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Impact of vaccination on new SARS-CoV-2
infections in the United Kingdom
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The effectiveness of COVID-19 vaccination in preventing new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections in the general community is still unclear. Here, we used the Office for National Statistics COVID-19 Infection Survey—a
large community-based survey of individuals living in randomly selected private households across the United Kingdom—to
assess the effectiveness of the BNT162b2 (Pfizer-BioNTech) and ChAdOx1nCoV-19 (Oxford-AstraZeneca; ChAdOx1) vaccines
against any new SARS-CoV-2 PCR-positive tests, split according to self-reported symptoms, cycle threshold value (<30 versus
>30; as a surrogate for viral load) and gene positivity pattern (compatible with B.1.1.7 or not). Using 1,945,071 real-time PCR
results from nose and throat swabs taken from 383,812 participants between 1 December 2020 and 8 May 2021, we found that
vaccination with the ChAdOx1 or BNT162b2 vaccines already reduced SARS-CoV-2 infections >21d after the first dose (61%
(95% confidence interval (CI) =54-68%) versus 66% (95% Cl=60-71%), respectively), with greater reductions observed
after a second dose (79% (95% Cl=65-88%) versus 80% (95% Cl=73-85%), respectively). The largest reductions were
observed for symptomatic infections and/or infections with a higher viral burden. Overall, COVID-19 vaccination reduced the
number of new SARS-CoV-2 infections, with the largest benefit received after two vaccinations and against symptomatic and

high viral burden infections, and with no evidence of a difference between the BNT162b2 and ChAdOx1 vaccines.

try to start a COVID-19 vaccination program following

emergency use authorization of the BNT162b2 messenger
RNA (mRNA) vaccine (Pfizer-BioNTech) by the United Kingdom’s
Medicines and Healthcare Products Regulatory Agency'. Additional
COVID-19vaccineshavesince been approved, including the Oxford-
AstraZeneca adenovirus vector vaccine, ChAdOxl nCOV-19
(termed here ChAdOx1)’, and more recently an mRNA-based
COVID-19 vaccine developed by Moderna, mRNA-1273 (ref. °).
To date, most vaccinated individuals in the United Kingdom have
received one or two doses of the BNT162b2 or ChAdOx1 vaccines,
which are the vaccines focused on in the current study.

Initially, those in care homes, those over 80 years old and front-
line health and social care workers were prioritized for vaccina-
tion®. Clinically vulnerable people and those aged >70years were
the next priority groups, followed by remaining adults in order of
decreasing age. As of 14 April, over 32 million (62%) UK adults
(>18years old) had received at least one COVID-19 vaccine dose?,
most of whom had received one dose only following the exten-
sion of the dosing interval to 12 weeks to maximize initial cover-
age’. UK inhabitants were invited to receive a COVID-19 vaccine

O n 8 December 2020, the United Kingdom was the first coun-

independent of antibody status, although those testing PCR posi-
tive just before their scheduled vaccination had to reschedule their
appointment to a later date to minimize the chances of an outbreak
at vaccination sites.

Large randomized trials estimated the efficacy against symp-
tomatic laboratory-confirmed COVID-19 infection to be 70% (95%
confidence interval (CI)=55-81%) after two ChAdOx1 doses’ and
95% (95% CI=90-98%) after two BNT162b2 doses®. While trials
provide unbiased effect estimates, trial participants may differ from
the general population in many ways, so it is essential to assess effec-
tiveness in the community, particularly given differences between
real-world vaccine deployment and the licensed dosing schedule.
Comparing vaccine effectiveness in the community is also impor-
tant as the trials used different outcome definitions (for example,
the start of the at-risk period was 14d (ref. 7) versus 7d (ref. ®) after
the second dose for the ChAdOx1 and BNT162b2 vaccine trials,
respectively) and populations (for example, there was a smaller pro-
portion of participants aged >55years in the ChAdOx1 vaccine trial
(12%)’ versus the BNT162b2 vaccine trial (42%)).

Furthermore, both trials were largely conducted before the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
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variant B.1.1.7 became dominant in the United Kingdom’. This
variant is more transmissible and potentially causes more severe
disease'">. Concerns have been raised that some of its defin-
ing mutations may affect the efficacy of vaccines and natural
infection-derived immunity to (re)infection'. A subset of 8,534
participants from the initial ChAdOx1 trial were followed for a
longer period to assess protection against different viral variants,
but wide CIs meant it was difficult to conclude whether the efficacy
was lower against B.1.1.7 (70% (95% CI=44-85%) than other lin-
eages (82% (95% CI=70-89%))".

Ongoing assessment of the effectiveness of different vaccines
across different subgroups is critical, especially among older adults,
who were under-represented in the ChAdOx1 trials. Real-world
studies are starting to appear, with an analysis from Israel esti-
mating 92% (95% CI=288-95%) effectiveness against symptom-
atic PCR-confirmed infection >7d after the second BNT162b2
dose’™. A study among healthcare workers in England found an
effectiveness of 70% (95% CI=55-85%) 21d after a first dose and
85% (95% CI=74-96%) after a second dose of BNT162b2 against
PCR-positive infections'®. Another study assessing the early effec-
tiveness of the BNT162b2 and ChAdOxI vaccines in older adults
(>70vyears) in England showed that a single dose of either vaccine
was ~60% effective against symptomatic laboratory-confirmed
infection and ~80% effective against hospitalization'”. The evidence
on effectiveness against asymptomatic infection is limited, with one
study among 13,109 healthcare workers from Oxfordshire, United
Kingdom, showing a 64% (95% CI=50-74%) reduction in any
SARS-CoV-2 PCR-positive result following a single BNT162b2 or
ChAdOx1 dose’. Another study among 3,950 healthcare workers,
first responders and other essential and frontline workers from the
United States estimated 80% (95% CI=59-90%) and 90% (95%
CI=68-97%) vaccine effectiveness 14 or more days after one or
two doses of the BNT162b2 or mRNA-1273 vaccine, respectively'®.
Most recently, a study of 10,412 residents of long-term care facilities
showed 65 and 68% protection against SARS-CoV-2 PCR-positive
results 28-42d after vaccination with the ChAdOx1 or BNT162b2
vaccine, respectively®.

However, existing studies have either investigated defined
sub-populations”'®"” or have relied on the results from symptom-
atic testing programs'>", potentially leading to bias from vacci-
nation status influencing the test-seeking behavior of cases not
requiring health care. Large community-based studies where
testing is done in a systematic manner (independent of both vac-
cination status and symptoms) are lacking. We therefore used
the Office for National Statistics (ONS) COVID-19 Infection
Survey—a large community-based survey of individuals aged
2years and older living in randomly selected private house-
holds across the United Kingdom—to assess the effectiveness of
the BNT162b2 and ChAdOx1 vaccines, as implemented in the
United Kingdom, against any SARS-CoV-2 PCR-positive test
performed in the survey”, where real-time PCR (RT-PCR) tests
were performed on a fixed schedule, irrespective of symptoms,
vaccine status and previous infection. We assessed vaccine effec-
tiveness based on overall RT-PCR positivity and split according
to self-reported symptoms, cycle threshold (Ct) value (<30 ver-
sus >30; as a surrogate for viral load) and gene positivity pattern
(compatible with B.1.1.7 or not).

Results

Characteristics of visits and new PCR positives included in
analysis. From 1 December 2020 to 8 May 2021, 383,812 individu-
als from 216,953 households provided 1,945,071 RT-PCR results
from nose and throat swabs in the COVID-19 Infection Survey
(median (interquartile range (IQR))=5 (4-6)), of which 12,826
(0.8%) were the first positive in an infection episode and 1,932,245
(99.3%) were negative. The characteristics at each visit when these
swabs were taken, and hence included in the analyses, are shown
in Supplementary Table 1. The median (IQR) age at included visits
was 55years (40-68 years). Of the total swab results, 6% were from
those reporting non-white ethnicity, 4% were from those report-
ing patient-facing health/social care work or working in a care
home (high-priority group for vaccination) and 27% were from
those reporting a long-term health condition (priority group for
vaccination).

We classified each visit according to vaccination status and pre-
vious infection (Supplementary Table 2), classifying the time from
vaccination empirically based on modeling the days since the first
vaccination as a continuous nonlinear effect (Extended Data Fig. 1).
The baseline group included visits occurring >21d before vacci-
nation in those with no evidence of previous infection (1,012,808
visits; 10,721 new PCR positives). A further 21,442 visits (105 PCR
positives) occurred in unvaccinated participants with evidence of
previous infection, with a median of 125d (IQR=106-161d) from
the first positive (study antibody, study swab or external test in the
national program) to the included visit. As <4% of visits in each
vaccinated group occurred in individuals with evidence of previ-
ous infection before vaccination (Supplementary Table 2), visits
were classified based on vaccination history alone. As there were
insufficient data to estimate the effects of vaccination dependent
on previous infection status, we therefore estimated the effective-
ness of vaccination as implemented in the United Kingdom. In
total, 137,575 visits (95 PCR positives) occurred a median of 16d
(IQR=7-30) after a second dose; among the 99,267 individuals
who received a second dose, the median number of days between
the first and second dose was 73 (IQR=63-77d).

In new infections, Ct values (inversely related to viral load)
increased with increasing time from the first vaccination as well as
the number of doses (Fig. 1a and Supplementary Table 3). The high-
est Ct values were in those who had received two vaccine doses,
with a similar distribution to those not vaccinated but previously
PCR or antibody positive. Ct values were lowest in those not vac-
cinated and not previously PCR or antibody positive.

The percentage of PCR-positive individuals self-reporting symp-
toms was highest in those not vaccinated and not previously PCR
or antibody positive (58% at >21d before vaccination) and lowest
in those with two vaccine doses (17%) and those not vaccinated
but previously PCR or antibody positive >4 months before (10%;
Fig. 1b). Well-recognized COVID-19 symptoms (cough, fever and
loss of taste or smell) were most commonly reported in unvaccinated
individuals who were not previously PCR or antibody positive.

Impact of any COVID-19 vaccination on new infections. In
unadjusted analyses, the percentage of positive PCR tests remained
stable over the first 20d following vaccination but decreased from
21d onwards regardless of whether one or two doses had been

>

>

Fig. 1| Distribution of Ct values and percentage of symptoms in new positive episodes by vaccination status. a, Distribution of Ct values. b, Percentage
of symptoms. The numbers of visits with a positive test contributing to the plots by exposure group were: 10,721 (not vaccinated; not previously positive;
>21d before vaccination); 643 (not vaccinated; not previously positive; 1-21d before vaccination); 291 (vaccinated 0-7 d ago); 441 (vaccinated 8-20d
ago); 530 (>21d after first dose; no second dose); 95 (post-second dose); 76 (not vaccinated; previously positive <4 months ago); and 29 (not vaccinated;
previously positive >4 months ago). Boxplots inside violin plots in a show median values and upper and lower quartiles of the distribution, with whiskers
extending from the hinge to the largest and smallest value no further than 1.5 times the IQR. The error bars in b represent 95% Cls. Values are given in

Supplementary Table 3.
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administered (Extended Data Fig. 2). Adjusting for multiple poten-
tial confounders, the vaccine effectiveness ((1 —odds ratio) x 100)
against new PCR positives, with or without symptoms, was 56%
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(95% CI=51-61%) in those 8-20d after vaccination versus the
baseline group, with no evidence of a difference versus those vac-
cinated 0-7d ago (P=0.251). The vaccine effectiveness was 64%
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Fig. 2 | Adjusted odds ratios for the effect of vaccination and previous positivity on all positives and positives split by Ct score, self-reported symptoms
and gene positivity pattern. a-d, Adjusted odds ratios for effects on all positives (a) and positives split by Ct value (b), self-reported symptoms (c)

and gene positivity pattern (d). All odds ratios were obtained from a generalized linear model with a logit link comparing each category with the

reference category (not vaccinated; not previously positive; >21d before vaccination) and using clustered robust standard errors. Odds ratios are given

in Supplementary Table 4. The numbers of visits underlying the models for the different outcomes are provided in Supplementary Table 8. All error bars

represent 95% Cls.

(95% CI=59-68%; P<0.001) in those assessed >21d since the first
vaccination with no second dose—marginally higher than in those
vaccinated 8-20d ago (P=0.066) (Fig. 2a and Supplementary Table 4;
coefficients for all factors in Supplementary Table 5). The odds of
testing positive were reduced to 72% (95% CI=70-75%) 1-21d
before the first vaccination and 63% (95% CI=58-68%) 0-7d
post-vaccination versus the baseline group.

The largest vaccine effectiveness was estimated among those fol-
lowing the second vaccine dose (80%; 95% CI=74-84%; P<0.001),
and this was significantly greater than for those having received
only one dose >21d previously (P <0.001). There was no evidence
that reductions in the odds of testing positive differed between
those having received two vaccine doses and those not having been
vaccinated but who were PCR or antibody positive >4 m previously
(P=0.523) (Supplementary Table 4).

The benefits associated with vaccination were much greater
for infection episodes with Ct<30 (as evidence of high levels of
viral shedding) compared with Ct>30 (Fig. 2b), with the vac-
cine effectiveness against testing positive with Ct<30 estimated
at 91% (95% CI=85-94%; P<0.001) post-second dose—a greater
benefit compared with the 75% (69-79%) effectiveness following
one dose >21d ago (P<0.001) and compared with no evidence
of a difference versus those not vaccinated but PCR or antibody
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positive >4 m previously (P=1.00). Similarly, the benefits associ-
ated with vaccination were much greater for self-reported symp-
tomatic infection episodes (Fig. 2c), with an estimated vaccine
effectiveness against testing positive with self-reported symptoms of
95% (95% CI=90-97%; P <0.001) post-second dose—significantly
higher than with one dose >21d ago (P<0.001) (Supplementary
Table 4), but again without evidence of a difference versus those not
vaccinated but PCR or antibody positive >4 m previously (P=1.00).
In comparison, the estimated vaccine effectiveness against new
infection episodes with no self-reported symptoms was 58% (95%
CI=43-69%; P<0.001) post-second dose. While some of the cases
overlapped, positives with Ct<30 also differed from positives
where symptoms were reported; for example, 4,731 (37%) of all
positives had Ct <30 and symptoms reported, whereas 2,125 (17%)
had Ct<30 and no symptoms reported (Supplementary Table 3).
The effects of vaccination on infections compatible and not compat-
ible with the B.1.1.7 variant appeared similar, but small numbers of
positives in the latter group led to large uncertainty in the estimates
(Fig. 2d and Supplementary Table 4).

Impact of vaccination type on new infections. There was no
evidence that the vaccine effectiveness against new infections dif-
fered between the BNT162b2 and ChAdOx1 vaccines (Fig. 3a and
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Fig. 3 | Adjusted odds ratios for the effect of vaccination, split by vaccine type and previous positivity, on all positives and positives split by Ct value
and self-reported symptoms. a-¢, Adjusted odds ratios for effects on all positives (a) and positives split by Ct value (b) and self-reported symptoms (¢).
All odds ratios were obtained from a generalized linear model with a logit link comparing each category with the reference category (not vaccinated; not
previously positive; >21d before vaccination) and using clustered robust standard errors. Odds ratios are given in Supplementary Table 6. The numbers of
participants and visits underlying the models for the different outcomes are provided in Supplementary Table 9. All error bars represent 95% Cls.

Supplementary Table 6), whether the vaccine was received 0-7d
previously (P=0.799), 8-20d previously (P=1.00), >21d previously
(P=0.940) or post-second dose (P=0.709). At >21d after the first
dose, the effectiveness of the BNT162b2 and ChAdOx1 vaccines was
66% (95% CI=60-71%) versus 61% (95% CI=54-68%), respec-
tively. After two doses, the effectiveness was 80% (95% CI=73-85%)
versus 79% (95% CI=65-88%), respectively. There was also no evi-
dence that reductions in the odds of new infections differed between
those post-second BNT162b2 dose and those not vaccinated but
PCR or antibody positive >4 m previously (P=0.704). The effects
were similar considering infections with Ct < 30 versus >30 (Fig. 3b)
or with versus without self-reported symptoms (Fig. 3c), with the
impact of both vaccines attenuated to similar degrees for infections
with Ct>30 and without self-reported symptoms.

Potential subgroup effects. There was evidence of differences in
the effects of vaccination on new infections between those aged
under and over 75years (global heterogeneity for all vaccination
terms P=0.011; Fig. 4a). This was driven by greater benefits in
those >21d since the first vaccination with no second dose, where
reductions in the odds were 72% in those aged >75years (95%
CI=64-78%) and 60% in those <75years (95% CI=54-65%)
(interaction P=0.007). There was no evidence of differences in the
effect of vaccination on new infection between those reporting or
not reporting long-term health conditions (global heterogeneity for
all vaccination terms P=0.897).

1374

Sensitivity analyses. While most potential confounders are unlikely
to have been affected by vaccination itself, work location, mode of
travel to work and contacts with care homes, including visiting rela-
tives, could theoretically be both confounders and affected through
vaccination and previous infections through risk compensation.
Sensitivity analyses excluding these factors resulted in very similar
estimates of vaccine effectiveness >21d since the first vaccination
with no second dose (64% (95% CI=59-68%) versus 60% (95%
CI=54-65%)), as well as post-second dose (80% (95% CI=74-83%)
versus 77% (95% CI=70-82%)) (Supplementary Table 7).

The Ct threshold of <30 versus >30 was selected on the basis of
it being used in the United Kingdom in algorithms for the review of
low-level positives at the laboratories where the PCR tests were per-
formed and as a threshold for attempting whole-genome sequencing.
We also performed a sensitivity analysis with an arbitrary threshold
of Ct<25 versus Ct>25 and found that this increased the estimated
vaccine effectiveness against low- and high-Ct infections, as lowering
this threshold shifts both groups to alower Ct value (higher viralload).
For example, the estimated effectiveness >21 d after the first dose was
79% (95% CI=73-84%) for Ct<25 and 55% (95% CI=47-61%) for
Ct> 25, while these values were 75% (95% CI=69-79%) and 50%
(41-58%) for Ct <30 and Ct > 30, respectively.

Discussion
The results from this large community surveillance study show that
vaccination against COVID-19, with either the ChAdOx1 vaccine or
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Fig. 4 | Adjusted odds ratios for the effect of vaccination, split by age and long-term health conditions, on all positives. a,b, Adjusted odds ratios for effects
on all positives, split by age (a) and long-term health conditions (b). All odds ratios were obtained from a generalized linear model with a logit link comparing
each category with the reference category (not vaccinated; not previously positive; >21d before vaccination) and using clustered robust standard errors.

The numbers of participants and visits in the different subgroups are provided in Supplementary Table 10a (by age, corresponding to a) and Supplementary
Table 10b (by the presence or absence of long-term health conditions, corresponding to b). The heterogeneity Pvalues (as determined by two-sided Wald
test) for the two vaccination categories were: P=0.011 (age) and P=0.897 (long-term health conditions). There were no positives in those aged >75years

in the previously infected exposure groups, so these groups were excluded from the subgroup analysis by age. All error bars represent 95% Cls.
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vaccines, nor in those with long-term health conditions. We
observed greater reductions in new infections in those aged
>75years versus those under 75 years after one dose, but this differ-
ence was not apparent after two doses.

The main study strength is its design as a large-scale community
survey recruiting from randomly selected private residential house-
holds, providing a representative sample of the UK general popu-
lation. Participants were tested regardless of symptoms, allowing
us to additionally consider vaccine effectiveness against infection
without reported symptoms. The availability of Ct values allowed us
to compare the vaccine impact on viral loads, using Ct as a proxy*'.
Scheduled visits provided an unbiased sampling frame, which we
exploited for our logistic regression (rather than having to censor
individuals at the last tests in the study using time-to-event analy-
ses and assuming that all infections between visits were identified).
Participants were asked about demographics, behaviors and work,
allowing us to control for a wide range of potential confounders that
are unavailable in record linkage studies performed to date’”.

The study design also had limitations, particularly with individ-
uals tested initially at weekly and then monthly visits. Vaccination
status was based on self-reporting in Northern Ireland, Wales
and Scotland, potentially leading to some exposure misclassifica-
tion. However, the vast majority of visits were for people living in
England, where there was good agreement between self-reported
and administrative vaccination data (98% on type and 95% on date).
Antibody status was only measured in a subsample of study par-
ticipants, meaning that some participants infected before joining
the survey or not detected at survey visits will have been misclas-
sified as having no previous antibody-positive test. Similarly, any
positive episodes occurring between visits and not captured by the
national testing program will have been missed, leading to con-
tamination of the group that was not vaccinated and had no previ-
ous PCR- or antibody-positive test, possibly diluting the observed
effects of vaccination. We used national testing program positives
only for exposure classification, to avoid the potential bias due
to testing behavior being influenced by vaccination and previous
infection status. However, because participants could therefore only
have a new positive outcome at scheduled visits, some of the new
positives episodes could have occurred sometime previously; we
therefore stratified the time from vaccination to reduce the impact
of this. Older infections would be expected to have higher Ct val-
ues, which might partly explain the differences between positives
with a Ct value of <30 versus >30, at least shortly after vaccination.
The imperfect sensitivity of SARS-CoV-2 PCR tests may also have
biased the absolute risk, but would result in an unbiased relative
risk provided that outcome misclassification was non-differential to
vaccination status and all non-cases were correctly classified (that
is, 100% specificity). The PCR test specificity was probably very
high (>99.99%)'>*’; therefore, any bias here is expected to be small.
Due to relatively small numbers of infections post-vaccination, the
power to detect differences between vaccine types and differential
vaccine effectiveness in subgroups was relatively low.

An important potential issue with observational studies evalu-
ating vaccine effectiveness is that individuals are not supposed to
be vaccinated if they have tested positive in the past 4 weeks?, and
individuals may reduce their number of contacts in response to the
knowledge that they will soon receive a vaccination. We found that
643 individuals tested positive 1-21 d before receiving their vaccina-
tion (due to the design and logistics of the survey, they might have
received their test results after the date of vaccination), suggesting
that ensuring social distancing at vaccination locations remains
important. Rather than representing a biological effect, the reduced
risk observed in the 21 d before and 0-7 d after vaccination could be
due to this reverse causality (specifically, changes in behavior due
to either receiving the vaccination invitation letter, knowledge that
individuals from the same age or risk group are about to receive a
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vaccination in their area or postponement of a planned vaccination
visit due to a positive COVID-19 test in the 28 d before their sched-
uled vaccination appointment). In the hypothetical situation where
all infections are detected immediately and adherence to guidance is
perfect, there would be zero new infections observed 1-21d before
vaccination, emphasizing the large temporary impact that reverse
causality can have. In theory, an unmeasured confounder could
also explain the reduction in positive tests 1-21 d before receiving
a vaccination compared with >21d before receiving a vaccination;
however, this would need to be a strong time-varying confounder
that is at most weakly associated with calendar time, as the latter
was included in the model using a flexible tensor spline that mod-
eled the interaction between nonlinear effects of age and calendar
time, and was also allowed to vary by region/country. Given this,
it is much more likely that reverse causality underlies the lower
odds of positive tests before and shortly after vaccination. Because
a reduction in contacts and acquisition of infections in the week
before vaccination will also reduce the likelihood of testing positive
in the following week, it will be important for future studies aiming
to evaluate the effectiveness of vaccination to carefully construct the
appropriate comparator. Here, we used study visits for those who
were not vaccinated and not previously positive, at >21d before
vaccination, as the baseline group to overcome these issues when
estimating the impact of vaccination.

Our estimated effect of two vaccine doses on symptomatic
infections is similar to that in the key phase III clinical trials’* but
slightly higher than other non-randomized studies that have con-
sidered this outcome but focused on specific populations or were
potentially affected by changes in test-seeking behavior associated
with vaccination®>'"-". Higher Ct values in infections identified
post-vaccination have also been demonstrated in older adults in
care homes'. Our estimated reduction in the risk of new PCR posi-
tives for those not vaccinated but infected >4 m previously (69%)
was slightly lower than the ~80% (95% CI=75.4-84.5%) estimated
elsewhere”, but we observed greater reductions against symptom-
atic (95%) and Ct<30 (91%) infections, suggesting this could be
related to test-seeking behavior.

Consistent with two recent studies”"*, we found vaccination to be
as effective against the B.1.1.7 variant as non-B.1.1.7 variants. Our
study supports this in a broader population, including positives
from individuals not reporting symptoms and for the BNT162b2
vaccine in addition to the ChAdOx1 vaccine. Our study had good
power to estimate vaccine effectiveness against the B.1.1.7 variant as
it was conducted over the period when B.1.1.7 became dominant in
the United Kingdom. This is particularly relevant as the variant has
now been detected in over 40 countries worldwide***, and the major
phase III vaccine trials were conducted before this strain was domi-
nant”®. We observed a slightly greater reduction in new infection epi-
sodes in those vaccinated and aged >75years compared with those
<75years—an effect that was no longer apparent after the second
dose, potentially due to the combination of vaccination with reduced
social contact in the former group. We currently do not have evidence
of the vaccine being less effective in older individuals, as seen else-
where with natural re-infections”, although we would note that, as
described above, vaccine effectiveness also includes a non-biological
behavioral component and there may be compensation for lower bio-
logical activity in older individuals with lower behavioral risk.

There was no evidence of any difference in effectiveness between
BNT162b2 and ChAdOx1 vaccines after the first or second doses.
However, we cannot exclude the existence of small differences in vac-
cine effectiveness due to infrequent infections. There are very few
direct head-to-head comparisons of both vaccines, especially after
second doses, and it is important that differences between separate
randomized trials are not directly attributed to the vaccine before con-
sidering other differences between trials, including different outcome
definitions, populations and circulating SARS-CoV-2 variants”*.
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Similar to other studies®*'**%, we found greater reductions in new
positives after two vaccine doses compared with one dose, particu-
larly in infections with self-reported symptoms and low Ct/high
viral load. In the United Kingdom, the interval between vaccine
doses was extended to 12weeks to maximize initial coverage and
reduce hospitalizations and/or deaths. Our findings highlight the
importance of increased protection of individuals receiving the sec-
ond vaccine dose. Nonetheless, the substantial reduction in positiv-
ity after only one dose supports the decision to maximize the initial
vaccination coverage.

While some infections, particularly those with Ct>30, could
represent historical infections contracted before vaccination, given
the timescales and previous negatives post-vaccination, some will
undoubtedly reflect new infections after vaccination. Together with
other evidence, this suggests that vaccination does not completely
prevent infection following virus exposure, yet minimizes progres-
sion to more severe infection'”. The fact that vaccinated individuals
can still be infected, even if it is predominantly with a lower viral
burden and/or asymptomatic infections, means that onwards trans-
mission remains a possibility, albeit at lower efficiency®. Overall,
approximately one-fifth of infections with Ct < 30 were in individu-
als not reporting symptoms during their episode. These infections
could be particularly relevant for transmission as these individuals
may not be aware of their infection status despite having a relatively
high viral load. Maintaining measures such as social distancing may
therefore still be needed to control the virus spread until enough of
the population is vaccinated.

We have also shown two vaccine doses to be as effective as pre-
vious natural infection. This could be an important consideration
during policy development over COVID status certification or
so-called COVID passports, and supports considering both previ-
ous PCR or serological testing and vaccination data for this*’.

Looking forward, one key question will be whether immuni-
zation offers long-term protection against COVID-19. A recent
study showed that the rate of waning and the longevity of neutrali-
zing antibodies varies greatly among individuals with previous
COVID-19 infection and suggested that, if similar rates of waning
are seen after vaccination or new variants that render vaccines
less effective emerge and spread effectively (such as B.1.351 or P.1,
which were too rare to assess in our study), more frequent vaccine
administration will probably be needed®. Overall, we have shown
COVID-19 vaccination to be effective in reducing the number of
new SARS-CoV-2 infections, with the greatest benefit received after
two vaccinations and against symptomatic and high viral burden
infections and no difference in effectiveness between the BNT162b2
and ChAdOx1 vaccines.
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Methods

Study participants. The ONS COVID-19 Infection Survey is a large household
survey with longitudinal follow-up (ISRCTN21086382; https://www.ndm.ox.ac.
uk/covid-19/covid-19-infection-survey/protocol-and-information-sheets) (details
in ref. *°). The study received ethical approval from the South Central Berkshire

B Research Ethics Committee (20/SC/0195). Private households are randomly
selected on a continuous basis from address lists and previous surveys to provide
a representative sample across the United Kingdom. For the current analysis,
following verbal agreement to participate, a study worker visited each selected
household to take written informed consent for individuals aged 2 years and

over. Parents or carers provided consent for those aged 2-15 years; those aged
10-15years also provided written assent. All participants who completed the
enrollment visit were offered a £50 voucher, plus one £25 voucher for each further
visit. For the current analysis, we only included individuals aged 16 years and over
who were potentially eligible for vaccination.

Individuals were asked about demographics, behaviors, work and vaccination
uptake (https://www.ndm.ox.ac.uk/ covid-19/covid-19- infection-survey/case-
record-forms). At the first visit, participants were asked for (optional) consent for
follow-up visits every week for the next month, then monthly for 12 months from
enrollment. At each visit, enrolled household members provided a nose and throat
self-swab following instructions from the study worker. These were comparable
to or even more sensitive than swabs performed by healthcare workers®. From
arandom 10-20% of households, those aged 16 years or older were invited to
provide blood monthly for antibody testing.

Laboratory testing. Swabs were couriered directly to the United Kingdom’s
national Lighthouse laboratories (Glasgow and the National Biocentre in Milton
Keynes (to 8 February 2021)) where samples were tested within the national testing
program using identical methodology. The presence of three SARS-CoV-2

genes (ORFlab and the genes transcribing nucleocapsid protein (N) and spike
protein (S)) was identified using RT-PCR with the TaqPath RT-PCR COVID-19
kit (Thermo Fisher Scientific), analyzed using UgenTec FastFinder 3.300.5
(TagMan 2019-nCoV Assay Kit V2 UK NHS ABI 7500 v2.1; UgenTec). The assay
plugin contained an assay-specific algorithm and decision mechanism allowing
conversion of the qualitative amplification assay raw data into test results with little
manual intervention. Samples were called positive if either N or ORF1ab, or both,
were detected. The S gene alone was not considered a reliable positive® but could
accompany other genes (that is, one, two or three gene positives).

Blood samples were couriered directly to the University of Oxford, where they
were tested for the SARS-CoV-2 antibody using an enzyme-linked immunosorbent
assay detecting anti-trimeric spike immunoglobulin G*. Before 26 February 2021,
the assay used fluorescence detection, as previously described (with a positivity
threshold of 8 million units)’. After this, it used a commercialized CE-marked
version of the assay, the OmniPATH 384 Combi SARS-CoV-2 immunoglobulin
G enzyme-linked immunosorbent assay (Thermo Fisher Scientific), with the
same antigen and a colorimetric detection system (with a positivity threshold
of 42 ng ml~' monoclonal antibody unit equivalents, as determined from 3,840
samples run in parallel).

Inclusion and exclusion criteria. This analysis included participants aged 16 years
or over (that is, those who theoretically could have received vaccination) and all
visits with positive or negative swab results from 1 December 2020 to 8 May 2021.

Vaccination status. Participants were asked about their vaccination status at
visits, including the type, number of doses and date(s). Participants from England
were also linked to administrative records from the National Immunisation
Management Service (NIMS). We used records from NIMS where available.
Otherwise, we used records from the survey, since linkage was periodic and NIMS
does not contain information about vaccinations received abroad or in Northern
Ireland, Scotland and Wales. Where records were available from both NIMS and
the survey, agreement on type was 98% and agreement on dates was 95% within
+7d. The main analysis included any type of COVID-19 vaccination, but there
were only sufficient numbers to provide separate estimates for ChAdOx1 and
BNT162b2 in analyses that evaluated the results by vaccine type, so other vaccines
were excluded from these analyses.

SARS-CoV-2 infection episodes. PCR-positive results may be obtained at multiple
visits after infection, so we grouped positive tests into episodes. Whole-genome
sequencing was available on only a subset of positives, and only a subsample
provided monthly blood samples for antibody status, so positive episodes were
defined using study PCR results. Based on the World Health Organization
definition of re-infection as positive tests occurring at least 90 d after the onset of
primary infection’, but also incorporating multiple consecutive negative tests,

we defined the start of a new infection episode as the date of either: (1) the first
PCR-positive test in the study (not preceded by any study PCR-positive test by
definition); (2) a PCR-positive test after four or more consecutive negative tests; or
(3) a PCR-positive test at least 90 d after the start of a previous infection episode,
with one or more negative tests immediately preceding this. Positive episodes were
used to classify exposure groups and outcomes (see below).
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Exposures. At each study visit, a participant was classified into one of eight
different exposure groups based on their current vaccination status, study antibody
and PCR tests and (for exposure classification only) positive swab tests linked from
the English national testing program* (before visit), as follows:

1. Visits from participants >21d before the first vaccination, includ-
ing those currently with no vaccination date, with no previous PCR- or
antibody-positive result in the study, nor a positive swab test in the national
testing program (as defined below) (baseline group)

2. Visits from participants 1-21d before the first vaccination with no previous

PCR- or antibody-positive result in the study, nor a positive swab test in the

national testing program

Visits 0-7 d following a first vaccination

Visits 8-20d following a first vaccination

Visits 21 d or more following a first vaccination (no second dose)

Visits after the second vaccination >21 d following the first vaccination

(post-second dose)

7. Visits from participants who were previously PCR/antibody positive in the
study or had a positive swab test in the national testing program; who had a
first positive <4 months previously; and who were not (yet) vaccinated

8.  Visits from participants who were previously PCR/antibody positive in the
study or had a positive swab test in the national testing program; who had a
first positive >4 months previously; and who were not (yet) vaccinated

Uk W

We chose these vaccination status categories empirically based on the odds
of infection episodes when modeling days since first vaccination as a continuous
effect, allowing for nonlinearity by using restricted cubic splines (Extended Data
Fig. 1). Exposure group 2 (not vaccinated; not previously positive; 1-21 d before
vaccination) was included because there is probably a certain degree of transient
reverse causality where individuals are avoiding contact with others before
vaccination and vaccination appointments have to be rescheduled if someone
tests positive in the weeks before the scheduled visit (21-d cut-off reflecting the
period where odds dropped below 0.50 based on Extended Data Fig. 1). Visits
from participants who were not vaccinated and who were previously positive
were further split by whether the first evidence of the positive test was <4 months
ago or longer, because, as not everyone underwent antibody testing, by necessity,
our definition of a new positive episode was based on PCR positives only. More
positive tests due to intermittent prolonged carriage might be expected for visits
with a more recent time since the index positive episode, despite the fact that
individuals were considered at risk again for a new positive episode only after
having at least four or more consecutive negative tests or at least 90d since the
start of the index positive, with at least one negative study result before the new
episode. The 4-month cut-off was arbitrary, being approximately the median time
since the first evidence of positivity (median=125d). As the antibody status before
vaccination was not available for all participants, we defined previous positivity
as the participant having either a positive antibody measurement >90d before
the visit or a previous PCR-positive episode. The choice of 90 d was arbitrary but
designed to exclude ongoing infections acquired previously being misattributed
to current visits. Visits from vaccinated individuals (groups 3-6) were defined
irrespective of previous positivity (Supplementary Tables 2 and 4) to reflect the
impact of vaccination as being implemented in the United Kingdom (without
regard to previous infection). Visits from the same participant were classified in
different groups depending on their status at each visit.

Outcomes. Analysis was based on visits, since these occurred independent of
symptoms and were therefore unbiased. Only the first test-positive visit in the
first new positive infection episode starting after 1 December was used, dropping
all subsequent visits in the same infection episode and all negative visits before
the first time a participant could be considered at risk for a new positive episode
(as defined above), to avoid misattributing ongoing PCR positivity to visit
characteristics and immortal time bias, respectively. Primary analyses included

all first new positive infection episodes. Secondary analyses considered infection
severity, by classifying positives by Ct value (<30 or >30) and self-reported
symptoms. The threshold Ct value of 30 was somewhat arbitrary, but corresponds
to ~150 copies per ml*, and is consistently used in the United Kingdom for

many purposes, including algorithms for the review of low-level positives at the
Lighthouse laboratories where the PCR tests were performed and a threshold

for attempting whole-genome sequencing. For each positive test, a single Ct

value was calculated as the arithmetic mean across detected genes (Spearman’s
correlation > 0.98), then the minimum value was taken across positives in

the infection episode to reflect the greatest measured viral burden within an
episode. To allow for presymptomatic positives being identified in the survey, any
self-reported symptoms at any visit within 0-35d after the index positive in each
infection episode were included (questions elicited symptoms in the past 7d at each
visit). Finally, positive infection episodes were classified as compatible with the
B.1.1.7 SARS-CoV-2 variant (those positive at least once for ORFlab+ N across the
episode and never S positive) and those that were incompatible (ORFlab+ N+ S
or ORFlab+ S or N+ S at least once across the episode). B.1.1.7 has deletions in
the S gene leading to S gene target failure, and ORFlab + N positivity only remains
a good proxy for B.1.1.7 from whole-genome sequencing from mid-November


https://www.ndm.ox. ac.uk/covid-19/covid-19- infection-survey/protocol- and-information-sheets
https://www.ndm.ox. ac.uk/covid-19/covid-19- infection-survey/protocol- and-information-sheets
https://www.ndm.ox.ac.uk/covid-19/covid-19-infection-survey/case-record-forms
https://www.ndm.ox.ac.uk/covid-19/covid-19-infection-survey/case-record-forms
http://www.nature.com/naturemedicine

ARTICLES

NATURE MEDICINE

2020%. Positives where only a single N or single ORFIab gene were detected were
excluded from this secondary analysis.

Confounders. The following potential confounders were adjusted for in all models
as potential risk factors for acquiring SARS-CoV-2 infection: geographic area and
age in years (see below); sex; ethnicity (white versus non-white as small numbers);
index of multiple deprivation (percentile, calculated separately for each country

in the United Kingdom)**~’; working in a care home; having a patient-facing role
in health or social care; the presence of long-term health conditions; household
size; multigenerational household; rural-urban classification®*; direct or indirect
contact with a hospital or care home; smoking status; mode of travel to work; work
location; and visit frequency. Details are shown in Supplementary Table 1.

Statistical analysis. Associations between the different exposure groups and
outcomes (first positive test in an infection episode versus test negative) were
evaluated with generalized linear models with a logit link. Robust standard errors
were used to account for multiple visits per participant. To adjust for substantial
confounding by calendar time and age with nonlinear effects of age, which are also
different by region, we included both as restricted cubic splines, with knots at the
20, 40, 60 and 80% percentiles of unique values and interactions between these
splines and region/country (regions for England and country for Northern Ireland,
Scotland and Wales). Furthermore, given previous observations of different
positivity rates by age over time”’, we added a tensor spline to model the interaction
between age and calendar time with the restriction that the interaction was not
doubly nonlinear*'. We considered effect modification by age of vaccination by
fitting this same model, but also including an interaction between vaccine exposure
group and age <75 versus >75 years or long-term health conditions. There were

no positives in those aged >75years in one previously infected exposure group, so
these groups were excluded from subgroup analysis by age. Pairwise comparisons
of the exposure groups were performed using Tukey adjustments for the pairwise
comparisons. Analyses were based on complete cases (>99% observations)
(Supplementary Table 2). All statistical analyses were performed using standard
functions in the following R packages available at https://cran.r-project.org: ggplot2
(version 3.3.2), rms (version 6.0-1), dplyr (version 1.0.2), emmeans (version 1.5.1),
haven (version 2.3.1), sandwich (version 3.0-0), ggeffects (version 1.0.1), broom
(version 0.7.2), multcomp (version 1.4-14) and Epi (version 2.44).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Data are still being collected for the COVID-19 Infection Survey. De-identified
study data are available for access by accredited researchers in the ONS Secure
Research Service (SRS) for accredited research purposes under part 5, chapter 5

of the Digital Economy Act 2017. For further information about accreditation,
contact research.Support@ons.gov.uk or visit the SRS website (https://www.ons.gov.
uk/ aboutus/whatwedo/statistics/ requestingstatistics/ approvedresearcherscheme).

Code availability

All statistical analyses were performed using standard functions in the following

R packages: ggplot2 (version 3.3.2), rms (version 6.0-1), dplyr (version 1.0.2),
emmeans (version 1.5.1), haven (version 2.3.1), sandwich (version 3.0-0), ggeffects
(version 1.0.1), broom (version 0.7.2), multcomp (version 1.4-14) and Epi (version
2.44). Code used for data analysis is available upon request.
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Extended Data Fig. 1| Estimated effect of days since from vaccination on odds of testing positive on a continuous scale. a, Days from first vaccination to
visit. Note: arbitrarily categorised in main analysis at dashed lines as shown. Odds ratios were obtained from a generalised linear model with logit link with
90 days before vaccination as the reference time for the spline used for time since first vaccination (panel A), and the day of the second vaccination as the
reference time for the spline for time since second vaccination (Panel B). b, Days from second vaccination to visit.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  De-identified study data were accessed through the Office for National Statistics (ONS) Secure Research Service (SRS). The data available in
SRS were prepared for data analysis using Stata MP 16.

Data analysis All statistical analyses were performed using standard functions in the following R packages: ggplot2 (version 3.3.2), rms (version 6.0-1), dplyr
(version 1.0.2), emmeans (version 1.5.1), haven (version 2.3.1), sandwich (version 3.0-0), ggeffects (version 1.0.1), broom (version 0.7.2),
multcomp (version 1.4-14), and Epi (version 2.44)). Code used for data analysis is available upon request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Data are still being collected for the COVID-19 Infection Survey. De-identified study data are available for access by accredited researchers in the ONS Secure
Research Service (SRS) for accredited research purposes under part 5, chapter 5 of the Digital Economy Act 2017. For further information about accreditation,
contact Research.Support@ons.gov.uk or visit the SRS website.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size This analysis included all visits with positive or negative swab results obtained between 1 December 2020 to 3 April 2020 from participants of
the ongoing COVID-19 Infection Survey. In total, 1,945,071 RT-PCR results from nose and throat swabs from 383,812 individuals were
included.

Data exclusions  This analysis included participants aged 16 years or over (i.e. those who theoretically could have received vaccination), and all visits with
positive or negative swab results from 1 December 2020 to 8 May 2021.

Replication The statistical analyses have been successfully replicated by two individuals.

Randomization  The following potential confounders were adjusted for in all models as potential risk factors for acquiring SARS-CoV-2 infection: geographic
area and age in years (see below), sex, ethnicity (white vs non-white as small numbers), index of multiple deprivation (percentile, calculated
separately for each country in the UK), working in a care-home, having a patient-facing role in health or social care, presence of long-term
health conditions, household size, multigenerational household, rural-urban classification, direct or indirect contact with a hospital or care-
home, smoking status, mode of travel to work, work location, and visit frequency. Details are shown in Supplementary Table 1.

Blinding Since we compared multiple exposure categories to the same reference and also included splines modeling time since vaccination blinding
was not feasible in this observational study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChiIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XOOXXXX &
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Human research participants

Policy information about studies involving human research participants

Population characteristics Private households are randomly selected on a continuous basis from address lists and previous surveys to provide a
representative sample across the UK. The characteristics of the study population are provided in table S1.

Recruitment The Office for National Statistics (ONS) COVID-19 Infection Survey (CIS) is a large household survey with longitudinal follow-
up (ISRCTN21086382, https://www.ndm.ox.ac.uk/covid-19/covid-19-infection-survey/protocol-and-information-sheets)
(details in20). The study received ethical approval from the South Central Berkshire B Research Ethics Committee (20/
SC/0195). Private households are randomly selected on a continuous basis from address lists and previous surveys to provide
a representative sample across the UK. Following verbal agreement to participate, a study worker visited each selected
household to take written informed consent for individuals aged 2 years and over. Parents or carers provided consent for
those aged 2-15 years; those aged 10-15 years also provided written assent. All participants who completed the enrolment
visit was offered a £50 voucher, and one £25 voucher for each further visit. For the current analysis we only included
individuals aged 16 years and over.

While certain factors might drive non-response to invitations to participate, adjustment for covariates that may influence
selection into the sample ensures that estimates of relative effects are not biased by factors that both influence selection
into the sample and the risk of the outcome (model-based inference). Factors that were included in the model included:
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Ethics oversight

geographic area and age in years (see below), sex, ethnicity (white vs non-white as small numbers), index of multiple
deprivation (percentile, calculated separately for each country in the UK), working in a care-home, having a patient-facing
role in health or social care, presence of long-term health conditions, household size, multigenerational household, rural-
urban classification, direct or indirect contact with a hospital or care-home, smoking status, mode of travel to work, work
location, and visit frequency.

The study received ethical approval from the South Central Berkshire B Research Ethics Committee (20/SC/0195).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol

Data collection

Outcomes

ISRCTN21086382
https://www.ndm.ox.ac.uk/covid-19/covid-19-infection-survey/protocol-and-information-sheets

The Office for National Statistics (ONS) COVID-19 Infection Survey (CIS) is a large household survey with longitudinal follow-up
(ISRCTN21086382, https://www.ndm.ox.ac.uk/covid-19/covid-19-infection-survey/protocol-and-information-sheets) (details in20).
Following verbal agreement to participate, a study worker visited each selected household to take written informed consent for
individuals aged 2 years and over. Parents or carers provided consent for those aged 2-15 years; those aged 10-15 years also
provided written assent. For the current analysis we only included individuals aged 16 years and over.

Individuals were asked about demographics, behaviours, work, and vaccination uptake (https://www.ndm.ox.ac.uk/covid-19/
covid-19-infection-survey/case-record-forms). At the first visit, participants were asked for (optional) consent for follow-up visits
every week for the next month, then monthly for 12 months from enrolment. At each visit, enrolled household members provided a
nose and throat self-swab following instructions from the study worker, which is comparable to or even more sensitive than swabs
done by healthcare workers. From a random 10-20% of households, those 16 years or older were invited to provide blood monthly
for antibody testing.

From 1st December 2020 to 8th May 2021, 383,812 individuals from 216,953 households provided 1,945,071 RT-PCR results from
nose and throat swabs in the COVID-19 Infection Survey

Analysis was based on visits, since these occur independently of symptoms and are therefore unbiased. Only the first test-positive
visit in the first new positive infection episode starting after 1 December was used, dropping all subsequent visits in the same
infection episode, to avoid misattributing ongoing PCR-positivity to visit characteristics. Primary analysis included all first new positive
infection episodes. Secondary analyses considered the impact of vaccination, as being implemented in the UK, on infection severity,
by classifying positives by cycle threshold (Ct) value (<30 or >30) and self-reported symptoms. The threshold of a Ct value of 30 is
somewhat arbitrary, but corresponds to ~150 copies/ml, and is consistently used in the UK for many purposes, including algorithms
for review of low level positives at the laboratories where the PRC tests were performed and a threshold for attempting whole
genome sequencing. For each positive test, a single Ct was calculated as the arithmetic mean across detected genes (Spearman
correlation>0.98), then the minimum value was taken across positives in the infection episode to reflect the greatest measured viral
burden within an episode. To allow for pre-symptomatic positives being identified in the survey, any self-reported symptoms at any
visit within O to 35 days after the index positive in each infection episode were included (questions elicit symptoms in the last 7 days
at each visit). Finally, positive infection episodes were classified as compatible with the B.1.1.7 SARS-CoV-2 variant (those positive at
least once for ORFlab+N across the episode and never S-positive) and those that were incompatible (ORF1ab+N+S or ORFlab+S or N
+S at least once). B.1.1.7 has deletions in the S gene leading to S gene target failure, and ORFlab+N positivity only remains a good
proxy for B.1.1.7 from whole-genome sequencing from mid November 20207. Positives where only a single N or single ORFlab gene
were detected were excluded from this secondary analysis.
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