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ABSTRACT

BACKGROUND

Since it was first identified in early November 2021, the B.1.1.529 (omicron) variant
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread
quickly and replaced the B.1.617.2 (delta) variant as the dominant variant in many
countries. Data on the real-world effectiveness of vaccines against the omicron
variant in children are lacking.

METHODS

In a study conducted from January 21, 2022, through April 8, 2022, when the
omicron variant was spreading rapidly, we analyzed data on children in Singapore
who were 5 to 11 years of age. We assessed the incidences of all reported SARS-
CoV-2 infections (confirmed on polymerase-chain-reaction [PCR] assay, rapid an-
tigen testing, or both), SARS-CoV-2 infections confirmed on PCR assay, and coro-
navirus disease 2019 (Covid-19)-related hospitalizations among unvaccinated,
partially vaccinated (21 day after the first dose of vaccine and up to 6 days after
the second dose), and fully vaccinated children (27 days after the second dose).
Poisson regression was used to estimate vaccine effectiveness from the incidence
rate ratio of outcomes.

RESULTS

A total of 255,936 children were included in the analysis. Among unvaccinated
children, the crude incidence rates of all reported SARS-CoV-2 infections, PCR-con-
firmed SARS-CoV-2 infections, and Covid-19-related hospitalizations were 3303.5,
473.8, and 30.0 per 1 million person-days, respectively. Among partially vaccinated
children, vaccine effectiveness was 13.6% (95% confidence interval [CI], 11.7 to 15.5)
against all SARS-CoV-2 infections, 24.3% (95% CI, 19.5 to 28.9) against PCR-con-
firmed SARS-CoV-2 infection, and 42.3% (95% CI, 24.9 to 55.7) against Covid-19—
related hospitalization; in fully vaccinated children, vaccine effectiveness was 36.8%
(95% CI, 35.3 to 38.2), 65.3% (95% CI, 62.0 to 68.3), and 82.7% (95% CI, 74.8 to
88.2), respectively.

CONCLUSIONS
During a period when the omicron variant was predominant, BNT162b2 vaccina-
tion reduced the risks of SARS-CoV-2 infection and Covid-19-related hospitalization
among children 5 to 11 years of age.
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FTER THE B.1.1.529 (OMICRON) VARI-

ant of severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) was detected
in South Africa in November 2021, it spread
quickly across many countries, with a dispropor-
tionately higher incidence of hospitalization
among children than that with other variants.?
However, the real-world effectiveness of vaccines
in reducing the incidences of omicron infection
and coronavirus disease 2019 (Covid-19)-related
hospitalization among children is uncertain. We
now report the effectiveness of the BNT162b2 mes-
senger RNA (mRNA) vaccine (Pfizer-BioNTech)
against Covid-19 in children 5 to 11 years of age
during a surge of the omicron variant in Singapore.

Local transmission increased sharply after
mid-January 2022, and the number of peak daily
cases exceeded those reported during the B.1.617.2
(delta) wave. Schools were open with the use of
masks mandated, but children younger than 12
years of age were not subject to measures that
restricted adults who were not fully vaccinated
from entering selected venues. In Singapore, the
vaccination of children 5 to 11 years of age with
two 10-ug doses of BNT162b2 administered at
least 21 days apart commenced on December 27,
2021, starting first with older children (9 to 11
years of age) and then with children 5 to 8 years
of age 2 weeks later. Vaccination is voluntary in
Singapore, and parental consent is required.

In this national cohort study, we analyzed the
incidences of SARS-CoV-2 infection and hospi-
talization among 255,936 children 5 to 11 years
of age, according to vaccination status, and we
estimated the effectiveness of partial and full
vaccination with the BNT162b2 vaccine against
the omicron variant. An understanding of vac-
cine effectiveness against SARS-CoV-2 infections
and severe illness among children is important,
given the effect of the Covid-19 pandemic on their
education and their social and mental well-being®*
and the high incidence of infection with the omi-
cron variant in this population group.

METHODS

STUDY DESIGN

Our analysis was based on official data reported
to and maintained by the Ministry of Health,
Singapore.® Data collection and analysis for this
study were carried out under the Infectious Dis-
eases Act to support policy decision making and
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evaluation and were exempted from ethics review.
The investigators designed the study. The first
and last authors wrote the initial draft of the
manuscript, and the data were analyzed by the
third and last authors. The authors vouch for
the accuracy and completeness of the data, and
they collectively decided to submit the manuscript
for publication.

Anonymized data for our analysis were ex-
tracted on April 13, 2022, for the study period of
January 21 through April 8, 2022. During this
time period, the omicron variant accounted for
more than 99% of sequenced cases of SARS-
CoV-2 infection in Singapore.® According to the
administrative records used by the Ministry of
Health to issue invitations for vaccination and to
monitor vaccination uptake, 269,330 Singapore
citizens and permanent residents were 5 to 11
years of age during the study period. Children
who had had SARS-CoV-2 infection before the
study start date and those who had returned to
Singapore after acquiring SARS-CoV-2 infection
abroad were excluded from the study. Children
who had received vaccines other than BNT162b2,
the adult dosage of BNT162b2, or more than two
doses of the vaccine, as well as those who had
been vaccinated before the commencement of
Covid-19 vaccination in children in Singapore, were
also excluded from the study. In total, 255,936
children met the inclusion criteria for the analysis
(Fig. 1).

Data extracted for the study included dates of
vaccination (both the first and second doses),
age, sex, ethnic group (Chinese, Malay, Indian,
or other), and housing type as a proxy for socio-
economic status (e.g., public housing with one
to five rooms, private housing, or other hous-
ing). Outcomes included the date on which all
SARS-CoV-2—positive children or their parents or
guardians were notified after a positive test result,
regardless of whether polymerase-chain-reaction
(PCR) testing or rapid antigen testing was used,
as well as the hospitalization of children with
Covid-19. By law in Singapore, all clinically or
laboratory diagnosed SARS-CoV-2 infections must
be reported to the Ministry of Health.

Cases of Covid-19 among children in Singa-
pore are identified through testing of symptom-
atic children who present with acute respiratory
illness at primary or tertiary care institutions and
through testing of asymptomatic children who
have been identified by the Ministry of Health as
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being close contacts of persons with Covid-19. In
accordance with the disease management proto-
col, symptomatic children and children who are
close contacts of infected persons undergo rapid
antigen testing. Children with symptoms or signs
(e.g., shortness of breath, chest pain or palpita-
tions, lethargy, and prolonged fever or respiratory
symptoms for >5 days) and symptomatic patients
with coexisting conditions undergo additional
PCR testing.

We analyzed the incidences of all reported
SARS-CoV-2 infections (positive on PCR, rapid
antigen testing, or both) and PCR-confirmed
infections, which serve as a proxy for increased
severity of illness. To examine the effect of vac-
cines on more severe illness, we analyzed the
incidence of hospitalization for Covid-19. During
the omicron outbreak, admission to hospitals was
based on clinical indications of symptomatic
SARS-CoV-2 infection in clinically unwell chil-
dren, including but not limited to severe pneu-
monia and multisystem inflammatory syndrome
in children (MIS-C). The onset of severe illness
for which hospitalization was warranted was
defined as the date of confirmed infection. Be-
cause of the time lag between SARS-CoV-2 infec-
tion and hospitalization and the potential risk of
excluding patients in whom infection developed
during the study period but who were hospital-
ized after the study period, we restricted the
hospitalization analysis to patients who were
notified of confirmed infection up to and in-
cluding April 1, 2022 (i.e., 7 days before the end
of the study period).

We calculated the contribution of person-
time risks to the unvaccinated, partially vacci-
nated, and vaccinated groups on the basis of each
child’s vaccination status and vaccination dates.
Children were considered to be partially vacci-
nated starting on the day after they received the
first dose up to 6 days after they received the
second dose, and they were considered to be fully
vaccinated 7 days or more after they received the
second dose. We chose an interval of 7 days or
more to allow adequate time for antibody levels
to increase after immunization and to facilitate
comparisons with the results of previously re-
ported studies of vaccine efficacy.”®

STATISTICAL ANALYSIS

Using previously published methods,” we calculat-
ed vaccine effectiveness as 1 minus the incidence
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269,330 Singapore citizens and permanent residents
were 5-11 yr of age during the study period

l

258,516 Had not been infected with
SARS-CoV-2 before the study period

258,440 Had not returi
acquiring SARS-CoV-2 infection abroad

ned to Singapore after

258,417 Did not receive more than two
doses of BNT162b2 vaccine before
or during the study period

258,211 Did not recei
other than BNT

during the study period

ve a Covid-19 vaccine
162b2 before or

255,936 Did not recei
before the commen
vaccinations in chi

ve BNT162b2 vaccine
cement of Covid-19
Idren in Singapore

A

52,043 (20.39%) Were
unvaccinated at the end
of the study period

30,656 (12.09%) Were
partially vaccinated at the
end of the study period

173,237 (67.7%) Were
fully vaccinated at the end
of the study period

Figure 1. Study Population.

Covid-19 denotes coronavirus disease 2019, and SARS-CoV-2 severe acute
respiratory syndrome coronavirus 2.

rate ratio. The incidence rate ratios of outcomes
between different groups were estimated with
the use of Poisson regression that included sex,
ethnic group, age (in years), and housing type as
covariates. Calendar-date dummy variables were
also included to adjust for the varying force of
infection over the study period. The unvaccinated
group was chosen as the reference group, and
the point estimates of vaccine effectiveness as
well as the 95% confidence intervals of these

estimates are reported.

To assess for biases and to evaluate the ro-
bustness of our regression model, we conducted
several sensitivity analyses. First, in a secondary
analysis, we stratified the cohort according to
the number of days after vaccination. The rates of
infection and hospitalization across the partially
and fully vaccinated groups according to the time
since vaccination were assessed. Second, we per-
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Table 1. Sociodemographic Characteristics of the Children, According to Vaccination Status.*

Unvaccinated

Characteristic Children
Sex
Female 2,474,089 (48.3)
Male 2,644,379 (51.7)

Age at start of study period

5yr 1,554,605 (30.4)
6yr 975,943 (19.1)
7yr 752,281 (14.7)
8yr 608,456 (11.9)
9yr 518,139 (10.1)
10yr 417,013 (8.1)
1lyr 292,031 (5.7)
Ethnic groupt
Chinese 3,619,247 (70.7)
Malay 743,466 (14.5)
Indian 494,626 (9.7)
Other 261,129 (5.1)
Housing

Public housing

Private housing 1,082,114 (21.1)

56,870

One or two rooms 179,652 (3.5)
Three rooms 700,015 (13.7)
Four rooms 1,805,300 (35.3)
Five rooms 1,294,517 (25.3)
(
(L.

Other 1)

number of person-days at risk (percent)

Partially Vaccinated
Children

Fully Vaccinated
Children

2,611,142 (48.9)
2,729,063 (51.1)

3,654,907 (49.4)
3,750,159 (50.6)

565,630 (10.6) 423,852 (5.7)
800,812 (15.0) 835,763 (11.3)
886,631 (16.6) 1,050,709 (14.2)
836,290 (15.7) 1,043,724 (14.1)
831,587 (15.6) 1,332,899 (18.0)
743,220 (13.9) 1,382,027 (18.7)
676,035 (12.7) 1,336,092 (18.0)

3,720,381 (69.7) 5,134,163 (69.3)
889,602 (16.7) 1,240,769 (16.8)
557,723 (10.4) 785,266 (10.6)
172,499 (3.2) 244,868 (3.3)
187,694 (3.5) 229,088 (3.1)
822,460 (15.4) 1,149,798 (15.5)

1,943,067 (36.4) 2,671,568 (36.1)

1,438,387 (26.9) 2,073,120 (28.0)
893,930 (16.7) 1,202,149 (16.2)

54,667 (1.0) 79,343 (1.1)

* The total number of person-days at risk was 5,118,468 in the unvaccinated group, 5,340,205 in the partially vaccinated
group, and 7,405,066 in the fully vaccinated group. Percentages may not total 100 because of rounding.

7 Ethnic group was reported in the national birth registry.

formed analyses according to age groups and
time periods. Next, we assessed vaccine effective-
ness after including geographic region as an ad-
ditional covariate. Finally, we analyzed the data
using matching, an alternative statistical method
similar to that adopted by Dagan et al.® (see the
Methods section in the Supplementary Appen-
dix, available with the full text of this article at
NEJM.org). The adequacy of model fit was evalu-
ated by comparing estimated and empirical inci-
dence rates. The widths of the 95% confidence
intervals were not adjusted for multiplicity and
should not be used to infer statistical significance.
The data analyses were carried out with the use of
Stata software, version 17 (StataCorp).
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RESULTS

VACCINATION STATUS OF THE CHILDREN

By the end of the study period, 67.7% of the chil-
dren who were 5 to 11 years of age were fully
vaccinated, 12.0% were partially vaccinated, and
20.3% were unvaccinated (Fig. 1). Vaccination rates
were similar among boys and girls, but they were
higher among children in the Chinese, Malay,
and Indian ethnic groups than among those in
other ethnic groups. Rates of full vaccination were
higher among children in older age groups than
among those in younger age groups. Across hous-
ing types, the highest vaccination rates were
among children living in three-to-five-room pub-
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lic housing units, whereas the vaccination rate
was lower among those living in private housing
(Table 1). The median interval between the first
and second dose of vaccine was 24 days (inter-
quartile range, 21 to 28) among the children who
were fully vaccinated.

Hospital-
izations

SARS-COV-2 INFECTION AND HOSPITALIZATION

Over the 17.9 million person-days at risk, there
were 53,429 infections, of which 5342 (10.0%)
were PCR-confirmed infections (Table 2). Over
the 16.4 million person-days at risk for the hos-
pitalization outcome, there were 288 hospital-
izations. Among hospitalized children, only five
received supplemental oxygen, four of whom were
admitted to the intensive care unit. Of these five
children, one was unvaccinated, two were par-
tially vaccinated, and two were fully vaccinated.
No deaths attributable to Covid-19 (as determined

percent

Vaccine Effectiveness (95% Cl)i
PCR-
Confirmed
Cases

All
Confirmed
Casesf

s £

by the cause of death reported to the Ministry of §§ gg
Health) were observed during the study period. g T §§

Among the children in the unvaccinated group, g 3 S é
the incidence rates of all reported infections, _§ « £8 § <

. . ey . = Ve g =

PCR-confirmed infections, and hospitalizations g 850 “§§
were 3303.5, 473.8, and 30.0 per 1 million per- K © %5
son-days (Table 2). The corresponding rates were S 3. S =§
2997.3, 391.2, and 19.1 per 1 million person-days = E % § -
in the partially vaccinated group and 2770.3, 111.8, é v
and 6.6 per 1 million person-days in the fully vac-
cinated group.
VACCINE EFFECTIVENESS %é
After adjustment for covariates including the % 3

calendar date during the study period (given the
changing community transmission rates over
time), vaccine effectiveness against all reported
infections, PCR-confirmed infections, and hos-
pitalizations in partially vaccinated as compared
with unvaccinated children was 13.6% (95% CI,
11.7 to 15.5), 24.3% (95% CI, 19.5 to 28.9), and
42.3% (95% CI, 24.9 to 55.7), respectively. In fully
vaccinated children, we estimated vaccine effec-
tiveness to be 36.8% (95% CI, 35.3 to 38.2)
against all reported infections, 65.3% (95% CI,
62.0 to 68.3) against PCR-confirmed infections,
and 82.7% (95% CI, 74.8 to 88.2) against hospi-
talization.

In our secondary analysis, the vaccine effec-
tiveness against all confirmed infections in the
fully vaccinated group as compared with the
unvaccinated group was 48.8% (95% CI, 46.9 to
50.8) at 7 to 14 days after the second dose of

Cases of SARS-CoV-2 Infection
PCR-
Confirmed
Cases
number

All
Confirmed
Casesf

Table 2. Effectiveness of BNT162b2 Vaccine against SARS-CoV-2 Infection and Hospitalization.*
Person-Days
at Riski

Group

Reference
42.3 (24.9-55.7)
82.7 (74.8-88.2)

Reference
24.3 (19.5-28.9)
65.3 (62.0-68.3)

Reference
13.6 (11.7-15.5)
36.8 (35.3-38.2)

30.0
19.1
6.6

473.8

391.2
111.8

3303.5
2997.3
2770.3

146
100
42

2425
2089
828

16,909
16,006
20,514

5,118,468
5,340,205

7,405,066
calendar dates during the study period were included in the regression to control for potential confounding. Vaccine effectiveness in the partially vaccinated and fully vaccinated groups

was reported with the unvaccinated group as the reference. Confidence intervals have not been adjusted for multiplicity and should not be used to infer statistical significance.

all confirmed infections, infections confirmed by means of PCR testing only, and severe infections resulting in hospitalization. The covariates of age (in years), ethnic group (Chinese,
§ “All confirmed cases” refers to all reported SARS-CoV-2 infections confirmed by PCR testing, rapid antigen testing, or both.

Malay, Indian, or other), sex (male or female), housing type (public housing with one or two rooms, three rooms, four rooms, or five rooms; private housing; or other housing), and

notes polymerase chain reaction, and SARS-CoV-2 severe acute respiratory syndrome coronavirus 2.
T The total number of person-days at risk for the hospitalization outcome was 4,869,127 in the unvaccinated group, 5,231,353 in the partially vaccinated group, and 6,338,164 in the fully

Unvaccinated
Partially vaccinated
Fully vaccinated
vaccinated group.
I Vaccine effectiveness was calculated as 1 minus the incidence rate ratio. The incidence rate ratio is obtained from the exponentiated coefficients of separate Poisson regressions on

* Partial vaccination was defined as at least 1 day after the first dose of vaccine and up to 6 days after the second dose, and full vaccination at least 7 days after the second dose. PCR de-
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vaccine, 37.6% (95% CI, 35.7 to 39.3) at 15 to 29
days after the second dose of vaccine, 28.5%
(95% CI, 26.3 to 30.7) at 30 to 59 days after the
second dose of vaccine, and 25.6% (95% CI, 19.3
to 31.5) at 60 days or more after the second dose
of vaccine (Table S1 in the Supplementary Ap-
pendix). Vaccine effectiveness was similar across
age groups (Table S2) and time periods (Table S3).
In addition, the results obtained after account-
ing for geographic region (Table S4) and through
matching (Table S5) were similar to those in the
primary analysis. The estimated incidences of all
confirmed infections among unvaccinated, par-
tially vaccinated, and fully vaccinated children over
the study period were similar to the empirical in-
cidence rates (Figs. S1 through S3). Six children
had MIS-C during the study period, of whom four
were unvaccinated, one was partially vaccinated,
and one was fully vaccinated.

DISCUSSION

Our estimates of the effectiveness of two doses
of the BNT162b2 vaccine against all SARS-CoV-2
infections of 36.8% (95% CI, 35.3 to 38.2) and
against PCR-confirmed SARS-CoV-2 infections
of 65.3% (95% CI, 62.0 to 68.3) among children
5 to 11 years of age during the omicron wave are
lower than those in previous studies that were
conducted when other variants were predomi-
nant.”!* A vaccine efficacy of 90.7% (95% CI, 67.7
to 98.3) was reported in a phase 2—3 clinical trial
involving 2268 children that was conducted in the
United States, Spain, Finland, and Poland in June
2021, when the delta variant was predominant.’
A higher number of breakthrough infections may
be due to greater immune escape of the omicron
variant than the delta variant.!*™* In our study,
vaccine effectiveness against PCR-confirmed in-
fections was higher than that against all infec-
tions (confirmed by PCR, rapid antigen testing,
or both). Given the national protocols for testing
in Singapore during the study period, these find-
ings suggest greater vaccine effectiveness against
higher levels of disease severity, and the estimates
of vaccine effectiveness against PCR-confirmed
infections in Singapore may thus be higher than
those reported in other countries.’>*
Nonetheless, vaccine effectiveness against hos-
pitalization in the short term after vaccination
among children 5 to 11 years of age was high at
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82.7% (95% CI, 74.8 to 88.2) and was similar to
that among adults who had received three doses
of mRNA vaccines during the omicron-predom-
inant period.’!® The vaccine effectiveness of two
doses of BNT162b2 against hospitalization for
Covid-19 with the omicron variant was estimated
to be 68% (95% CI, 42 to 82) in a case—control
study involving children 5 to 11 years of age in
the United States.”

Our findings indicate the protective effect of
vaccination against infection and severe illness.
We found that the vaccine effectiveness against
hospitalization was higher with full vaccination
with two doses of BNT162b2 (82.7%) than with
partial vaccination with one dose (42.3%).

A strength of this study is the use of a com-
prehensive national data set of both vaccinations
and confirmed SARS-CoV-2 infections and dis-
ease severity reported to the Ministry of Health.
The results of this study may provide insights to
enable decision makers to weigh the benefits
against the potential risks of vaccination of chil-
dren. In Singapore, 22 serious adverse events
after vaccination (0.005% of all doses adminis-
tered) among children 5 to 11 years of age were
reported to the Health Sciences Authority as of
February 28, 2022.%° Beyond the short-term and
long-term health risks of SARS-CoV-2 infection
in children (including MIS-C*! and “long Covid™??),
high infection rates among children may lead to
transmission to older adults?® and may increase
the risk of overwhelming existing health care
capabilities during the omicron wave. It appears
that these risks can be mitigated by the vaccina-
tion of children.

Our study has certain limitations. There may
have been potential confounding because of un-
observable characteristics underlying the parents’
decision to vaccinate their children, the timing
of vaccinations, and health care—seeking behav-
iors. Risk-averse persons who are less willing than
others to be vaccinated® may be more likely to
reduce social interactions when infection rates
are high, and parents may allow their children
to interact more freely with others in social set-
tings after vaccination; both these factors may
lead to an underestimation of the true risk reduc-
tion afforded by vaccines. Although a decreased
vaccine effectiveness against confirmed infections
after full vaccination with two doses of BNT162b2
was observed over time, this finding may be con-
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founded by unmeasured differences in the risk of
infection between early and late adopters of the
vaccine.

Although most of the fully vaccinated children
in this study received the second dose of vaccine
3 weeks after the first dose (median, 24 days; in-
terquartile range, 21 to 28), some received the
second dose later (Fig. S4). Extended dosing in-
tervals have been associated with increased
neutralizing antibody levels in adults.”® However,
because of the short follow-up period, we were
unable to assess the effect of dosing intervals on
vaccine effectiveness.

Previous studies have shown higher risks of
severe Covid-19 and admission to an intensive
care unit among children with coexisting condi-
tions,?*?” but we could not assess this because
data were not available in the national Covid-19
vaccination registry. Nonetheless, the prevalence
of coexisting conditions predisposing children to
severe Covid-19 is probably low in this age group.
An observational study showed that among 130
children who were hospitalized with Covid-19 in
Singapore, 13.1% presented with coexisting con-
ditions.?® Children with disabilities in special edu-
cation schools are vaccinated, and vaccinations

are not contraindicated among children with stable
medical conditions.

Although vaccination coverage is high among
young and older adults in many countries, vacci-
nation uptake among children has often lagged.
Covid-19 vaccine hesitancy is reportedly higher
for vaccination of children than for vaccination
of adults.?? The omicron variant has been report-
ed to result in less severe disease,’*3! but the abso-
lute number® and rate®® of hospitalizations among
unvaccinated children may still be high because of
increased transmissibility. Our results indicate that
vaccines may play an important role in reducing
infections and hospitalizations during the omi-
cron wave.

We observed that during a period when the
omicron variant was predominant, BNT162b2 vac-
cination reduced the risks of SARS-CoV-2 infection
and Covid-19-related hospitalization among chil-
dren 5 to 11 years of age.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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