution was commonly ob-
served, justifying a need for ongoing surveillance. In a US CDC-
funded study, data were collected between Aug 24, 2021 and Jan 12,
2021 for 519 patients who were > 90 days post-myocarditis onset.®’
Of these, 320/393 (81%) were reported by their healthcare provider
to have recovered although, at the last follow-up, 104 (26%) were
prescribed daily medication related to myocarditis. Additionally, 49/
249 (20%) of individuals who completed a quality-of-life ques-
tionnaire reported problems with performing usual activities, 74
(30%) reported pain and 114 (46%) reported depression. Most pa-
tients had improvements in cardiac investigations at follow-up, in-
cluding normal or back-to-baseline troponin concentrations (181/
200, 91%), echocardiograms (262/279, 94%), ECG (24/311, 77%), ex-
ercise stress testing (94/104, 90%, and ambulatory rhythm tests (86/
96, 90%). Cardiac MRI identified an abnormality in 81/151 (54%)
patients, with 20/151 (13%) having evidence of ongoing myocarditis
at follow-up suggested by presence of both LGE and oedema on
cardiac MRI. At follow-up, nearly one third of patients (32%, 125/393)
has still not been cleared for all physical activity. It is important also
to emphasise that published studies focus on adolescents and young
adults with symptoms severe enough to seek medical help and that
there are no data on the risk or outcomes of less severe vaccine-
induced myocardial events in those with no or mild symptoms after
vaccination. Finally, a systematic review published in June 2022
found 62 studies, including 218 cases of COVID-19 vaccine-asso-
ciated myocarditis.°® The authors reported that troponin levels were
consistently elevated in 98.6% of patients and ECG at admission was
abnormal in 88.5% of cases. Most patients (92.6%) recovered, but
three patients died.

Whether the risk of myocarditis is higher after SARS-Cov-2 in-
fection or after COVID-19 vaccination has proved difficult to estab-
lish with any certainty because of inherent biases in the published
observational studies.®® A 2022 systematic review concluded that
there was a 7-fold higher risk of myocarditis after confirmed SARS-
CoV-2 infection than COVID-19 vaccination.®® By comparing myo-
carditis rates in vaccinated persons (where the date of vaccination is
known for all vaccinated persons) against confirmed SARS-CoV-2
infection, the risks will be grossly overestimated because the latter
will not include those with asymptomatic or mild infection who
won't be tested for SARS-CoV-2 or those who choose not to test for
the virus. Importantly, too, in a more recent UK study the risk of
vaccine-induced myocarditis in 16-39 year-olds was lower in those
vaccinated with a second or a booster dose of mRNA vaccine after
prior infection than in infection-naive individuals.”” Given the vast
majority of the population have now been infected, vaccinated or
both, it is likely that myocarditis rates after either infection or vac-
cination will decline but it will be important to monitor this, espe-
cially in the context of new SARS-CoV-2 variants and variant
vaccines.

COVID-19 vaccine effectiveness

In England, UKHSA has undertaken regular vaccine effectiveness
studies since the first COVID-19 vaccines were implemented. The
primary aim of the COVID-19 vaccination programme was to prevent
severe disease, hospitalisations and death but the vaccine
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fortuitously also helped protect against infection and transmission
during the alpha and delta periods.”' The emergence of Omicron
BA.1 in November 2021, however, was associated with high rates of
infection, transmission and disease in both previously-infected and
previously-vaccinated individuals. Protection against severe disease,
hospitalisation and death however, which has been attributed to the
cellular immunity provided by COVID-19 vaccines, remained high.”?

In adolescents, we observed very short-term vaccine protection
against symptomatic infection with Omicron variants in 12-17 year-
olds, with vaccine effectiveness falling to 23% by 70 days after the
second COVID-19 mRNA vaccine dose (Fig. 3).”> We also compared
protection against symptomatic infection in adolescents after mRNA
vaccination or previous SARS-CoV-2 infection in adolescents in a
large, national test-negative case-control study up to the end of
March 2022, when the UK stopped universal community testing for
SARS-CoV-2.”* We found that prior infection provided enhanced
protection against subsequent infection with Omicron (59%; 95% CI
47-69), higher than vaccination alone (30%, 95% CI 25-34) at 15-24
weeks after dose two. The combination of previous infection and
vaccination provided the highest protection, irrespective of primary
infecting SARS-CoV-2 variant, at the same interval of 15-24 weeks
after dose two: 76%, (95% CI 66-82) after prior delta infection and
64% (95% Cl 52-73) after prior alpha infection.”* (Table 1) The
highest protection against symptomatic Omicron infection was ob-
served in those with Omicron infection after vaccination, reaching
96.4% (95% CI, 84.4-99.1%) at 15-24 weeks after two doses. This is
consistent with studies in adults and in laboratory studies showing
that hybrid immunity provides the most robust protection against
symptomatic infection.””~"”

In 5-11 year-olds, a recent US study found that two doses of BNT-
162b2 was effective against SARS-CoV-2 infection, with higher ef-
fectiveness against Delta than against Omicron but, as in adults,
protection waned within a few weeks.”® (Table 1) In previously-
uninfected children, vaccine effectiveness reached 63.2% (95% CI,
61.0-65.2) at 4 weeks after the first dose but decreased to 15.5% (95%
Cl, 8.1-22.8%) at 16 weeks. This compares with 69.6% (95% ClI,
57.4-78.3%) and 22.4% (95% CI, 13.0-30.8), respectively, in pre-
viously-infected children. Notably, the effectiveness of omicron in-
fection against reinfection with omicron was 90.7% (95% CI,
89.2-92.0%) at 2 months and 62.9% (95% CI, 58.8-66.6) at 4 months
in unvaccinated children compared to 94.3% (95% CI, 91.6 to 96.1)
and 79.4% (95% CI, 73.8 to 83.8), respectively in vaccinated
children.”®

Since hospitalisations for severe COVID-19 are rare in children,
assessing the impact of COVID-19 vaccination in reducing childhood
hospitalisations has been challenging, especially because of the
difficulties in distinguishing incidental infections from severe
COVID-19 in hospitalised children. Several studies have, however,
reported significant reductions in the risk of hospitalisation in vac-
cinated compared to unvaccinated children. In the US, among 12-18
year-olds during the Omicron period, vaccine effectiveness was 40%
(95% CI, 9-60%) against hospitalisation for COVID-19, being 79% (95%
Cl, 51-91%) against critical COVID-19 compared to 20% (95% CI, -25
to 49%) against noncritical COVID-19.”° Over the same period, vac-
cine effectiveness against hospitalisation in 5-11 year-olds was 68%
(95% CI, 42-82%).”° In Italy, vaccine effectiveness against severe
Omicron infection, defined as hospitalisation or death, was 41% in
5-11 year-olds.?° This Italian study, however, highlighted the very
low risk of severe COVID-19 in children irrespective of prior infection
or vaccination status in 5-11 year-olds, with an estimated hospita-
lisation risk of 84/100,000 infections, ICU admission of 2/100,000
infections and infection fatality risk of 0.3/100,000 infections.?’ Si-
milar very low risks have been reported in the US and Qatar.®*%> One
US study calculated a risk of 19.1 hospitalisations per 100,000 in-
fections in unvaccinated compared to 9.2 hospitalisations per
100,000 infections among vaccinated 5-11-year-olds during
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December 2021 to February 2022, when Omicron was pre-
dominant.** Recently, a Canadian study involving 62 hospitalised
and 27,674 non-hospitalised SARS-CoV-2 cases found that two
mRNA vaccine doses resulted in an 85% (aOR=0.15; 95% CI%,
0.04-0.53) lower likelihood of hospitalisation in 12-17 year-olds,
and a 79% (aOR=0.21; 95%Cl, 0.03-0.77) lower likelihood of hospi-
talisation after one dose in 4-11 year-olds.®> With regards to the
effects of prior infection, a US study reported that prior Omicron
infection provided 98% (95%Cl, 53-100%) protection against hospi-
talisation compared to 76% (95% CI, 28-92) after two BNT162b2
doses over the same time period.”®

In summary, published studies report a very low risk of COVID-19
hospitalisations in children irrespective of SARS-CoV-2 variant and,
among previously uninfected children, COVID-19 vaccination helped
protect against their very low risk of hospitalisation. At the same
time, prior infection especially with Omicron, also protected against
hospitalisation with subsequent reinfection. Interestingly, the con-
clusions drawn from these studies have varied in different countries.
Some countries such as the US, Italy and Israel have continued to
recommend regular COVID-19 vaccine boosters for children because
of the rapid decline in protection against infection.*®”%%% A recent
study from Singapore reported 94% (95%Cl, 86-97) protection
against hospitalisation after one booster dose, remaining above 80%
> 60 days later, suggesting that booster may provide longer protec-
tion that primary vaccination in children, but this needs to be

nce vaccine (days

h symptomatic, PCR-confirmed COVID-19. Graph taken from Powell et al., 2022.

confirmed in other studies.®” On the other hand, other countries,
such as the UK and Qatar, have concluded that current evidence
“suggest the need to reconsider the value and strategies of vacci-
nating healthy children in the Omicron era with the use of currently
available vaccines,””® and that “these data question the need for
additional boosters vaccine doses for adolescents with already high
protection against SARS-CoV-2 infection.””*#> In the UK, the priority
for vaccinating against COVID-19 has always been to prevent severe
disease, hospitalisation and death, which is rare in children. This, in
addition to the fact that since nearly all children have now already
been infected with SARS-CoV-2,'® which in and of itself will help
protect against reinfection and severe disease, has led the UK to
recommend against further COVID-19 vaccination for healthy per-
sons under the age of 50 years.’®

Ongoing surveillance of hospitalised cases, however, remains
critical, with the emergence of newer variants, especially in young
children who have never been offered COVID-19 vaccination in
countries such as the UK. Given that most children hospitalised with
severe COVID-19 had significant underlying conditions across the
different SARS-CoV-2 variant waves,’” further studies are needed to
describe changing characteristics of hospitalised children in popu-
lations with high immunity through prior infection and vaccina-
tion,’® especially in the context of co-circulating respiratory
viruses,*® so that effective interventions can be implemented to
protected those who remain most at risk of severe COVID-19.
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Immune responses after SARS-CoV-2 infection

Prior to the pandemic, coronavirus infections were estimated to
be responsible for around 7% of respiratory tract infections in hos-
pitalised children annually.®®-°? Coronaviruses generally cause mild
disease, but rare outbreaks of more severe disease have been re-
ported, as in the case of SARS (Severe acute respiratory syndrome)
and MERS (Middle East respiratory syndrome)."”* Despite this dis-
ease burden, comparatively little research attention was given to the
natural dynamics of immune responses to coronavirus infections.
Exposure to coronavirus was known to produce relatively weak
antibody responses in children, with IgG responses progressively
accumulating during childhood through repeated rounds of re-
infection, thus suggesting that coronaviruses are relatively poorly
immunogenic in children.’* However, studies assessing cellular im-
munity to coronavirus suggested that, despite weaker antibody re-
sponses, children rapidly developed cellular immunity, which was
comparable to healthy adults, and, in contrast to antibody responses,
cellular responses to seasonal coronaviruses were lower in the el-
derly, hinting at a potential cause of the age-associated severity of
COVID-19.9>797

Early in the pandemic, because of the age-associated risk of se-
vere disease, little attention was focused on childhood responses to
SARS-CoV-2 infection. We undertook multiple studies to assess
cellular and serum antibody responses in primary school-aged
children compared to adults with prior SARS-CoV-2 infection. In
contrast to seasonal coronaviruses, we found that the early SARS-
CoV-2 variants were highly immunogenic in children, driving high
levels of spike-specific antibody response compared to those pro-
duced to seasonal coronaviruses and also higher than the adult re-
sponse to SARS-CoV-2 natural infection.”® Curiously, nucleocapsid-
specific antibody responses were lower in SARS-CoV-2 infected
children than adults, despite studies showing comparable viral loads
in children.”” This indicates that children may have a differential
response to specific antigens compared to adults, although the rea-
sons for this remain undefined. The cellular response was likewise
focused towards the spike protein, with robust spike-specific re-
sponses in children that were again higher than seen in naturally-
infected adults.”®

Surprisingly we also identified cross-reactive cellular responses,
albeit at lower levels, in around half of unexposed children - those
with responses had evidence of recent seasonal coronavirus infec-
tion, indicating cross-reactive coronavirus cellular immunity in
children. Further exploration has indeed shown the presence of
cross-reactive responses in children which diminish in adulthood,’”
and there was indication pre-existing cellular responses may have
offered limited protection from infection.'’° These observations are
consistent with studies showing that children possess greater di-
versity in immune responses to infection, generating less-focused
responses, thus allowing broader responses to be developed to an
initial antigenic challenge which can then be recruited to unseen
future encounters. This may partially underly the age-associated
severity of COVID-19.

SARS-CoV-2 infection in children was also observed to sig-
nificantly enhance seasonal coronavirus antibody responses, which
was shown in part to be composed of cross-reactive antibody re-
sponses between SARS-CoV-2 and the seasonal beta-coronaviruses.
However, boosting of antibody responses was also observed to the
distantly-related alpha-coronaviruses which demonstrated that
early SARS-CoV-2 variants were highly immunogenic in children,
which may underly the rare inflammatory syndrome (PIMS-TS)
discussed separately in this review.

As the pandemic progressed effective vaccines were rolled out to
children, as with adults, the vaccines were highly immunogenic and
induces higher circulating antibody titres than natural infection,
comparable with those of vaccinated adults.”' "' In a small-scale

Journal of Infection 88 (2024) 106134

study, we also found that cellular responses were also induced by
vaccination in children and were comparable to that seen in natural
infection.”’

The immune responses generated by natural infection or vacci-
nation protected children from reinfection through the delta wave
but the emergence of Omicron variants with higher infectivity, en-
hanced immune evasion and high circulation in schools resulted in
most school-aged children experiencing a primary Omicron infec-
tion, while many who were previously-infected experienced a sec-
ondary infection with Omicron. 78104105

In contrast to pre-Omicron variants, we and others identified
significantly lower antibody levels, and consequently lower neu-
tralisation activity, following Omicron primary infection, consistent
with those reported in adults.””'%1°” Whereas, secondary infection,
following infection with a pre-Omicron variant, resulted in marked
boosting of the antibody response, to both Omicron and to the pre-
Omicron variants. Such preference for the initial antigenic challenge
(antigenic seniority) has been observed following influenza infec-
tion, although not for seasonal coronavirus infection, indicating that
similar antigenic seniority exists following pre-Omicron SARS-CoV-2
infection. Following primary Omicron infection, however, either re-
infection with an Omicron sub-variant or vaccination with the Wu-
Hu-1- spike antigen boosted antibody responses to all SARS-CoV-2
variants with little bias. Regardless of the antibody response, the
cellular response was robust irrespective of initial variant infection,
and importantly, there was no evidence of evasion of the cellular
response by Omicron.

These data suggest that SARS-CoV-2 has evolved to im-
munologically become similar to seasonal coronaviruses, with lower
immunogenicity, consistent with a significantly reduced risk of
PIMS-TS, but may in the short-term result in increased frequency of
reinfection, comparable to frequent reinfections with seasonal cor-
onaviruses.

PIMS-TS

PIMS-TS is a rare and unexpected, severe outcome of SARS-CoV-2
infection in children. In England, we have been undertaking PIMS-TS
surveillance since the first cases were identified in April 2020, in-
itially through the British Paediatric Surveillance Unit (BPSU),'%® and
subsequently using national administrative databases.®® Early sur-
veillance identified a high risk of severe clinical presentations in
children with PIMS-TS, with 118/268 (44%) requiring intensive care,
30% (80/268) requiring inotropic support and three children (1.1%)
died.'°® Cases typically presented around 2-6 weeks after SARS-
CoV-2 infection, with an estimated risk of 45/100,000 SARS-CoV-2
infections in England for children < 15-years, similar to US estimates
of 32/100,000 in <20 year-olds.*° PIMS-TS shares many clinical
features with Kawasaki disease (an acute childhood febrile systemic
vasculitis), but the median age of PIMS-TS cases was 8.2 years
compared to 2.7 years for Kawasaki disease.'””

Recent studies albeit with small case numbers have shown that
mRNA vaccination is effective in preventing PIMS-TS cases, certainly
through prevention of infection (mainly before the Omicron wave)
but potentially also lowering absolute risk of PIMS-TS in children
with breakthrough infection after vaccination. In one Danish study,
(n=51), PIMS-TS incidence was one in 3400 unvaccinated in-
dividuals (95%Cl, 2600-4600) with the delta variant and one in 9900
vaccinated individuals (95% CI, 1800-390000) with breakthrough
infection after vaccination."'” In England, six month follow-up of 46
children with PIMS-TS in 2020 found that systemic inflammation
had resolved in all but one patient and few-organ specific sequalae
were observed, although 45% (18/40) of patients had a 6-minute
walk test below the third centile for their demographic and 40% (15/
38) reported severe emotional difficulties.'"
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Fig. 4. Forecasted PIMS-TS admissions based on a model fitted to the alpha variant wave of COVID-19, alongside observed PIMS-TS admissions in < 15-year-olds. Graph taken from

Shingleton et al., 2022.

Using computer modelling with data from the first pandemic
wave, we predicted regional and national PIMS-TS rates based on
community infection rates during the alpha variant wave in
England.®® With the emergence of the delta wave, PIMS-TS risk after
SARS-CoV-2 infection dropped significantly from 0.038% during the
alpha variant wave to 0.026%.%° Despite the very high case numbers
associated with the Omicron variants, we identified a much lower
risk of PIMS-TS, initially in children in the South-East of England,''”
and subsequently nationally by comparing hospitalised case num-
bers with expected case numbers predicted through modelling
(Fig. 4)." It has been suggested that this could be due to the more
recent variants harbouring key genetic mutations in surface antigens
postulated to trigger the PIMS-TS hyper-inflammatory response.''”
The risk of PIMS-TS has also been proposed to be was associated
with a lack of prior exposure to seasonal coronaviruses.''*

Now that the majority of children have immunity against SARS-
CoV-2 through a combination of previous infection and vaccination,
the risk with PIMS-TS with subsequent variant waves is likely to be
very low, as already observed after the Omicron wave (Fig. 4).'"> We
have also observed that the age of children with PIMS-TS has been
declining over the course of the pandemic, making it likely that the
condition will become similar to Kawasaki disease, affecting mainly
infants and toddlers, who are likely to be unexposed to SARS-CoV-2
or other potential infectious triggers of Kawasaki disease.

Long COVID

Persistent symptoms following SARS-CoV-2 infection, affecting
both physical and mental health, has been widely reported across all
age groups. Whilst multiple definitions were proposed for long COVID
since the first year of the pandemic, it was only as recently as
February 2023 that an international definition was formally agreed by
the WHO for children.'"® This was defined as a “Post COVID-19 con-
dition in children and adolescents occurs in individuals with a history of
confirmed or probable SARS-CoV-2 infection, when experiencing symp-
toms lasting at least 2 months which initially occurred within 3 months
of acute COVID-19. Current evidence suggests that symptoms more fre-
quently reported in children and adolescents with post-COVID-19

10

condition compared with controls are fatigue, altered smell/anosmia and
anxiety. Other symptoms have also been reported. Symptoms generally
have an impact on everyday functioning such as changes in eating habits,
physical activity, behaviour, academic performance, social functions (in-
teractions with friends, peers, family) and developmental milestones.
Symptoms may be new onset following initial recovery from an acute
COVID-19 episode or persist from the initial illness. They may also fluc-
tuate or relapse over time. Workup may reveal additional diagnoses, but
this does not exclude the diagnosis of post COVID-19 condition.”

Initial national estimates of long COVID prevalence, based on
asking parents if their child was suffering from long COVID, were
reported by the Office for National Statistics as 12.9% for 2-11 year-
olds and 14.5% for 12-16 year-olds.''® These data were experimental
and were provided without a comparator group, therefore, poten-
tially leading to misinterpretation. Over time, statistical analysis
methods were improved, including the use of control groups, which
reduced the long COVID risk estimates. In March 2023, the difference
is prevalence of the most common persistent symptoms between
cases and controls was 0.20% for 2-11-year-olds and 1.01% for 12-16-
year-olds.""”

Throughout the pandemic, well-controlled studies reporting
post-COVID symptoms have shown a small but significant excess in
prevalence of physical symptoms, as well as the proportion with >3
post-COVID symptoms, among confirmed/probable COVID-19 cases
compared to uninfected controls.''®!"® The clinical significance of
this small increase, however, is not yet fully understood; at the same
time studies with appropriate control groups has also reported si-
milar mental health, fatigue and well-being scores between cases
and controls.''®

In the UK, the CLoCk study has assessed persistent symptoms in
SARS-CoV-2 PCR-positive teenagers compared to age, sex and geo-
graphically matched PCR-negative controls across England for 24
months.'?° At the 12-month follow-up, the CLoCk study found that
the symptoms reported at 6 months had generally resolved with a
new cohort of teenagers reporting the same symptoms at the sub-
sequent timepoint.'?! Therefore, while the overall prevalence of
specific symptoms may vary up to 12 months after SARS-CoV-2 in-
fection, the cohorts of teenagers reporting those specific symptoms
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will have changed several times during that period. A similar pattern
was observed for the same symptoms reported by test-negative
teenagers (control group) albeit at lower prevalence, raising ques-
tions about causality of reported post-COVID symptoms in relation
to the initial acute infection.'"®

The UK CLoCk study developed a model to predict which ado-
lescents may be most likely to experience at least one physical
symptom three months after a positive SARS-CoV-2 test. They found
that an impairing, persisting symptom was associated with a higher
number of symptoms at the time of testing, worse physical and
mental health (self-rated) and feelings of loneliness before their
SARS-CoV-2 test; additionally, females and older adolescents were
also more likely to experience persisting symptoms.'“> On-going
longitudinal follow-up studies of the CLoCk cohort continue to re-
port common, non-pathological symptoms in children over the
course of the pandemic, with no significant impact on their physical
or mental well-being, irrespective of the SARS-CoV-2 variant,
number of infections or vaccination status.'”*~'>” Elsewhere, a Nor-
wegian cohort study assessing prevalence and risk factors of “post-
COVID condition” (PCC) in 12-25-year-olds found almost identical
point prevalence estimates between those who tested SARS-CoV-2
positive and the negative control group, with a risk difference of 1.5%
(95% CI, -10.2% to 13.1%). SARS-CoV-2 status was found to not be
associated with PCC at 6 months, whereas symptom severity was
(RR, 1.41; 95% CI, 1.27 to 1.56), as was loneliness (RR, 1.01; 95% CI,
1.00-1.02) and low-levels of physical activity (RR, 0.96; 95% CI,
0.92-1.00).

Taken together, given the broad inclusive criteria that are still in
place and often interpreted without context or comparison with
appropriate control groups, the current long COVID definitions are
not fit for purpose. Most importantly, they fail to identify the small
group of children who are genuinely experiencing adverse compli-
cations of SARS-CoV-2 infection, such as chronic fatigue, respiratory
compromise, and cognitive difficulties. Better definitions are needed,
including distinct clinical syndromes encompassed within the cur-
rent broad definition, so that we can develop appropriate referral,
diagnostic and management pathways. Better outcome studies are
also needed to inform clinicians, parents and policy makers.'*®

Conclusions

The epidemiology and clinical characteristics of COVID-19 in
children have changed progressively over the course of the pan-
demic. Reassuringly, disease severity in children has always been
mild but currently, given that almost all children have antibodies to
SARS-CoV-2, primarily through infection but also vaccination, the
small proportion of more severe outcomes of SARS-CoV-2, including
myocarditis, hospitalisation, PIMS-TS, and death, has continued to
decline over time. This review highlights the importance of con-
tinued research and research-driven policymaking for appropriate
and balanced public health actions. This is especially important in
order to address health inequalities and provide targeted support for
clinically vulnerable children and those disproportionately affected
by COVID-19, as well as in the context of new SARS-CoV-2 variants
and future vaccines.
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