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Background Prevalence of SARS-CoV-2 infection with Delta variant was increasing in England in late summer 2021
among children aged 5 to 17 years, and adults who had received two vaccine doses. In September 2021, a third
(booster) dose was offered to vaccinated adults aged 50 years and over, vulnerable adults and healthcare/care-home
workers, and a single vaccine dose already offered to 16 and 17 year-olds was extended to children aged 12 to 15 years.

Methods SARS-CoV-2 community prevalence in England was available from self-administered throat and nose
swabs using reverse transcriptase polymerase chain reaction (RT-PCR) in round 13 (24 June to 12 July 2021, N =
98,233), round 14 (9 to 27 September 2021, N = 100,527) and round 15 (19 October to 5 November 2021,
N = 100,112) from the REACT-1 study randomised community surveys. Linking to National Health Service (NHS)
vaccination data for consenting participants, we estimated vaccine effectiveness in children aged 12 to 17 years and
compared swab-positivity rates in adults who received a third dose with those who received two doses.

Findings Weighted SARS-CoV-2 prevalence was 1.57% (1.48%, 1.66%) in round 15 compared with 0.83% (0.76%,
0.89%) in round 14, and the previously observed link between infections and hospitalisations and deaths had weak-
ened. Vaccine effectiveness against infection in children aged 12 to 17 years was estimated (round 15) at 64.0%
(50.9%, 70.6%) and 67.7% (53.8%, 77.5%) for symptomatic infections. Adults who received a third vaccine dose were
less likely to test positive compared to those who received two doses, with adjusted OR of 0.36 (0.25, 0.53).

Interpretation Vaccination of children aged 12 to 17 years and third (booster) doses in adults were effective at reduc-
ing infection risk. High rates of vaccination, including booster doses, are a key part of the strategy to reduce infection
rates in the community.
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Research in context

Evidence before this study

A search of PubMed using title or abstract terms “vac-
cine effectiveness”, “SARS-CoV-2” and “Delta” without
language or other restrictions, identified 49 results (with
no duplicates). Outcomes varied between studies
including all infections, symptomatic infections, high
viral loads and severe cases of COVID-19 (including
deaths), and some studies focussed on particularly vul-
nerable or highly exposed populations such as care
home residents and frontline workers.

Added value of this study

We analysed data from self-administered throat and
nose swabs collected by a randomly selected sample of
residents of England, aged 5 years and older of the
REal-time Assessment of Community Transmission-1
(REACT-1) study. We estimated weighted prevalence in
England in mid-October to early November that was
approximately twice that estimated in September.
Using linked vaccination data and following the rollout
of single vaccine doses to children aged 12 to 17 years,
we estimated in round 15 64.0% (50.9%, 70.6%) vaccine
effectiveness against any infection and 67.7% (53.8%,
77.5%) against symptomatic infections. Adults who
received a third vaccine dose were approximately three
times less likely to test positive compared to eligible
adults who had only received two vaccine doses.

Implications of all the available evidence

Population surveys provide a robust basis for the char-
acterisation of transmission dynamics nationally and
within sub-populations, such as school-aged children.
The population-level impacts of the SARS-CoV-2 vacci-
nation programme are visible in the reduced incidence
of both hospital admissions and COVD-19-related
deaths. The findings of clear benefits to 12 to 17 year
olds of single vaccine doses and to adults of booster
doses demonstrate the ability of vaccines developed
against the original SARS-CoV-2 virus to protect against
Delta variants.
Introduction
Since May 2020, the REal-time Assessment of Commu-
nity Transmission-1 (REACT-1) study1−3 has been track-
ing the spread of the SARS-CoV-2 virus in England
approximately monthly. While the first REACT-1 survey
(May 2020) captured the decline of the first wave in
England, subsequent surveys have characterised the sec-
ond and third waves. The third wave of infection began
coincident with the rapid spread of the Delta variant of
SARS-CoV-2 from May 2021 and has continued
through to December 2021.

The national vaccination programme against
COVID-19 in England (along with the other countries
in the United Kingdom [UK]) began in December 2020,
with those at highest risk of exposure (healthcare work-
ers) and people at highest risk of serious outcomes
(those who are older and/or with particular health con-
ditions) being offered the first doses mainly using ChA-
dOx1 nCoV-19 (Oxford-AstraZeneca) vaccine. Over time
the groups being offered vaccination were extended to
include all adults, then children aged 16 and 17 years,
and subsequently children aged 12 to 15 years. Although
vaccines are highly successful at reducing hospitalisa-
tion and death associated with SARS-CoV-2 infection,4,5

individuals who have received two doses of vaccine have
a lower, but still appreciable, risk of becoming infected
with the Delta variant in the home compared with peo-
ple who are unvaccinated.6

The national vaccine programme was extended to
school-aged children aged 12 to 15 years (single dose) in
September 2021, while third (booster) doses, at least six
months (or at least five months for the most vulnerable7)
following the second dose, were offered to health and
social care workers, all those aged 50 years and over as
well as younger people at risk. Both children single vac-
cine dose and adults third (booster) dose used the
BNT162b2 (Pfizer−BioNTech) or the mRNA-1273 (Mod-
erna) vaccine. By mid-December 2021, over 23,500,000
people in the UK had received a booster dose. Subse-
quently, it has been announced that the offer of booster
doses would be extended to all adults8 and that a second
dose of the Pfizer-BioNTech vaccine would be offered to
16 and 17 year olds throughout the UK.9

A study in Israel compared infection prevalence and
severe illness among adults aged 60 years and older
who had received two vaccine doses with those who had
also received a booster dose. At least 12 days after the
booster dose, the rate of confirmed infections was 11.3
(95% CI: 10.4, 12.3) times lower and the rate of severe
illness was 19.5 (95% CI: 12.9, 29.5) times lower in
those who had received the booster compared to those
who had received two doses of vaccine.10 These results
are consistent with a detailed immunological study of
23 adults that demonstrated that a third dose of Pfizer-
www.thelancet.com Vol 48 Month June, 2022
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BioNTech increased SARS-CoV-2 neutralization admin-
istered 7 to 9 months after the second dose.11

We used data from round 13 (24 June to 12 July
2021), round 14 (9 to 27 September 2021) and round
15 (19 October to 5 November 2021) of the REACT-1
study each including a representative sample of the
resident population with RT-PCR test results, hence
providing a population-based description of the
COVID-19 epidemiological situation in England dur-
ing these periods. Individual data were linked to
National Health Service (NHS) vaccination data in con-
senting participants to investigate vaccine effectiveness
in children aged 12 to 17 years and to compare swab-
positivity rates in adults having received a third dose
with those having received two doses. The study was
carried out against a backdrop of dominance of the
Delta variant in England at that time.
Methods

Study population
The REACT-1 study methods are available elsewhere.1

Data collection took place each month over a two- to
three-week period since May 2020, except for December
2020 and August 2021. The present report relates to
data on 100,112 individuals obtained during round 15,
which was carried out from 19 October to 5 November
2021 (including a further 93 people who took part from
6 to 8 November 2021); 100,527 individuals in round 14
(9 to 27 September 2021), and 98,233 individuals in
round 13 (24 June to 12 July 2021). At each round, a ran-
dom cross-section of the population of England (ages
5 years and over) was invited into the study using as the
sampling frame the NHS list of patients registered with
a general practitioner in England held by NHS Digital.
Up to round 11 (15 April to 3 May 2021) sampling was
designed to achieve approximately equal numbers of
participants for each lower-tier local authority (LTLA,
n=315 in England), but from round 12 (20 May to 7 June
2021), we switched to inviting a random sample of the
population in proportion to population size at LTLA
level. While this increased the numbers sampled in
areas with higher population density and reduced the
numbers in more sparsely populated areas, overall prev-
alence estimates should have been relatively unaffected
since weighting is applied to provide representative esti-
mates for England as a whole. Up until round 13 (24
June to 12 July 2021) we obtained dry swabs collected by
courier from the participant’s home with samples sent
to the laboratory on a cold chain. From round 14 we
switched to ‘wet’ (saline) swabs, which were then ran-
domly assigned to be picked up by courier (without cold
chain) or sent by priority post.12 Since there was no dif-
ference detected between the two methods, in round 15
swabs were only returned using the priority postal ser-
vice.
www.thelancet.com Vol 48 Month June, 2022
RT-PCR testing
Participants were sent written and video instructions
and asked to obtain a self-administered throat and nose
swab at home (or their parent/guardian was asked to
administer the swab for children aged 12 years and
under). Swabs were then sent for reverse transcriptase
polymerase chain reaction (RT-PCR) testing for SARS-
CoV-2, with a positive test being recorded if both N
gene and E gene targets were detected or if N gene was
detected with cycle threshold (Ct) value below 37.
Demographic and questionnaire and vaccination data
We obtained information on age, sex and residential
location from the NHS register, and additional informa-
tion on ethnicity, household size, occupation, past medi-
cal history, potential contact with a COVID-19 case,
symptoms and other variables via registration and
through an online or telephone questionnaire.13 A total
of 259,955 (86.9%) participants from rounds 13 to 15
consented to link their REACT-1 profile to vaccination
data from their NHS record; these included vaccination
status, vaccination date and vaccine type.
Viral genome sequencing
We sent samples that tested positive (with N gene Ct
values < 32 and sufficient volume) to the Quadram
Institute, Norwich, UK, for viral genome sequencing.
The ARTIC protocol14 (version 4) was used for viral
RNA amplification and CoronaHiT for preparation of
sequencing libraries.15 Sequencing data were analysed
using the ARTIC bioinformatic pipeline16 with lineages
assigned using PangoLEARN (version 2021-11-4).17
Statistical analyses
We used R software for the statistical analyses.18 We cal-
culated unweighted prevalence of swab-positivity as the
proportion testing positive on RT-PCR. We then used
rim weighting19 to provide estimates of prevalence that
were weighted to be representative of the population of
England as a whole. We used an exponential model of
growth or decay to investigate temporal trends in swab-
positivity, assuming that the weighted numbers of posi-
tive samples out of the weighted total number of sam-
ples per day arose from a binomial distribution. Swabs
were assigned to day of swabbing where reported or to
day of first scan of the sample by the Post Office other-
wise (samples were excluded from the temporal analy-
ses when neither swab date nor scan were recorded).
We estimated posterior credible intervals using a bivari-
ate No-U-Turn Sampler with a uniform prior distribu-
tion for the probability of swab-positivity on the first day
of swabbing and the growth rate.20 We estimated the

reproduction number R as R ¼ 1þ r
b

� �n
assuming a

gamma-distributed generation time21 with shape
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parameter n=2.29 and rate parameter b = 0.36 (corre-
sponding to a mean generation time of 6.29 days).22

We fit a Bayesian penalised-spline (P-spline) model23

to the daily data using a No-U-Turn Sampler in logit
space to visualise trends in swab-positivity over time.
The data were partitioned into approximately 5-day sec-
tions by regularly spaced knots, adding further knots
beyond the study period to minimise edge effects. Basis
splines (b-splines) were defined over the system of knots
and the P-spline model consisted of a linear combina-
tion of these b-splines. We assumed a second-order ran-
dom-walk prior for the coefficients of the b-splines,
bi ¼ 2bi�1 � bi�2 þ ui where ui »Nð0; rÞ. The smooth-
ing parameter r was assumed to have a non-informative
inverse-gamma prior, r» IGð0:001; 0:001Þ. We also fit
P-splines separately to three broad age groups (17 years
and under, 18 to 54 years, 55 years and over) using a
smoothing parameter obtained from the model fit to all
data. We then examined the link between swab-positiv-
ity data in REACT-1 and publicly available hospitalisa-
tions and COVID-19 mortality data (deaths within
28 days of a positive test). First, we fit an analogous P-
spline model to both sets of publicly available data
assuming a negative-binomial likelihood, with an extra
overdispersion parameter that was assumed to have a
non-informative constant prior distribution. We then
selected a random sample (N=1000) from the posterior
distributions of the P-spline model fits and fit a simple
two-parameter model to the first seven rounds of
REACT-1 daily swab-positivity data (seven rounds were
selected to represent the pre-vaccination period). The
two parameters were a discrete time-lag between swab-
positivity and hospitalisation/death time series (1000
time series) and a population-adjusted scaling factor
that corresponds to the probability of those testing
swab-positive on day i being hospitalised/dying on day
i + t, where t is the time-lag parameter.

We estimated vaccine effectiveness against infection
among children ages 12 to 17 years by combining data
from round 13 to 15 (to increase statistical power) and
for round 15 alone. We used data linked (with consent)
to the national COVID-19 vaccination programme to
obtain information on who had received a vaccination.
Using the dates from the data linkage, a child was con-
sidered to have been vaccinated (one dose) 14 days after
administration of the vaccine (being considered unvacci-
nated before then). We estimated vaccine effectiveness
as 1 - odds ratio (OR), where we estimated OR from a
logistic regression model comparing swab positivity
among vaccinated and unvaccinated individuals, with
adjustment for round, age and sex, and Index of Multi-
ple Deprivation (IMD), region and ethnicity. We also
estimated adjusted odds of infection comparing adults
who had received three doses of vaccine with those who
had received two doses, using the same adjustment and
including a lag period of 14 days post-vaccination as
above.
Ethics
We obtained research ethics approval from the South
Central-Berkshire B Research Ethics Committee (IRAS
ID: 283787).
Role of the funding source
The funders had no role in the design and conduct of
the study; collection, management, analysis, and inter-
pretation of the data; and preparation, review of this
manuscript. PE, MC-H, CAD had full access to the data
and take responsibility for the integrity of the data and
the accuracy of the data analysis and for the decision to
submit for publication.
Results

COVID-19 epidemic in England in Autumn 2021
A total of 859,184 participants were invited to partici-
pate in round 15, of whom 100,112 (11.6%) registered
and provided a swab with a valid result from RT-PCR
(Supplementary Table 1). Of these 1399 swabs were pos-
itive yielding a weighted prevalence of 1.57% (1.48%,
1.66%), nearly two-fold higher than that estimated in
round 14 at 0.83% (0.76%, 0.89%) (Figure 1-A, B). We
observed the highest weighted prevalence in round 15 in
those aged 13 to 17 years at 5.21% (4.61%, 5.87%) and
those aged 5 to 12 years at 4.95% (4.39%, 5.58%) (Sup-
plementary Table 2, Figure 2-A). We estimated an aver-
age reproduction number across rounds 14 and 15 of
R=1.09 (1.08, 1.11) with posterior probability that R>1
above 0.99 (Supplementary Table 3). The highest
weighted prevalence in round 15 by region was observed
in South West at 1.97% (1.69%, 2.29%) increasing
more than three-fold from round 14 at 0.59% (0.43%,
0.80%) (Supplementary Table 2-A, Figure 2-B). At
LTLA level, the ten highest smoothed estimates of prev-
alence based on a nearest neighbour method were all
found in parts of the South West (Supplementary
Figure 1-A and B). Sequencing of the positive samples
identified 841 lineages, which were all Delta or Delta
sub-lineage variants (Supplementary Table 4).

Flexible P-spline models fit to data from all rounds of
REACT-1 (Figure 1-A) showed an increasing weighted
prevalence of swab-positivity from round 14 to round 15
followed by a fall during round 15 (Figure 1-B). We esti-
mated that the peak in weighted prevalence was reached
on around 20 to 21 October (with 95% credible intervals
ranging from 15 to 23 October) followed by a fall (Sup-
plementary Figure 2). Similar trends of rising preva-
lence between round 14 and round 15 followed by a fall
within round 15 were observed for children aged 17 years
and under and adults aged 18 to 54 years but a fall was
not observed at ages 55 years and over (Figure 1-C). Like-
wise, our exponential model fit to data from round 15
indicated a fall in weighted prevalence during October
www.thelancet.com Vol 48 Month June, 2022



Figure 1. Dynamics of the prevalence of SARS-CoV-2 swab positivity in England. (A) Daily weighted swab-positivity for all 15 rounds
of the REACT-1 study (black points with 95% confidence intervals, left-hand y-axis) with P-spline estimates for swab-positivity (solid
black line, shaded area is 95% credible interval). Changes in testing procedures are identified by vertical dashed lines. Geographic
sampling procedure changed for rounds 12 onwards (red line), round 14 had half of respondents’ swab tests collected by courier
and the other half post their swab test (blue line) and for round 15 all respondents posted their swab test (green line). (B)
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2021 with R=0.76 (0.70, 0.83) and posterior probability
that R>1 lower than 0.01 (Supplementary Table 3). Our
estimates did not exclude an upturn in the last days of
round 15 (from 2 November onwards) based on fewer
observations in the first week of November compared to
the previous days (Figure 2-B).

We estimated shifting and scaling parameters to
overlay daily COVID-19 deaths (deaths within 28 days
of a positive test, Figure 2-D) and, separately, daily hos-
pitalisations (Figure 2-E) onto the daily percentage of
people who tested swab-positive in REACT-1. We found
that the best-fitting time-lag between swab-positivity
and hospital admissions was 19 (18, 20) days and it was
25 (25, 26) days for COVID-19 deaths. The best-fitting
population adjusted scaling parameter, a measure of
the percentage of people swab-positive who will be in
hospital or die after the estimated time lag was 0.24%
(0.23%, 0.25%) for hospitalisations and 0.060%
(0.058%, 0.062%) for deaths. Fewer hospitalisations
and COVID-19 deaths occurred from February 2021
after roll-out of the vaccination programme compared
to those expected based on the REACT-1 prevalence
data, except for hospitalisations during June and July
2021 which coincided with the period during which the
Delta variant outcompeted and replaced other strains.
Vaccination uptake by age, effect of a single vaccine
dose in children and of a third vaccine dose in adults
Across rounds 13 (predominantly Delta), 14 and 15 (all
Delta), vaccination data were obtained (with consent)
from linkage to NHS data in 259,955 participants. Of
these, 132,333 aged 18 to 64 years had received two vac-
cine doses at least 14 days prior to swabbing, and 5,025
were unvaccinated across rounds 13, 14 and 15 (Table 1).
The number of unvaccinated adults aged 18-64 years
decreased from 2,951 (7.7%) in round 13 to 1,039 (2.0%)
in round 14 and 1,035 (2.1%) in round 15, indicating
high vaccine uptake at these ages (Figure 3-A). Using a
logistic model for vaccination status (two doses vacci-
nated vs. unvaccinated), we identified key demographic
and other differences between the unvaccinated and
Comparison of an exponential model fit to round 14-15 (red) and
REACT-1. Shaded red and blue regions show the 95% posterior cre
region shows 50% (dark grey) and 95% (light grey) posterior credib
day (X axis) of sampling for round 14 and round 15 and the prevalen
vations (black dots) and 95% confidence intervals (vertical lines) a
round 14 and round 15. In round 14 the samples shipped by post ar
(C) Similar comparison of P-spline models fit to all rounds of REAC
54 years inclusive (blue) and those aged 55 years and over (green). (
spline model estimates for expected daily deaths in England (solid
Daily deaths have been shifted by 25 (25, 26) days backwards in tim
scaled using the best-fit population adjusted scaling parameter 0
points, right-hand y-axis) and P-spline model estimates for expected
95% credible interval, right-hand y-axis). Daily hospitalisations have
axis. The daily hospitalisations (right-hand) y-axis has been scaled
(0.230, 0.246).
vaccinated individuals, especially during round 14 and
15 (Figure 3-B), such that their comparison in vaccine
effectiveness analyses may result in biased and non-
interpretable estimates for that age group. We instead
examined prevalence of swab-positivity by round and
vaccination status (Table 1). Unweighted prevalence of
infection in unvaccinated adults decreased from 1.49%
(1.09%, 2.00%) in round 13 to 1.16% (0.60%, 2.02%)
in round 15, while unweighted prevalence of break-
through infections in those who had received two doses
of vaccine more than doubled between round 13 and
round 15 from 0.41% (0.35%,0.48%) to 1.10% (1.01%,
1.20%), respectively.

Vaccination data indicate that 65% of the children
aged 12 to 17 years had received one or two vaccine
doses by round 15 (Figure 2-A), and the unvaccinated
and vaccinated children aged 12 to 17 years were
broadly comparable (Supplementary Figure 3),
although immunosuppressed children and those suf-
fering from psychological disorders or organ-based
conditions, particularly in round 13, were found
more likely to have been vaccinated. Using data from
rounds 13, 14 and 15 and adjusting for age, sex,
IMD<, region and ethnicity we estimated the
adjusted vaccine effectiveness against infection for
one or two doses of Pfizer-BioNTech (after 14 days)
in children aged 12 to 17 years to be 58.1% (45.4%,
67.9%). Higher estimates were found in those
reporting symptoms at 64.8% (51.8%,74.3%). Vaccine
effectiveness estimates were similar when only con-
sidering children having received a single vaccine
dose. Estimates for round 15 only were slightly
higher with a fully adjusted vaccine effectiveness
against infection of 64.0% (50.9%, 73.6%) and
67.7% (53.8%, 77.5%) in all, and symptomatic chil-
dren, respectively (Table 2).

The proportion of REACT-1 round 15 participant hav-
ing received a third vaccine dose increased with age
(Figure 3-A) and ranged from 16.8% in those aged 45 to
54 years to 88.9% in those aged 75 years and over. Uni-
variable logistic models for vaccination status (2 vaccine
doses vs unvaccinated) in adult participants aged
round 15 only (blue) and a P-spline model fit to all rounds of
dible intervals for the exponential model, and the shaded grey
le interval for the P-spline model. Results are presented for each
ce of infection is shown (Y axis) on a log scale. Weighted obser-
re also shown. Number of samples processed per day during
e represented in orange, and those shipped by courier, in green.
T-1 for those aged 17 years and under (red), those aged 18 to
D) Daily deaths in England (red points, right-hand y-axis) and P-
red line, shaded area is 95% credible interval, right-hand y-axis).
e along the x-axis. The daily deaths (right-hand) y-axis has been
.060 (0.058, 0.062). (E) Daily hospitalisations in England (blue
daily hospitalisations in England (solid blue line, shaded area is
been shifted by 19 (18, 20) days backwards in time along the x-
using the best-fit population adjusted scaling parameter 0.238
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Figure 2.Weighted prevalence of SARS-CoV-2 swab-positivity by age group (A) and region (B). Estimates are presented for round 14
(9 to 27 September 2021) and round 15 (19 October to 5 November 2021). Bars show the prevalence point estimates (grey for round
14 and orange for round 15), and the vertical lines represent the 95% confidence intervals.
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Round Vaccination Status1 Test Positive Total Unweighted Prevalence (95% CI)

Round 13

(24 Jun - 12 Jul 2021)

Unvaccinated 44 2,951 1.49% (1.09%, 2.00%)

2 doses All vaccines 144 34,997 0.41% (0.35%, 0.48%)

2 doses AZ 109 25,043 0.44% (0.36%, 0.52%)

2 doses Moderna 0 24 0.00% (0.00%, 14.25%)

2 doses Pfizer 26 6,526 0.40% (0.26%, 0.58%)

2 doses Unknown 9 3,404 0.26% (0.12%, 0.50%)

Round 14

(9-27 Sep 2021)

Unvaccinated 13 1,039 1.25% (0.67%, 2.13%)

2 doses All vaccines 328 50,016 0.66% (0.59%, 0.73%)

2 doses AZ 248 31,538 0.79% (0.69%, 0.89%)

2 doses Moderna 4 1,201 0.33% (0.09%, 0.85%)

2 doses Pfizer 56 12,944 0.43% (0.33%, 0.56%)

2 doses Unknown 20 4,333 0.46% (0.28%, 0.71%)

Round 15

(19 Oct − 5 Nov 2021)

Unvaccinated 12 1,035 1.16% (0.60%, 2.02%)

2 doses All vaccines 520 47,320 1.10% (1.01%, 1.20%)

2 doses AZ 383 30,472 1.26% (1.13%, 1.39%)

2 doses Moderna 15 1,392 1.08% (0.60%, 1.77%)

2 doses Pfizer 106 13,410 0.79% (0.65%, 0.96%)

2 doses Unknown 16 2,046 0.78% (0.45%, 1.27%)

Table 1: Unweighted prevalence of swab-positivity by vaccination status and round. Results are presented for rounds 13, 14 and 15 of
REACT-1 using linked vaccine status data, for participants aged 18 to 64 years.

1 Vaccination status for linked data was defined using time since last vaccination. Unvaccinated are those not having received any vaccine dose or one dose

less than 14 days before swabbing; double dose vaccinated are those having received their second dose 14 days or more before swabbing.
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18 years and over from rounds 13, 14, and 15 showed that
participants (i) from Black, Asian, mixed ethnicity; (ii)
living in large households including 5 or more persons,
and (iii) living in most deprived areas were (indepen-
dently) less likely to have received two vaccine doses
(Figure 3-B). We found fewer differences in the charac-
teristics of REACT-1 participants aged 18 years and over
having received a third vaccine dose and those who
received two doses only (Supplementary Figure 4).
Females, participants from Asian, mixed and unknown
ethnicity, participants from households with one or
more children, participants living in London, and
immunocompromised people were more likely to have
received a third vaccine dose, along with those suffering
from organ-based diseases. Conversely, participants
reporting COVID-19 symptoms and those having
already had a (confirmed or suspected) COVID-19 infec-
tion were less likely to have received a third dose. Simi-
lar results, although with slightly weaker effect size
estimates, were found when restricting the population
to those aged 50 years and over and including health-
care and homecare workers. In adults aged 18 years and
over, the fully adjusted OR of swab-positivity associated
with a third (booster) dose compared to two doses of vac-
cine was estimated at OR=0.36 (0.25, 0.53) for all vac-
cines combined (Table 3). Similar results were obtained
for adults aged 50 years and over together with health
care workers and care home workers under 50 years of
age with a fully adjusted OR for swab positivity of 0.37
(0.25, 0.56).
Discussion
The REACT-1 programme has been providing timely
data on the spread of SARS-CoV-2 in the population of
England since lockdown during the first wave of the epi-
demic in May 2020.2 Our analyses for round 15 cover
the period from mid-October to early November 2021
spanning the autumn half-term break in schools in Eng-
land. Compared with the previous round of data collec-
tion in September 2021,12 the prevalence of swab
positivity in the population had risen markedly, espe-
cially among school-aged children, where we observed
rates averaging around 5% over the period. Although
prevalence was somewhat lower in older people
(65 years and over) it had approximately doubled
between rounds, and unlike in younger people, did not
appear to be falling during the period of the current
study, despite high levels of vaccination in this group.

Our study confirmed that Delta variant and its sub-
lineages was the dominant strain circulating in England
to early November 2021, as has also been reported by
the UK Health Security Agency (zS) (UKHSA) based on
the national routine testing programme.24 Our data
suggest that against the backdrop of Delta and the
removal of all restrictions in England, viral transmission
increased from September to mid-October 2021, with
the subsequent fall in swab positivity being driven by
the younger ages, possibly related, at least in part, to the
half-term break. The increase in prevalence in older peo-
ple suggests that transmission can be sustained among
the vaccinated as well as the unvaccinated population. A
www.thelancet.com Vol 48 Month June, 2022



Figure 3. Vaccination uptake in England in November 2022. Proportion of unvaccinated (pale blue) participants and participants
having received one, two, or three vaccine doses by age in round 15 (A). Results are based on linked vaccination data in consenting
participants (children aged 12 years were combined with those aged 13 to 17 years, as they were eligible for vaccination). Compari-
son of the characteristics of the REACT-1 participants aged 18 to 64 years who received two vaccine doses to those unvaccinated in
rounds 13−15 (B). For each variable, we present the point estimate and 95% confidence interval of the Odds Ratio (OR) from the
logistic model for vaccination status. The model is parameterised such that ORs greater than 1 indicate a greater probability of being
vaccinated. Results are presented for round 13 (blue, 24 June to 12 July 2021), round 14 (orange, 9 to 27 September 2021), and
round 15 (green, 19 October to 5 November 2021).
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Dataset Test negatives Test positives Vaccine Effectiveness (VE)***
(95% CI)

Rounds 13-15 All children Unvaccinated 11,360 380 -

1 or 2 doses 3,160 74 58.13% (45.44%, 67.87%)

1 dose 2,770 71 54.94% (40.98%, 65.60%)

Children reporting any symptom* Unvaccinated 11,447 293 -

1 or 2 doses 3,183 51 64.81% (51.82%, 74.30%)

1 dose 2,792 49 62.22% (47.95%, 72.57%)

Children reporting any of the classic

COVID-19 symptoms**

Unvaccinated 11,498 242 -

1 or 2 doses 3,189 45 61.22% (45.66%, 72.33%)

1 dose 2,798 43 58.56% (41.52%, 70.64%)

Round 15 All children Unvaccinated 2,796 207 -

1 or 2 doses 1,965 55 63.97% (50.92%, 73.55%)

1 dose 1,774 53 61.53% (47.33%, 71.90%)

Children reporting any symptom* Unvaccinated 2,839 164 -

1 or 2 doses 1,980 40 67.73% (53.78%, 77.47%)

1 dose 1,788 39 65.12% (49.83%, 75.75%)

Children reporting any of the classic

COVID-19 symptoms**

Unvaccinated 2,874 129 -

1 or 2 doses 1,985 35 63.95% (46.82%, 75.56%)

1 dose 1,793 34 61.21% (42.48%, 73.84%)

Table 2: Vaccine effectiveness against infection for children aged 12 to 17 years. Estimates are reported for (i) round 13 to round 15, and
(ii) round 15 of REACT-1. Estimates are based on a logistic model of swab positivity in (i) children having received one or two vaccine
doses and (ii) children having received a single vaccine dose compared to unvaccinated children. Results are adjusted for age, sex, Index
of Multiple Deprivation (IMD), region, and ethnicity. For the model based on data from rounds 13 (24 June to 12 July 2021), 14 (9 to 27
September 2021) and 15 (19 October to 5 November 2021), estimates are further adjusted for round.
* Children reporting any of the 29 surveyed symptoms in the month prior to swabbing.

** Children reporting any of loss or change of sense of smell or taste, fever, new persistent cough in the month prior to swabbing.

*** VE is estimated by comparing vaccinated children testing positives and those testing negative. For analyses on symptomatic children, we compare.

symptomatic test positives to test negatives and asymptomatic positives.
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recent study of transmission in the home related to
Delta virus suggested only a modest reduction in risk of
infection among double-vaccinated compared to unvac-
cinated individuals, with secondary attack rates of 25%
Dataset Vaccine Type

18 years and over All Vaccines

Healthcare or care home worker or 50 years and over All Vaccines

AZ

Pfizer

Table 3: Effect of a third vaccine dose on the risk of swab positivity. Est
October to 5 November 2021) who had received at least two vaccine d
having received two vaccine doses at least six months prior to swabbin
presented for adults aged 18 years and over in round 15 and for those
In the latter group estimates are given for all vaccines combined and f
adjusted for age, sex, Index of Multiple Deprivation (IMD), region, and
* For comparability purposes, participants having received two vaccine dose

administered > 180 days prior to swabbing.

** We considered that the effect of the third dose was effective 14 days after v

received two vaccine doses or three doses with the third one administered less

received their third vaccine dose 14 days prior to swabbing.
(95% CI 18%, 33%) and 38% (24%, 53%), respectively.6

In keeping with these results, we found that people liv-
ing in larger households and those with children in the
household had higher prevalence of swab-positivity
Test negatives Test positives OR (95% CI)

2 Doses* 19,452 196 -

3 Doses** 8,300 32 0.36 (0.25, 0.53)

2 Doses* 18,064 174 -

3 Doses** 8,039 31 0.37 (0.25, 0.56)

2 Doses* 9,403 102 -

3 Doses** 1,942 10 0.47 (0.24, 0.90)

2 Doses* 7,185 65 -

3 Doses** 5,647 19 0.33 (0.20, 0.57)

imates are presented for participants of REACT-1 in round 15 (19
oses. Estimates are obtained comparing swab positivity in those
g and those having received three vaccine doses. Results are
either aged 50 years and over or healthcare or care home workers.
or AZ and Pfizer-BioNTech separately. Odds Ratios (ORs) are
ethnicity.
s were restricted to those eligible for a third dose: whose second dose was

accination. Participants with two doses are thus defined as those having only

than 14 days prior to swabbing; participants with three doses are those who

www.thelancet.com Vol 48 Month June, 2022
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than single-person households and those without
children.12

In previous rounds we estimated vaccine effective-
ness among adults at ages 18 to 64 years,12 but not older
adults, because of concern − given so few were unvacci-
nated − that the unvaccinated group might be non-rep-
resentative of the wider population. Estimating vaccine
effectiveness from observational data is well known to
run the risk of bias arising from the non-comparability
of the vaccinated and unvaccinated groups in key
aspects other than vaccination. For example,
“confounding by indication” can arise if the presence of
one or more underlying conditions affects an individu-
al’s decision to get vaccinated, while a “healthy vaccine
bias” may occur where individuals who are healthier are
more likely to accede to the vaccination programme.12

These differential effects can bias estimates of effective-
ness in either direction even with statistical adjustments
for measured covariates, in an attempt to correct for
non-vaccination-related differences between the vacci-
nated and unvaccinated groups.25 New approaches are
being developed to try to tease out such effects.26

Our concern about estimating vaccine effectiveness
among adults at ages 65 years and over due to non-com-
parability between the vaccinated and (small) unvacci-
nated group also became a key consideration here at
ages 18 to 64 years. First, reflecting the success of the
vaccine programme, only a small proportion of this age
group remained unvaccinated in the present round,
resulting in wide confidence intervals and imprecise
estimates of prevalence in the unvaccinated (compara-
tor) group, especially in the latter rounds. Second, there
was possible waning in immunity following vaccination
that may have led to increasing risk of breakthrough
infections among the double-vaccinated group. Finally,
there was evidence that the unvaccinated and double-
vaccinated groups differed in important ways according
to a variety of parameters, suggesting that the unvacci-
nated and vaccinated groups were poorly matched.

In contrast, estimates of the effects of the third vac-
cine dose on swab positivity, compared to two doses,
were not affected by these issues in the same way. Since
those receiving a third dose of vaccine were already dou-
ble-vaccinated, they were as a group likely to be much
more closely matched to the double-vaccinated group
than comparisons of vaccinated and unvaccinated indi-
viduals. This was even more so given that the roll-out
and scale-up of the booster vaccine programme during
the round meant that many people who wanted to get a
third vaccine dose were still waiting their turn. We esti-
mated that following a third vaccine dose, the odds of
swab-positivity were on average around one third of the
odds of double-vaccinated individuals, indicating an
effective immune response against Delta variant from
the third dose. However, our estimate is less strong
than that reported for symptomatic individuals in both
Israel10 and the UK27 both of which depended on people
www.thelancet.com Vol 48 Month June, 2022
presenting with symptoms to the national testing pro-
grammes. Our results use vaccination data linked to
personal NHS records in consenting participants
(>85%) and are community-based, include non-symp-
tomatic individuals and are not contingent on test-seek-
ing behaviours. As such our more prudent estimates
may better capture the heterogeneity in the uptake and
effectiveness of the vaccination programme in the com-
munity, and thus may offer more realistic and generalis-
able view of the situation in England and other
countries in the UK and Europe.

Our data enabled us to investigate the effect of vacci-
nation in children aged 12 to 17 years in England. Our
results show the benefits of single doses delivered to
children aged 12 years and above in terms of reducing
the risk of swab positivity and by extension onward
transmission of infection. Preventing infections is
important because, as already noted, those with break-
through infections post-vaccination do transmit to
others, including within households at a rate compara-
ble to those who are infected but have not been vacci-
nated.6 In addition, high rates of infections in schools
are disruptive to learning and education.

Crucially, the vaccination programme has exten-
sively reduced the risks of COVID-19 related hospitalisa-
tions and deaths.28 In January 2021 when the average
swab-positivity prevalence in REACT-1 was similar to
that recorded in the current round, hospitalisations in
England were running at around 3,500 per day com-
pared with around 850 per day at the beginning of
November 2021.29 Looking further at our own data, we
can observe a weakening of the association between
swab-positivity in REACT-1 and COVID-19 related hos-
pitalisations and deaths arising on average 19 and
25 days later. Nonetheless the booster programme in
the UK needs to reach the vast majority of the more vul-
nerable population to prevent further pressure on
health services from waning immunity.

Our study has limitations. Although the response
rate in REACT-1 has declined steadily from 30.5% in
round 1 to its current level of 11.7% in round 15, we use
rim weighting to obtain prevalence estimates that are
representative of the population of England as a whole.
While we obtain vaccination data reported by partici-
pants, here we relied on data on vaccination as recorded
by the NHS for the >85% who gave permission to link
to their NHS records. This has the advantage of provid-
ing accurate information on the date of vaccination and
type of vaccine used, both important to avoid errors and
biases in estimates of prevalence and vaccine effective-
ness, with no dependency on participant recall. How-
ever, to the extent that those who consent and do not
consent to data linkage may differ (although the large
proportion of people do consent to linkage), and those
who are vaccinated and unvaccinated may have differing
propensities to take part, it is possible that undetected
systematic errors may be introduced. Finally, we
11
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changed the method by which swabs were sent to the
laboratory for RT-PCR in round 15, relying on the prior-
ity postal service for participants to return their swab
(transported in saline solution). In the previous round
we tested in a 1:1 randomised fashion either courier
pick-up (no cold chain) or priority postal service and
found no discernible difference between the two in
either positivity rate or Ct values.12 Prior to that, dry
swabs were sent by courier to the laboratory on a cold
chain. Sampling of participants was performed with
replacement in REACT-1 resulting in a small number of
participants being included in more than one round: 46
(0.05%) and 67 (0.07%) participants included in round
15 were also included in rounds 13 and 14, respectively.
Data from rounds 13, 14 and 15 should therefore not be
considered completely independent. However, the lim-
ited number of overlapping participants, the fact that
participants sampled in each round (including those
sampled more than once) were selected to be represen-
tative of the resident population of England as a whole,
and our use of rim weighting to correct for potential
sampling bias, should protect our results against mean-
ingful bias or between-round correlation when compar-
ing and/or pooling data from round 14, 15, and 16.

In conclusion, swab-positivity was high at the start of
round 15 in mid-October 2021, reaching a maximum
around 20 to 21 October 2021, and then falling through
late October with an uncertain trend in the last few days
of data collection in early November 2021. School-aged
children were the most likely to test positive, while at
the same time children who had received a single dose
of the Pfizer-BioNTech vaccine at least 14 days prior to
swabbing had around 50% reduced risk of infection
compared to unvaccinated children of the same age (12
to 17 years). Likewise, booster (third) vaccine doses were
found to protect adults from infection, compared to
their counterparts who had received only two doses.
The relatively small proportion of adults who remain
unvaccinated (a clear positive from a public health per-
spective) limited our ability to reliably estimate vaccine
effectiveness by comparing those who had received two
doses of the vaccine to those remaining unvaccinated.
Thus, we cannot usefully add to our previous report12

that showed the protection offered by two vaccine doses
waned over time. Expanded availability and rapid roll-
out of booster doses, second doses for teenagers aged 16
to 17 years and single doses for children aged 12 to
15 years in England, with possible extension to younger
children, should help reduce transmission from Delta
and other variants during the winter period when
healthcare demands typically rise. At the time of data
collection, vaccinations were not approved for children
aged under 12 years in England. However, based on
results from a clinical trial in that age group,30 the Joint
Committee on Vaccination and Immunisation recom-
mended vaccination of children aged 5 to 11 years in
England in late December 2022.31 Overall, data from
the different rounds of REACT-1 provide unbiased esti-
mates of the prevalence of SARS-CoV-2 swab-positivity
in the resident population at different stages of the epi-
demic and, combining data across rounds, enable the
assessment of the dynamics of growth/decay of the epi-
demic. Linkage to NHS vaccination data allowed us to
accurately estimate vaccine effectiveness against infec-
tion. While the present report focussed on the epidemi-
ological situation in October 2021, when Delta
predominated, extending these analyses to subsequent
rounds of the REACT-1 study will provide population-
based and policy-relevant estimates of the prevalence of
the infection for different age groups, and for different
viral strains.
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