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Despite the successful development, licensing and distribu-
tion methods of vaccines against COVID-19 (1, 2), the num-
ber of newly reported cases and deaths continued to rise 
globally into the northern hemisphere summer of 2021 (3). 
Prior trends of decreasing prevalence were being reversed in 
some populations where the Delta variant had become dom-
inant, leading to estimates of a substantially higher trans-
missibility for Delta compared to Alpha (4). In addition, 
globally, as of July 2021, only 13% of the population were 
fully vaccinated while only 1% of people in low income 
countries had received even one dose (5). Despite the poten-
tial for reduced growth during the northern hemisphere 
summer, many countries are evaluating the possibility of a 
further large wave of infections in the autumn, driven by 
the Delta variant. 

The vaccine roll-out in England started with the oldest 
and most vulnerable groups, beginning in December 2020. 
Since then, there has been a strong correlation between age, 

vaccine type and date of vaccination, with individuals re-
ceiving the same vaccine for first and second dose. Initially, 
healthcare workers and older adults received BNT162b2 be-
fore doses were switched to ChAdOx1 for many people be-
tween the ages of 40 and 80 and some younger people. The 
program then switched back to BNT162b2 for those below 
the age of 40 (also using small numbers of mRNA-1273 vac-
cine). Subsequently, from September 2021, the vaccination 
program was expanded to include children from the age of 
12 years. 

The incidence of reverse transcription-polymerase chain 
reaction (RT-PCR) confirmed cases of COVID-19 increased 
substantially in England after the Delta variant became es-
tablished during April to May 2021 (6). Over the same peri-
od, the UK government proceeded with its gradual 
relaxation of social distancing (roadmap) (7) with the end-
ing of almost all legal restrictions in England on 19 July 
2021 (8). While a much lower proportion of COVID-19 cases 
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SARS-CoV-2 infections were rising during early summer 2021 in many countries associated with the Delta 
variant. We assessed RT-PCR swab-positivity in the REal-time Assessment of Community Transmission-1 
(REACT-1) study in England. We observed sustained exponential growth with average doubling time (June-
July 2021) of 25 days driven by complete replacement of Alpha variant by Delta, and by high prevalence at 
younger less-vaccinated ages. Unvaccinated people were three times more likely than double-vaccinated 
people to test positive. However, after adjusting for age and other variables, vaccine effectiveness for 
double-vaccinated people was estimated at between ~50% and ~60% during this period in England. 
Increased social mixing in the presence of Delta had the potential to generate sustained growth in 
infections, even at high levels of vaccination. 
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resulted in hospitalisations in England versus a comparable 
period of growth during autumn 2020, exponential growth 
in hospitalisations was still observed from mid-June 2021 
(6). 

With first data collection starting in May 2020, we es-
tablished the REal-time Assessment of Community Trans-
mission-1 (REACT-1) study to track the spread of the 
COVID-19 pandemic in England and improve situational 
awareness (9, 10). The study involves obtaining a self-
administered throat and nose swab for reverse transcriptase 
polymerase chain reaction (RT-PCR) from ~100,000 or more 
people during two to three weeks each month, based on 
non-overlapping random samples of the population in Eng-
land at ages 5 years and above (see materials and methods). 
As well as information on swab-positivity, we collect demo-
graphic and contextual data including (since January 2021) 
on vaccination history. By July 2021, ~1.8 million people had 
taken part (table S1). Here, we describe the key patterns of 
SARS-CoV-2 infections for round 12 (20 May to 7 June 2021) 
and round 13 (24 June to 12 July 2021) during the third 
wave of the epidemic in England. (9, 10). 

Valid RT-PCR results were obtained from 108,911 partic-
ipants in round 12 and 98,233 participants in round 13 (ta-
ble S1). 

 
Prevalence and growth 
Prevalence of infection with SARS-CoV-2 increased substan-
tially in England between rounds 12 and 13 (Fig. 1) as the 
third wave took hold, linked to the rapid replacement of 
Alpha by Delta variant. In round 13, between 24 June and 12 
July 2021, we found 527 positives from 98,233 swabs giving 
a weighted prevalence of 0.63% (0.57%, 0.69%, 95% credible 
interval [CrI]), and, on average, a greater than four-fold rise 
compared with the weighted prevalence in round 12 of 
0.15% (0.12%, 0.18%, CrI) (table S1). The prevalence in round 
13 was similar to that observed in early October 2020 and 
late January 2021 during, respectively, the rise and fall of 
the second wave (Fig. 1). 

The Delta variant completely replaced Alpha during the 
period of our study, consistent with genomic data from out-
break investigation and routine surveillance (11). Of the 254 
lineages determined for round 13, 100% were the Delta vari-
ant, compared with round 12 during which 36 of 46 (78.3%) 
were Delta and the remaining 10 were Alpha variant. 
Growth of Delta against Alpha for round 10 (11 to 30 March 
2021) to round 13 corresponded to a daily growth rate ad-
vantage of 0.14 (0.10, 0.20) for Delta, which, in turn, implied 
an additive R advantage of 0.86 (0.63, 1.23) (Fig. 1). This is 
consistent with estimates based on trends in the proportion 
of positive PCR assays where S gene was not detected (pre-
sumed to be Delta, (12)) and on differences in household 
attack rate for households where Delta was identified rather 

than Alpha (13). Within the Delta variant, we did not detect 
the K417N mutation associated with the AY.1 and AY.2 line-
ages. Under the assumption that REACT-1 participants pro-
vide an unbiased sample of infections, we can exclude, with 
95% confidence, a population prevalence of non-Delta line-
ages greater than 0.004%, corresponding to 2,350 infections 
in England on average during round 13. 

Nationally, we observed an exponential trend in preva-
lence with sustained growth for rounds 12 to 13 (between 20 
May and 12 July 2021) (Fig. 1 and table S2) despite England 
having one of the highest adult vaccination rates interna-
tionally (5). Averaging over the period of each of rounds 12 
and 13 separately, we estimated the reproduction number R 
at 1.44 (1.20, 1.73, CrI) (round 12) and 1.19 (1.06, 1.32, CrI) 
(round 13), corresponding to doubling times of 11 (7, 23, CrI) 
days and 25 days (with a lower CrI of 15 days) respectively. 
Across rounds 12 to 13, R was 1.28 (1.24, 1.31, CrI) with a 
doubling time of 17 (15, 19, CrI) days. Patterns of growth for 
the period of the study were robust when considering alter-
native definitions of positivity, such as only non-
symptomatic individuals or positive samples with lower cy-
cle threshold (Ct) values, corresponding to higher viral load 
(table S2). 

 
Age 
Alongside the rapid rise of the Delta variant, recent growth 
in England appears to have been driven by younger age 
groups (table S3 and fig. S1). For example, weighted preva-
lence in round 13 was nine-fold higher in 13-17 year olds at 
1.56% (1.25%, 1.95%, CrI) compared with 0.16% (0.08%, 
0.31%, CrI) in round 12. Similar patterns were observed in 
England for the same period in a longitudinal household 
study (14). In contrast, at ages 65-74 years, the increase in 
weighted prevalence from round 12 to round 13 was three- 
to four-fold from 0.07% (0.04%, 0.12%, CrI) to 0.25% (0.19%, 
0.34%, CrI) respectively. More generally, participants aged 
between 5 and 24 years were over-represented among in-
fected people in our study, contributing 50% of infections 
(weighted age-standardised) while only representing 25% of 
the population of England aged 5 years or above (15). There-
fore, whether because of mixing patterns, infectiousness or 
susceptibility, this group was driving transmission and, dur-
ing a period of exponential growth, any vaccination targeted 
at the younger ages would have a disproportionate impact 
in slowing the epidemic (16). 

 
Prevalence among vaccinated and unvaccinated 
Participants who reported having received two doses of vac-
cine were at substantially reduced risk of testing positive 
compared with those who reported not being vaccinated. 
For round 13, prevalence of swab positivity among those 
unvaccinated was three-fold greater for all ages at 1.21% 
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(1.03%, 1.41%, CrI) compared with 0.40% (0.34%, 0.48%, CrI) 
among those who had received two doses of vaccine (table 
S3). The ratio of prevalence for unvaccinated to double-
vaccinated individuals for round 12 was similar with a prev-
alence of 0.24% (0.18%, 0.33%, CrI) in those unvaccinated 
compared with 0.07% (0.05%, 0.10%, CrI) in those reporting 
two doses (table S3). 

However, these estimates conflate the effect of vaccina-
tion with other correlated variables such as age, which is 
strongly associated with likelihood of having been vaccinat-
ed and also acts as a proxy for differences in behavior across 
the age groups. Specifically, in England, few children and 
young people under the age of 18 years have been vaccinat-
ed twice, while few over the age of 65 years remain unvac-
cinated (Table 1 and Fig. 1). We therefore restricted the 
analyses to those aged 18 to 64 years (n = 64,415 in round 
12, n = 57,457 in round 13), which permitted direct contrast 
of infection rates between double-vaccinated and unvac-
cinated groups (Table 1). 

At these ages, we compared swab-negatives with i) all 
swab-positives and ii) the subset of swab-positives who were 
symptomatic, that is reporting one or more common 
COVID-19 symptoms in the month prior to testing (fever, 
loss or change of sense of smell or taste, new persistent 
cough). After adjusting for age, sex, region, ethnicity and 
index of multiple deprivation (IMD) (17), for all swab-
positives, we estimated vaccine effectiveness (VE) in round 
12 of 64% (11%, 85%, 95% confidence interval [CI]) and 49% 
(22%, 67%, CI) in round 13 among people who had received 
two doses of vaccine of any type. For those with symptoms 
we estimated VE of 83% (19%, 97%, CI) in round 12 and 59% 
(23%, 78%, CI) in round 13 (Table 2). 

Independent data on vaccination status was provided 
for 57,338 (89%) participants aged 18 to 64 in round 12 con-
senting to data linkage, and 49,923 (87%) in round 13 (ma-
terials and methods). Using these linked data, we estimated 
adjusted VE at 75% (35%, 90%, CI) in round 12 and 62% 
(38%, 77%, CI) in round 13. The apparently higher VE for the 
linked participants reflected differences in odds of infection 
among the linked and unlinked groups (table S4), suggest-
ing possible bias introduced by consent to linkage, but also 
some misclassification of vaccine status in the self-reported 
data (table S5). Since reported dates of vaccination were 
more reliable in the linked data, we used those data to ex-
amine the effect of including a lag period of 14 days after 
the second vaccination and observed similar odds ratios for 
zero lag and 14 days lag following the second dose (Table 1). 
In addition, we observed a similar unweighted prevalence of 
swab-positivity among double-vaccinated individuals who 
did and did not report prior infection more than 28 days 
before their swab (table S5), suggesting in our study that 
prior infection did not materially affect the estimate of VE. 

Moreover, the strong correlation between age, vaccine type 
and time-since-vaccination in England, together with lim-
ited numbers, prevented us from being able to reliably as-
sess the impact of vaccine type or time-since-infection 
independently of age. 

While vaccination was associated with lower prevalence 
of swab-positivity, there remained potential for large num-
bers of people who had received two doses of vaccine to be-
come infected. During the period of round 12, we 
extrapolated from our data that 29% of infections in Eng-
land occurred in double-vaccinated people, rising to 44% 
during the period of round 13. These increases in prevalence 
in vaccinated individuals in round 13 could be driven by 
increased social mixing, a higher proportion of infections 
being Delta variant or by waning of protection from infec-
tion. Also, although lower than for unvaccinated individuals, 
nearly one in 25 double-vaccinated individuals (3.84% 
[2.81%, 5.21%, CrI]) tested swab-positive if they reported 
contact with a known COVID-19 case (table S6). 

 
Cycle threshold values 
We analyzed Ct values associated with positive results 
among vaccinated and unvaccinated individuals as a meas-
ure of viral load. For all positives in round 13, at ages 18 to 
64 years, median Ct value was higher for vaccinated partici-
pants at 27.6 (25.5, 29.7, CI for median) compared with un-
vaccinated at 23.1 (20.3, 25.8, CI) (positive defined as N gene 
Ct <37 or both N gene and E gene positive; see materials 
and methods) (Fig. 2 and table S7). The higher Ct values 
among vaccinated people may suggest lower infectiousness 
(18), consistent with transmission studies conducted when 
the Alpha variant was dominant, in which vaccinated indi-
viduals were at substantially lower risk of passing on infec-
tion (19). As a secondary analysis, we reduced the Ct 
threshold for positivity to capture strong positives, which 
resulted in a smaller difference in median Ct values between 
vaccinated and unvaccinated individuals (Fig. 2, C and D). 
At the same time, our estimate of VE for those who reported 
having received two doses of vaccine increased to 54% (29%, 
71%, CI) for a Ct threshold of 35, plateauing between 57% 
(32%, 72%, CI) and 58% (33%, 73%, CI) for a Ct threshold of 
33 and 27 respectively (table S7). 

 
Time-series of infections, hospital admissions and 
deaths 
We next investigated how swab-positivity measured in 
REACT-1 related to daily hospital admissions and deaths in 
publicly available data (6), finding a best fitting lag between 
swab-positivity and hospitalisations of 20 days and between 
swab-positivity and deaths of 26 days (Fig. 3). At these lags, 
from early February 2021, there was a clear divergence be-
tween swab-positivity and deaths, coinciding with the roll-
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out of England’s mass vaccination campaign, with a smaller 
divergence between swab-positivity and hospitalisations. 
However, as the Delta variant became dominant in mid-
April 2021, the associations between infections and hospital-
isations and deaths began to re-converge, both for people 
below and above 65 years (fig. S2). 

 
Geographical variation 
At the regional level, estimates of R were consistent with the 
overall trend within round 13. Prevalence in round 13 was 
highest in London at 0.94% (0.76%, 1.16%, CrI) up from 
0.13% (0.08%, 0.20%, CrI) in round 12 (table S3). There was 
a suggestion of a possible slowing of the rise in London in 
the most recent data, although with wide confidence inter-
vals (table S8). 

At the sub-regional level, there was a suggestion of 
prevalence of infection decreasing in some areas and in-
creasing in others (fig. S3). For example, in the North West 
of England, high prevalence in a large urban area covering 
Greater Manchester and Lancashire during the first half of 
round 13 was less evident in the second half, whereas preva-
lence increased between the first and second halves in near-
by south Yorkshire, part of the Yorkshire and The Humber 
region. These data are indicative of rapidly changing local 
spread of the virus within the context of the national expo-
nential rise in infections. 

 
Ethnicity, household size and neighborhood  
deprivation 
Ethnicity, household size and area levels of deprivation 
jointly contributed to the risk of higher prevalence of swab-
positivity, in addition to age. Unadjusted prevalence (table 
S3) showed: highest prevalence in people of Black ethnicity 
at 1.21% (0.75%, 1.93%, CrI) compared with 0.59% (0.53%, 
0,65%, CrI) in people of white ethnicity; highest prevalence 
in those in the largest households of 6 or more people at 
1.35% (0.90%, 2.01%, CrI) compared with 0.44% (0.32%, 
0.61%, CrI) and 0.44% (0.36%, 0.53%, CrI) in single and two 
person households respectively; and highest prevalence in 
participants living in the most deprived neighborhoods at 
0.82% (0.65%, 1.04%, CrI) compared with the least deprived 
at 0.48% (0.39%, 0.59%, CrI). Prior rounds of REACT-1 have 
shown different ethnicities at increased prevalence at differ-
ent times, consistently higher prevalence of infection in 
larger households and usually increased prevalence in more 
deprived neighborhoods (20–25). In models including each 
of the above variables, similar patterns were observed in the 
odds of testing positive, although odds were reduced when 
all three of the above variables were considered jointly, to-
gether with age, sex, region and keyworker status (table S9). 
Age remained an important predictor of swab-positivity in 
these mutually adjusted models. Also, in these analyses, 

women had lower odds of infection than men at 0.80 (0.67, 
0.96, CrI) in round 13, although not in round 12 at 1.34 
(0.93, 1.92, CrI) (tables S3 and S9); this difference may be 
related to increased social mixing associated with England’s 
progression in the Euro 2020 football competition during 
June and July 2021, as was seen previously in Scottish data, 
reflecting their earlier exit from the competition (26). 

 
Discussion 
We report a rapidly rising prevalence of infection in Eng-
land during 20 May to 12 July 2021 associated with the re-
placement of Alpha by Delta variant, in a highly vaccinated 
population. Our central estimate of VE against all SARS-
CoV-2 infections for two doses of vaccine (self-report) was 
49% in the most recent data, increasing to 58% when we 
defined effectiveness only for strong positives, and 62% in 
the linked data. These estimates are lower than some others 
(19, 27, 28), but consistent with more recent data from Israel 
(29). 

Estimates of VE are not absolute but will vary depend-
ing on a variety of factors. Our estimates were higher when 
we restricted our analyses to people reporting symptoms of 
COVID-19 in the previous month and to those who consent-
ed to linkage of health records, although still lower than 
those from routine testing of symptomatic people present-
ing for RT-PCR in England (27). Unlike routine testing, our 
data are based on a random sample of the population and 
include asymptomatic people, as well as symptomatic indi-
viduals who may not present for testing; our results may 
therefore give a less biased representation of infection risk. 
Also, our estimated effectiveness was lower than that from a 
longitudinal household survey which included asymptomat-
ic individuals but which was conducted prior to the emer-
gence of Delta, where vaccine status was based on a mix of 
self-reported and linked data (19). 

More generally, estimates of VE may depend on vaccine 
type, interval between doses, possible waning over time and 
the extent of past natural infection among the comparator 
(unvaccinated) group. 

We show that the third wave of infections in England 
was being driven primarily by the Delta variant in younger, 
unvaccinated people. This focus of infection offers consider-
able scope for interventions to reduce transmission among 
younger people, with knock-on benefits across the entire 
population. Also, given the rapid rise of the Delta variant 
that occurred in Europe, the USA, South Asia and elsewhere, 
and its estimated increased transmissibility, patterns in 
England were informative of what was subsequently ob-
served elsewhere. In our data, the highest prevalence of in-
fection during June to July 2021 was among 13 to 24 year 
olds. In the UK, the Joint Committee on Vaccinations and 
Immunizations recommended in August 2021 that vaccina-

D
ow

nloaded from
 https://w

w
w

.science.org at C
am

bridge U
niversity on N

ovem
ber 10, 2021

http://www.sciencemag.org/


First release: 2 November 2021  science.org  (Page numbers not final at time of first release) 5 
 

tion should be offered to all 16 and 17 year olds and then in 
September 2021 further extended the UK program to in-
clude children aged 12 to 15 years as has been done in the 
USA and some other countries. This expansion of the vac-
cination program to those at highest risk of infection has 
the potential to reduce transmission in the autumn and 
winter 2021 as levels of social mixing, including indoors, 
increase (30). Also, development of vaccines against Delta 
may be warranted in the light of evidence of antigenic 
change measured by neutralization (31) and the relationship 
between neutralization titer and protection from mild dis-
ease (32). 

Estimates of VE against serious outcomes of greater 
than 90% have been reported for those who have received 
two doses of either BNT162b2 (33) or ChAdOx1-S (34) vac-
cines. This is in keeping with our observation of a weaken-
ing of the association between infections and 
hospitalisations and deaths from mid-February to early 
April 2021 when Alpha variant was dominant. However, in 
our more recent data (since mid-April 2021), infections and 
hospitalisations began to re-converge, potentially reflecting 
the increased prevalence and severity of Delta compared 
with Alpha (35), a changing age mix of hospitalised cases to 
younger ages, and possible waning of protection (29, 36). 

Our study has limitations. One estimate of effectiveness 
was based on self-reported vaccine status, because we could 
only obtain linked vaccination data for the subset of partici-
pants who gave consent, with individuals who did and did 
not consent to linkage appearing to have different patterns 
of swab-positivity across the vaccinated and unvaccinated 
groups. Since age, date of vaccination and vaccine type are 
so strongly correlated in England, and with limitations in 
numbers, we were wary of introducing a time variable into 
the analyses to investigate the waning of VE explicitly. 
However, it should be noted that the design of the study, 
based on estimation of infection prevalence from independ-
ent samples within (as well as across) separate rounds, con-
ducted monthly, itself provides strong control for any time 
effects. 

Over the course of the study since round 1 in May 2020, 
toward the end of the first lockdown in England, we ob-
served a gradual reduction in response rates, from 30.5% in 
round 1 to 11.7% in round 13. These rates are conservative 
estimates since they are based on numbers of swabs with a 
valid RT-PCR result compared to the total number of letters 
of invitation sent out, some of which may have been re-
turned, sent to the wrong address or left unopened by the 
recipient. Nonetheless, the drop in response rates means 
that our sample may be becoming less representative, par-
ticularly in some groups such as young people (18 to 24 
years) and those living in the most deprived areas where 
response rates by round 13 had fallen to 4.2% and 5.1% re-

spectively. It should be noted, however, that these response 
rates have been achieved without use of financial or other 
incentives. 

Our method of sampling was designed initially to 
achieve sufficient numbers in each lower-tier local authority 
(LTLA) in England so that we could analyze sub-regional 
trends and also, by weighting the sample, provide estimates 
of prevalence that were representative of the population of 
England. While previously we had aimed to achieve approx-
imately equal numbers of people in our sample by LTLA, in 
rounds 12 and 13 we switched to sampling in proportion to 
population in order to capture greater resolution in inner 
city areas, which were relatively under-represented in our 
previous sampling regimen. In either case, as we re-weight 
the sample according to the national population profile, 
weighted prevalence should be comparable across rounds, 
albeit with lower precision in later rounds because of the 
lower response rates. 

In conclusion, we have shown rapid exponential growth 
of SARS-CoV2 prevalence during the third wave in England 
at a time when Delta variant became dominant. The rapid 
roll-out of the vaccination program in England has so far 
limited the number of infections and serious cases relative 
to the unvaccinated population. Level or declining preva-
lence were observed during summer 2021 in the northern 
hemisphere, reflecting school vacations, greater time spent 
outdoors and reduced social interactions. But without addi-
tional interventions, increased mixing, including indoors, 
during the autumn and winter in the presence of the Delta 
variant may lead to renewed growth, even at high levels of 
vaccination. Continued surveillance to monitor the spread 
of the epidemic is therefore required. 

 
Materials and methods 
The REACT-1 study methods have been described elsewhere 
(9). Briefly, at each round, we sent an invitation by post to 
named individuals from the list of patients registered with a 
National Health Service (NHS) general practitioner in Eng-
land, obtained from NHS Digital, covering almost the entire 
population. We included all 317 lower-tier local authorities 
(LTLAs) in England, and by combining the Isles of Scilly 
with Cornwall and the City of London with Westminster, we 
report results across 315 LTLAs overall. 

For round 1 to round 11 we aimed to obtain approxi-
mately equal numbers of participants in each LTLA to be 
powered to provide local estimates of prevalence. From 
round 12 onwards, we adjusted the sampling procedure to 
select the sample randomly in proportion to population at 
LTLA level thus obtaining more samples in higher popula-
tion density LTLAs in inner urban areas. However, we en-
sured that data were comparable across rounds as we re-
weighted the data at each round to be representative of 
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England as a whole (see below). 
For those registering to participate, we obtained age, 

sex, address and residential postcode from the NHS register 
and collected additional information on demographics, 
health and lifestyle via online or telephone questionnaire. 
This included information on ethnicity, smoking, household 
size, key worker status, contact with a known or suspected 
COVID-19 case, and whether, at time of survey, participants 
had experienced one or more of 29 symptoms in the past 
week or past month (participants not reporting symptoms 
may have developed symptoms later but these were not cap-
tured). Participants were also asked for consent to longer-
term follow-up through linkage to their NHS records includ-
ing data from the national immunization program. The 
questionnaires are available on the study website (37). 

Response rates have varied by age and over time and 
place, and are available for each round (“For Researchers: 
REACT-1 Study Materials” (37)). Overall response rate was 
defined as the percentage of invitees from whom we re-
ceived a valid swab result; this was 20.4% across all rounds, 
and 13.4% and 11.7% for rounds 12 and 13 respectively. In 
round 13, response rate varied by age from 4.2% at ages 18 
to 24 years to 24% at ages 65 to 74 years and by IMD decile 
from 5.1% in the most deprived areas to 20.8% in the least 
deprived. 

Participants were requested to provide a self-
administered throat and nose swab (obtained by parent or 
guardian for children aged 5 to 12 years) following written 
and video instructions. Swabs were placed into a dry tube 
(no solution or preservative), refrigerated at home, picked 
up by courier and then sent chilled to a single commercial 
laboratory for testing for SARS-CoV-2 by RT-PCR. 

 
Ct threshold and laboratory calibration experiments 
We tested two gene targets (E gene and N gene) with cycle 
threshold (Ct) values used as a proxy for intensity of viral 
load. The RT-PCR test was considered positive if both gene 
targets were detected or if N gene was detected with Ct val-
ue less than 37. The Ct threshold used to determine positivi-
ty was set following three separate calibration experiments. 
First,10 RNA extraction plates were sent from the commer-
cial laboratory for blinded re-analysis in two laboratories 
accredited by the UK Accreditation Service (UKAS). We 
found concordant results for 919 negative samples and all 
40 controls. We detected viral RNA in 11 of the 19 samples 
with a Ct value reported positive by the commercial labora-
tory (N gene Ct value ranging from 16.5 to 40.7); in 10 of 
these 11 samples, N gene Ct value was < 37. Second, in a se-
rial dilution experiment of synthetic SARS-CoV-2 RNA the 
commercial laboratory detected 2.5 copies at Ct 38; also 
while following serial dilution of known positive samples 
with low viral load, the commercial laboratory identified an 

N gene signal at Ct > 37 in most instances. Third, a Public 
Health England (PHE) reference laboratory re-analyzed a 
further 40 unblinded positive samples (on 19 × 96 well 
plates) with N gene Ct values > 35 (range 35.7 to 46.8) and 
without a signal for E gene, detecting SARS CoV-2 RNA in 
15/40 (38%) samples (2/4 with N gene Ct value < 37). The 
results of all three calibration experiments were then con-
solidated to set the positivity criteria noted above, which 
have been used throughout each round of REACT-1. 
 
Prevalence estimates and weighting 
We obtained unweighted (crude) prevalence estimates for 
different sociodemographic and occupational groups by di-
viding counts of swab-positivity (based on RT-PCR) by the 
number of swabs returned in that group. We then applied 
rim weighting (38) to provide prevalence weighted to be 
representative of the population of England as a whole, by: 
age, sex, deciles of the IMD, LTLA counts and ethnic group. 
We obtained the age by sex and LTLA counts from the Of-
fice for National Statistics mid-year population estimates 
(39), counts by ethnic group from the Labor Force Survey 
(40), and calculated the IMD decile points from linkage of 
postcode to area-level IMD using the original sampling 
frame obtained from NHS Digital. Because of the different 
sources of population estimates, the rim weighting was 
based on proportions rather than population totals. We 
grouped age into nine categories: 5 to 12; 13 to 17; 18 to 24; 
25 to 34; 35 to 44; 45 to 54; 55 to 64; 65 to 74; 75 years or 
above, giving 18 age-sex categories. Self-reported ethnicity 
was grouped into nine categories: white; mixed / multiple 
ethnic groups; Indian; Pakistani; Bangladeshi; Chinese; any 
other Asian background; Black African / Caribbean / other; 
and any other ethnic group or missing. 

For the rim weighting, initially (first stage) the sample 
was weighted to LTLA counts and age by sex groups only, 
adjusting the age and sex groups to ensure that the final 
weighted estimates were as close as possible to the popula-
tion profile. Then, using the first stage weights as starting 
weights, the rim weighting was adjusted for all four 
measures, with the adjustment factor between the first and 
second stage weights trimmed at the 1st and 99th percen-
tiles to dampen the extreme weights and improve efficiency. 
The final weights were calculated as the first stage weights 
multiplied by the trimmed adjustment factor for the second 
stage, with confidence intervals for weighted prevalence 
estimates calculated using the “survey” package in R (41). 

 
Statistical analyses 
Statistical analyses were carried out in R (42). To investigate 
the potential confounding effects of covariates on preva-
lence estimates we performed logistic regression on swab 
positivity as the outcome and: sex, age, region, employment 
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type, ethnicity, household size and neighborhood depriva-
tion as explanatory variables. We adjusted for age and sex, 
and mutually adjusted for the other covariates to obtain 
odds ratio estimates and 95% confidence intervals. We de-
cided not to adjust for multiple testing to facilitate direct 
comparisons with other publications where only compari-
son-wise error rate (CER) has been controlled for (43). 

We estimated adjusted VE as 1 – odds ratio where the 
odds ratio was obtained from comparing vaccinated and 
unvaccinated individuals in a logistic regression model with 
swab positivity as outcome and with adjustment for age and 
sex, and age, sex, IMD quintile and ethnicity. 

To estimate the underlying geographical variation in 
prevalence at local (sub-regional) level, we used a neighbor-
hood spatial smoothing method based on nearest neighbor 
up to 30 km. We calculated Nn, the median number of study 
participants within 30 km of each study participant for each 
round or sub-round. We then calculated the local prevalence 
for 15 members of each LTLA as an estimate of the 
smoothed neighborhood prevalence in that area. 

To analyze trends in swab positivity over time, we used 
an exponential model of growth or decay with the assump-
tion that the number of positive samples (from the total 
number of samples) each day arose from a binomial distri-
bution. The model is of the form (t) = I0.e, where I(t) is the 
swab positivity at time t, I0 is the swab positivity on the first 
day of data collection per round and r is the growth rate. 
The binomial likelihood for P (out of N) positive tests on a 
given day is then P ~ (N, I0.ert) based on day of swabbing or, 
if unavailable, day of sample collection. We used a bivariate 
No-U-Turn sampler to estimate posterior credible intervals 
assuming uniform prior distributions on I0 and r (44). We 
estimated the reproduction number R assuming a genera-
tion time that follows a gamma distribution with a shape 
parameter, n, of 2.29 and a rate parameter, β, of 0.36 (corre-
sponding to a mean generation time of 6.29 days) (45). R 
was estimated from the equation R = (1 + r/β)^n (46) using 
data from two sequential rounds and separately per round. 
We carried out a range of sensitivity analyses including es-
timation of R for different thresholds of Ct values that de-
termine swab-positivity and for non-symptomatic 
individuals (not reporting symptoms on the day of swab or 
month prior). 

We fit a Bayesian penalised-spline (P-spline) model (47) 
to the daily data using a No U-Turn Sampler in logit space, 
segmenting the data into approximately 5 day sections by 
regularly spaced knots, with further knots beyond the study 
period to minimise edge effects. We defined 4th order basis-
splines (b-splines) over the knots with the final model con-
sisting of a linear combination of these b-splines. We guard-
ed against overfitting by including a second-order random-
walk prior distribution on the coefficients of the b-splines, 

taking the form bi = 2bi–1 – bi–2 + ui, where bi is the ith b-
spline coefficient and ui is normally distributed with ui ~ 
N(0, ρ2). We assume a constant first derivative for the prior 
distribution which penalises against changes in the growth 
rate unless supported by the data as determined by the pa-
rameter ρ for which we assume an inverse gamma prior 
distribution, ρ ~ IG(0.001, 0.001). We assume the first two b-
spline coefficients have uniform distribution, that is b1 and 
b2 are constant. 

We compared daily prevalence data from rounds 1-13 of 
REACT-1 with publicly available national daily hospital ad-
missions and COVID-19 mortality data (deaths within 28 
days of a positive test). To do this we fit P-spline models as 
before to the daily hospital admissions and to the daily 
death data in order to obtain estimates for the expected 
number of outcomes on a given day. We then fit a simple 
two parameter model consisting of a lag time between the 
posterior of the P-spline estimate for each of hospitalisa-
tions or deaths, and the daily weighted prevalence calculat-
ed from REACT-1 data, and a scaling parameter, 
corresponding to the percentage of people who were swab-
positive in the population on a particular day in comparison 
with future hospitalisations or deaths. Due to the time delay 
between the REACT-1 prevalence signal and daily hospitali-
sations and deaths the model was only fit to rounds 1-12. We 
then compared round 13 data to the estimated trend in hos-
pitalisations and deaths to visualize any alterations in the 
link between these parameters and infection prevalence as 
measured in REACT-1. We estimated these relationships for 
all ages and separately for: those aged under 65 years, and 
those 65 years and above. 

To visualize the trends of the REACT-1 data over time 
we also fitted P-splines to all subsets of the REACT-1 data 
examined. For the REACT-1 data split by age (below 65 
years and 65 years and above) we fit a mixed P-spline model 
in which a P-spline was fit separately to each age group but 
the smoothing parameter, ρ, was fit to both datasets simul-
taneously. Further changes in the first derivative were as-
sumed to happen at the same time for both datasets, with 
the condition ui,<65 – ui,65+ ~ N(0, η2) and η given an unin-
formative prior distribution, η ~ IG(0.001, 0.001). 

 
Viral genome sequencing 
RT-PCR positive swab samples where there was sufficient 
sample volume and with N gene Ct values < 32 were sent 
frozen from the laboratory to the Quadram Institute, Nor-
wich, UK for viral genome sequencing. Amplification of viral 
RNA used the ARTIC protocol (48) and sequencing libraries 
were prepared using CoronaHiT (49). Analysis of sequenc-
ing data used the ARTIC bioinformatic pipeline (50) with 
lineages assigned using PangoLEARN (51). 

We fit a Bayesian logistic regression model to the pro-
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portion of lineages that were identified as the Delta variant 
from round 10 to round 13 to obtain a daily growth rate ad-
vantage between Delta and other circulating lineages, ∆r. 
Assuming an exponential generation time of mean 6.29 days 
(45), the reproduction number, R, is given by 1R r g= + ×  

(46). The estimate of growth rate advantage can thus be 
converted into an additive R advantage through the equa-
tion R r g∆ = ∆ × , assuming the mean generation time is the 

same for all lineages. We chose not to estimate a multiplica-
tive R advantage (52), because it relies on the assumption of 
a zero-variance discrete generation time interval, which is 
less consistent with estimates of an overdispersed serial in-
terval (45). 

As a sensitivity the model was also fit to data from only 
round 11 to round 12 to check that edge effects were not in-
troducing bias. The upper bound of prevalence for non-
Delta lineages (none of which were detected in round 13) 
was estimated by calculating the 95% Wilson upper bound 
on the proportion of non-Delta lineage detected, then mul-
tiplying by the weighted prevalence estimate for round 13. 
This was then multiplied by the population of England to 
get an estimate for the upper bound on the average number 
of people infected with a non-Delta lineage at any one time 
during round 13. 

 
Data availability 
Access to REACT-1 individual-level data is restricted to pro-
tect participants’ anonymity. Summary statistics, descriptive 
tables and code from the current REACT-1 study are availa-
ble at https://github.com/mrc-ide/reactidd. REACT-1 Study 
Materials are available for each round at 
www.imperial.ac.uk/medicine/research-and-
impact/groups/react-study/react-1-study-materials/. 

 
Public involvement 
A Public Advisory Panel provides input into the design, 
conduct and dissemination of the REACT research program. 

 
Ethics 
We obtained research ethics approval from the South Cen-
tral-Berkshire B Research Ethics Committee (IRAS ID: 
283787). 
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Table 1. Self-reported and linked vaccination status and swab-positivity in rounds 12 and 13 of REACT 1 shown for 
all participants (5 years and over) and for the subset aged 18 to 64 years. 
 
Data set Age 

group 

Vaccine status 
 

Round 12 Round 13 

Negative Positive Odds ratio Negative Positive Odds ratio 

Self-

reported 

All Unvaccinated 22,709 51 Reference 14,957 178 Reference 
 

Vaccinated (1 dose) 18,654 20 0.48 (0.28, 0.80) 9,598 77 0.67 (0.52, 0.88) 
 

Vaccinated (2 or more doses) 48,383 30 0.28 (0.18, 0.43) 55,765 197 0.30 (0.24, 0.36) 
 

Vaccinated (unknown doses) 2,889 1 0.15 (0.02, 1.12) 3,314 11 0.28 (0.15, 0.51) 
 

Vaccine status not known 16,141 33 0.91 (0.59, 1.41) 14,072 64 0.38 (0.29, 0.51) 

18-64 Unvaccinated  9,012 16 Reference 2,574 28 Reference 
 

Vaccinated (1 dose) 18,307 19 0.58 (0.30, 1.14) 9,467 76 0.74 (0.48, 1.14) 
 

Vaccinated (2 or more doses) 25,248 17 0.38 (0.19, 0.75) 34,503 145 0.39 (0.26, 0.58) 
 

Vaccinated (unknown doses) 1,173 0 0.00 (0.00, NA) 1,517 9 0.55 (0.26, 1.16) 

  Vaccine status not known  10,597 26 1.38 (0.74, 2.58) 9,089 49 0.50 (0.31, 0.79) 

Linked All Unvaccinated 19,115 52 Reference 11,357 153 Reference 
 

Vaccinated (1 dose) 26,285 33 0.46 (0.30, 0.71) 11,885 93 0.58 (0.45, 0.75) 
 

Vaccinated (2 or more doses) 50,721 34 0.25 (0.16, 0.38) 61,202 206 0.25 (0.20, 0.31) 

18-64 Unvaccinated  8,099 21 Reference 1,553 25 Reference 
 

Vaccinated (1 dose) 25,657 32 0.48 (0.28, 0.83) 11,652 92 0.49 (0.31, 0.77) 

  Vaccinated (2 or more doses)  23,511 18 0.30 (0.16, 0.55) 36,448 153 0.26 (0.17, 0.40) 

All Unvaccinated 19,115 52 Reference 11,357 153 Reference 
 

Vaccinated (<14 days 2nd dose) 31,826 35 0.40 (0.26, 0.62) 13,425 102 0.56 (0.44, 0.73) 
 

Vaccinated (≥14 days 2nd dose) 45,180 32 0.26 (0.17, 0.40) 59,662 197 0.25 (0.20, 0.30) 

18-64 Unvaccinated  8,099 21 Reference 1,553 25 Reference 
 

Vaccinated (<14 days 2nd dose) 30,593 34 0.43 (0.25, 0.74) 13,170 101 0.48 (0.31, 0.74) 

  Vaccinated (≥14 days 2nd dose) 18,575 16 0.33 (0.17, 0.64) 34,930 144 0.26 (0.17, 0.39) 
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Table 2. Unadjusted and adjusted estimates of vaccine effectiveness against infection for self-
reported vaccine status and linked vaccine status for rounds 12 and 13 of REACT-1 for 
participants aged 18 to 64 years. 
 

Vaccination data source (n) Adjustment Vaccine effectiveness (2 doses) 

Round 12 Round 13 

Self-report, All positives, 18 to 
64 years 

Age, Sex 61% (2%, 84%) 47% (18%, 65%) 

Age, sex, IMD, region, ethnicity 64% (11%, 85%) 49% (22%, 67%) 

Self-report, Symptomatic only, 
18 to 64 years 

Age, Sex 81% (5%, 96%) 56% (19%, 77%) 

Age, sex, IMD, region, ethnicity 83% (19%, 97%) 59% (23%, 78%) 

Linked, All positives, 18 to 64 
years 

Age, Sex 75% (33%, 90%) 61% (36%, 76%) 

Age, sex, IMD, region, ethnicity 75% (35%, 90%) 62% (38%, 77%) 
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Fig. 1. Temporal trends in prevalence, proportion of positive cases determined to be the Delta variant and vaccine 
coverage. (A) Prevalence of national swab-positivity for England estimated using a P-spline for all thirteen rounds 
with central 50% (dark grey) and 95% (light grey) posterior credible intervals. Shown here from round 5 onwards of 
the study weighted observations (black dots) and 95% binomial confidence intervals (vertical lines) are also shown. 
Note that the period between round 7 and round 8 (December) of the model is not included as there were no data 
available to capture the late December peak of the epidemic. (B) Comparison of the exponential model fit to round 12 
and 13 (blue) and the exponential model fit to round 13 only (red). Also shown is the P-spline model fit from panel A. 
Shown here only for rounds 12 and 13 of the study with a log10 y-axis. (C) Proportion of Delta against Alpha over time. 
Points show raw data with error bars representing the 95% confidence interval. Shaded regions show best fit 
Bayesian logistic regression models, fit to rounds 10 to 13 (green) and rounds 11 to 12 (orange), with 95% credible 
interval. (D) Proportion of individuals, for whom vaccine status is known, who reported being vaccinated with one 
(light blue) or two (dark blue) doses. 
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Fig. 2. Distribution of N-gene Ct values, by vaccine status, for positive samples obtained from individuals 
aged 18-64 years inclusive. (A) Distribution of all N-gene Ct values for those who are unvaccinated (red) and 
those who reported receiving two doses of a vaccine (blue). Also shown are two black dotted lines at N-gene 
Ct equals 35 and N-gene Ct equals 33; these show the threshold values for a sample to be classed as positive 
used in sensitivity analyses. (B) Cumulative density of N-gene Ct values using all available data for 
unvaccinated individuals (red) and individuals who have had two doses of a vaccine (blue). (C) Cumulative 
density of N-gene Ct values using all data in which N-gene Ct is less than 35 for unvaccinated individuals (red) 
and individuals who have had two doses of a vaccine (blue). (D) Cumulative density of N-gene Ct values using 
all data in which N-gene Ct is less than 33 for unvaccinated individuals (red) and individuals who have had two 
doses of a vaccine (blue). Red and blue vertical dashed lines show the median value for each distribution. 
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Fig. 3. A comparison of daily deaths and hospitalisations to swab positivity as measured by REACT-1. Daily swab 
positivity for all 13 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% confidence interval). (A) Daily deaths in England (red 
points, right hand y-axis) and P-spline model estimates for expected daily deaths in England (solid red line, shaded area is 
95% confidence interval, right hand y-axis). Daily deaths have been shifted by 26 (26, 26) days backward in time along the 
x-axis. The two y-axes have been scaled using the best-fit population adjusted scaling parameter 0.059 (0.058, 0.061). 
(B) Daily hospitalisations in England (blue points, right hand y-axis) and P-spline model estimates for expected daily 
hospitalisations in England (solid blue line, shaded area is 95% confidence interval, right hand y-axis). Daily 
hospitalisations have been shifted by 20 (19, 20) days backward in time along the x-axis. The two y-axes have been scaled 
using the best-fit population adjusted scaling parameter 0.241 (0.236, 0.246). 
 

D
ow

nloaded from
 https://w

w
w

.science.org at C
am

bridge U
niversity on N

ovem
ber 10, 2021

http://www.sciencemag.org/


Use of think article is subject to the Terms of service

Science (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

Exponential growth, high prevalence of SARS-CoV-2, and vaccine effectiveness
associated with the Delta variant
Paul ElliottDavid HawHaowei WangOliver EalesCaroline E. WaltersKylie E. C. AinslieChristina AtchisonClaudio FronterrePeter
J. DiggleAndrew J. PageAlexander J. TrotterSophie J. ProsolekDeborah AshbyChristl A. DonnellyWendy BarclayGraham
TaylorGraham CookeHelen WardAra DarziSteven Riley, and Samuel C Robson, and Nicholas J Loman, and Thomas R Connor,
and Tanya Golubchik, and Rocio T Martinez Nunez, and Catherine Ludden, and Sally Corden, and Ian Johnston, and David
Bonsall, and Colin P Smith, and Ali R Awan, and Giselda Bucca, and M. Estee Torok, and Kordo Saeed, and Jacqui A Prieto,
and David K Jackson, and William L Hamilton, and Luke B Snell, and Catherine Moore, and Ewan M Harrison, and Sonia
Goncalves, and Leigh M Jackson, and Ian G Goodfellow, and Derek J Fairley, and Matthew W Loose, and Joanne Watkins,
and Rich Livett, and Samuel Moses, and Roberto Amato, and Sam Nicholls, and Matthew Bull, and Darren L Smith, and Jeff
Barrett, and David M Aanensen, and Martin D Curran, and Surendra Parmar, and Dinesh Aggarwal, and James G Shepherd,
and Matthew D Parker, and Sharon Glaysher, and Matthew Bashton, and Anthony P Underwood, and Nicole Pacchiarini, and
Katie F Loveson, and Alessandro M Carabelli, and Kate E Templeton, and Cordelia F Langford, and John Sillitoe, and Thushan
I de Silva, and Dennis Wang, and Dominic Kwiatkowski, and Andrew Rambaut, and Justin O’Grady, and Simon Cottrell, and
Matthew T.G. Holden, and Emma C Thomson, and Husam Osman, and Monique Andersson, and Anoop J Chauhan, and
Mohammed O Hassan-Ibrahim, and Mara Lawniczak, and Ravi Kumar Gupta, and Alex Alderton, and Meera Chand, and
Chrystala Constantinidou, and Meera Unnikrishnan, and Alistair C Darby, and Julian A Hiscox, and Steve Paterson, and Inigo
Martincorena, and David L Robertson, and Erik M Volz, and Andrew J Page, and Oliver G Pybus, and Andrew R Bassett,
and Cristina V Ariani, and Michael H Spencer Chapman, and Kathy K Li, and Rajiv N Shah, and Natasha G Jesudason, and
Yusri Taha, and Martin P McHugh, and Rebecca Dewar, and Aminu S Jahun, and Claire McMurray, and Sarojini Pandey, and
James P McKenna, and Andrew Nelson, and Gregory R Young, and Clare M McCann, and Scott Elliott, and Hannah Lowe,
and Ben Temperton, and Sunando Roy, and Anna Price, and Sara Rey, and Matthew Wyles, and Stefan Rooke, and Sharif
Shaaban, and Mariateresa de Cesare, and Laura Letchford, and Siona Silveira, and Emanuela Pelosi, and Eleri Wilson-Davies,
and Myra Hosmillo, and Áine O'Toole, and Andrew R Hesketh, and Richard Stark, and Louis du Plessis, and Chris Ruis, and
Helen Adams, and Yann Bourgeois, and Stephen L Michell, and Dimitris Grammatopoulos, and Jonathan Edgeworth, and
Judith Breuer, and John A Todd, and Christophe Fraser, and David Buck, and Michaela John, and Gemma L Kay, and Steve
Palmer, and Sharon J Peacock, and David Heyburn, and Danni Weldon, and Esther Robinson, and Alan McNally, and Peter
Muir, and Ian B Vipond, and John Boyes, and Venkat Sivaprakasam, and Tranprit Saluja, and Samir Dervisevic, and Emma
J Meader, and Naomi R Park, and Karen Oliver, and Aaron R Jeffries, and Sascha Ott, and Ana da Silva Filipe, and David A
Simpson, and Chris Williams, and Jane AH Masoli, and Bridget A Knight, and Christopher R Jones, and Cherian Koshy, and
Amy Ash, and Anna Casey, and Andrew Bosworth, and Liz Ratcliffe, and Li Xu-McCrae, and Hannah M Pymont, and Stephanie
Hutchings, and Lisa Berry, and Katie Jones, and Fenella Halstead, and Thomas Davis, and Christopher Holmes, and Miren
Iturriza-Gomara, and Anita O Lucaci, and Paul Anthony Randell, and Alison Cox, and Pinglawathee Madona, and Kathryn Ann
Harris, and Julianne Rose Brown, and Tabitha W Mahungu, and Dianne Irish-Tavares, and Tanzina Haque, and Jennifer Hart,
and Eric Witele, and Melisa Louise Fenton, and Steven Liggett, and Clive Graham, and Emma Swindells, and Jennifer Collins,
and Gary Eltringham, and Sharon Campbell, and Patrick C McClure, and Gemma Clark, and Tim J Sloan, and Carl Jones, and
Jessica Lynch, and Ben Warne, and Steven Leonard, and Jillian Durham, and Thomas Williams, and Sam T Haldenby, and
Nathaniel Storey, and Nabil-Fareed Alikhan, and Nadine Holmes, and Christopher Moore, and Matthew Carlile, and Malorie
Perry, and Noel Craine, and Ronan A Lyons, and Angela H Beckett, and Salman Goudarzi, and Christopher Fearn, and Kate
Cook, and Hannah Dent, and Hannah Paul, and Robert Davies, and Beth Blane, and Sophia T Girgis, and Mathew A Beale, and
Katherine L Bellis, and Matthew J Dorman, and Eleanor Drury, and Leanne Kane, and Sally Kay, and Samantha McGuigan, and
Rachel Nelson, and Liam Prestwood, and Shavanthi Rajatileka, and Rahul Batra, and Rachel J Williams, and Mark Kristiansen,
and Angie Green, and Anita Justice, and Adhyana I.K Mahanama, and Buddhini Samaraweera, and Nazreen F Hadjirin, and
Joshua Quick, and Radoslaw Poplawski, and Leanne M Kermack, and Nicola Reynolds, and Grant Hall, and Yasmin Chaudhry,
and Malte L Pinckert, and Iliana Georgana, and Robin J Moll, and Alicia Thornton, and Richard Myers, and Joanne Stockton,
and Charlotte A Williams, and Wen C Yew, and Alexander J Trotter, and Amy Trebes, and George MacIntyre-Cockett, and
Alec Birchley, and Alexander Adams, and Amy Plimmer, and Bree Gatica-Wilcox, and Caoimhe McKerr, and Ember Hilvers,
and Hannah Jones, and Hibo Asad, and Jason Coombes, and Johnathan M Evans, and Laia Fina, and Lauren Gilbert, and
Lee Graham, and Michelle Cronin, and Sara Kumziene-Summerhayes, and Sarah Taylor, and Sophie Jones, and Danielle C
Groves, and Peijun Zhang, and Marta Gallis, and Stavroula F Louka, and Igor Starinskij, and Jon-Paul Keatley, and Joshua B
Singer, and Leonardo de Oliveira Martins, and Corin A Yeats, and Khalil Abudahab, and Ben EW Taylor, and Mirko Menegazzo,
and John Danesh, and Wendy Hogsden, and Sahar Eldirdiri, and Anita Kenyon, and Jenifer Mason, and Trevor I Robinson, and
Alison Holmes, and James Price, and John A Hartley, and Tanya Curran, and Alison E Mather, and Giri Shankar, and Rachel
Jones, and Robin Howe, and Sian Morgan, and Elizabeth Wastenge, and Michael R Chapman, and Siddharth Mookerjee, and
Rachael Stanley, and Wendy Smith, and Timothy Peto, and David Eyre, and Derrick Crook, and Gabrielle Vernet, and Christine
Kitchen, and Huw Gulliver, and Ian Merrick, and Martyn Guest, and Robert Munn, and Declan T Bradley, and Tim Wyatt, and
Charlotte Beaver, and Luke Foulser, and Sophie Palmer, and Carol M Churcher, and Ellena Brooks, and Kim S Smith, and

D
ow

nloaded from
 https://w

w
w

.science.org at C
am

bridge U
niversity on N

ovem
ber 10, 2021

https://www.science.org/about/terms-service


Use of think article is subject to the Terms of service

Science (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

Katerina Galai, and Georgina M McManus, and Frances Bolt, and Francesc Coll, and Lizzie Meadows, and Stephen W Attwood,
and Alisha Davies, and Elen De Lacy, and Fatima Downing, and Sue Edwards, and Garry P Scarlett, and Sarah Jeremiah, and
Nikki Smith, and Danielle Leek, and Sushmita Sridhar, and Sally Forrest, and Claire Cormie, and Harmeet K Gill, and Joana
Dias, and Ellen E Higginson, and Mailis Maes, and Jamie Young, and Michelle Wantoch, and Dorota Jamrozy, and Stephanie
Lo, and Minal Patel, and Verity Hill, and Claire M Bewshea, and Sian Ellard, and Cressida Auckland, and Ian Harrison, and
Chloe Bishop, and Vicki Chalker, and Alex Richter, and Andrew Beggs, and Angus Best, and Benita Percival, and Jeremy
Mirza, and Oliver Megram, and Megan Mayhew, and Liam Crawford, and Fiona Ashcroft, and Emma Moles-Garcia, and Nicola
Cumley, and Richard Hopes, and Patawee Asamaphan, and Marc O Niebel, and Rory N Gunson, and Amanda Bradley, and
Alasdair Maclean, and Guy Mollett, and Rachel Blacow, and Paul Bird, and Thomas Helmer, and Karlie Fallon, and Julian Tang,
and Antony D Hale, and Louissa R Macfarlane-Smith, and Katherine L Harper, and Holli Carden, and Nicholas W Machin, and
Kathryn A Jackson, and Shazaad S Y Ahmad, and Ryan P George, and Lance Turtle, and Elaine O'Toole, and Joanne Watts,
and Cassie Breen, and Angela Cowell, and Adela Alcolea-Medina, and Themoula Charalampous, and Amita Patel, and Lisa J
Levett, and Judith Heaney, and Aileen Rowan, and Graham P Taylor, and Divya Shah, and Laura Atkinson, and Jack CD Lee,
and Adam P Westhorpe, and Riaz Jannoo, and Helen L Lowe, and Angeliki Karamani, and Leah Ensell, and Wendy Chatterton,
and Monika Pusok, and Ashok Dadrah, and Amanda Symmonds, and Graciela Sluga, and Zoltan Molnar, and Paul Baker,
and Stephen Bonner, and Sarah Essex, and Edward Barton, and Debra Padgett, and Garren Scott, and Jane Greenaway,
and Brendan AI Payne, and Shirelle Burton-Fanning, and Sheila Waugh, and Veena Raviprakash, and Nicola Sheriff, and
Victoria Blakey, and Lesley-Anne Williams, and Jonathan Moore, and Susanne Stonehouse, and Louise Smith, and Rose K
Davidson, and Luke Bedford, and Lindsay Coupland, and Victoria Wright, and Joseph G Chappell, and Theocharis Tsoleridis,
and Jonathan Ball, and Manjinder Khakh, and Vicki M Fleming, and Michelle M Lister, and Hannah C Howson-Wells, and
Louise Berry, and Tim Boswell, and Amelia Joseph, and Iona Willingham, and Nichola Duckworth, and Sarah Walsh, and Emma
Wise, and Nathan Moore, and Matilde Mori, and Nick Cortes, and Stephen Kidd, and Rebecca Williams BMBS, and Laura
Gifford, and Kelly Bicknell, and Sarah Wyllie, and Allyson Lloyd, and Robert Impey, and Cassandra S Malone, and Benjamin J
Cogger, and Nick Levene, and Lynn Monaghan, and Alexander J Keeley, and David G Partridge, and Mohammad Raza, and
Cariad Evans, and Kate Johnson, and Emma Betteridge, and Ben W Farr, and Scott Goodwin, and Michael A Quail, and Carol
Scott, and Lesley Shirley, and Scott AJ Thurston, and Diana Rajan, and Iraad F Bronner, and Louise Aigrain, and Nicholas M
Redshaw, and Stefanie V Lensing, and Shane McCarthy, and Alex Makunin, and Carlos E Balcazar, and Michael D Gallagher,
and Kathleen A Williamson, and Thomas D Stanton, and Michelle L Michelsen, and Joanna Warwick-Dugdale, and Robin
Manley, and Audrey Farbos, and James W Harrison, and Christine M Sambles, and David J Studholme, and Angie Lackenby,
and Tamyo Mbisa, and Steven Platt, and Shahjahan Miah, and David Bibby, and Carmen Manso, and Jonathan Hubb, and
Gavin Dabrera, and Mary Ramsay, and Daniel Bradshaw, and Ulf Schaefer, and Natalie Groves, and Eileen Gallagher, and
David Lee, and David Williams, and Nicholas Ellaby, and Hassan Hartman, and Nikos Manesis, and Vineet Patel, and Juan
Ledesma, and Katherine A Twohig, and Elias Allara, and Clare Pearson, and Jeffrey K. J. Cheng, and Hannah E Bridgewater,
and Lucy R Frost, and Grace Taylor-Joyce, and Paul E Brown, and Lily Tong, and Alice Broos, and Daniel Mair, and Jenna
Nichols, and Stephen N Carmichael, and Katherine L Smollett, and Kyriaki Nomikou, and Elihu Aranday-Cortes, and Natasha
Johnson, and Seema Nickbakhsh, and Edith E Vamos, and Margaret Hughes, and Lucille Rainbow, and Richard Eccles, and
Charlotte Nelson, and Mark Whitehead, and Richard Gregory, and Matthew Gemmell, and Claudia Wierzbicki, and Hermione J
Webster, and Chloe L Fisher, and Adrian W Signell, and Gilberto Betancor, and Harry D Wilson, and Gaia Nebbia, and Flavia
Flaviani, and Alberto C Cerda, and Tammy V Merrill, and Rebekah E Wilson, and Marius Cotic, and Nadua Bayzid, and Thomas
Thompson, and Erwan Acheson, and Steven Rushton, and Sarah O'Brien, and David J Baker, and Steven Rudder, and Alp
Aydin, and Fei Sang, and Johnny Debebe, and Sarah Francois, and Tetyana I Vasylyeva, and Marina Escalera Zamudio, and
Bernardo Gutierrez, and Angela Marchbank, and Joshua Maksimovic, and Karla Spellman, and Kathryn McCluggage, and
Mari Morgan, and Robert Beer, and Safiah Afifi, and Trudy Workman, and William Fuller, and Catherine Bresner, and Adrienn
Angyal, and Luke R Green, and Paul J Parsons, and Rachel M Tucker, and Rebecca Brown, and Max Whiteley, and James
Bonfield, and Christoph Puethe, and Andrew Whitwham, and Jennifier Liddle, and Will Rowe, and Igor Siveroni, and Thanh Le-
Viet, and Amy Gaskin, and Rob Johnson

Science, Ahead of Print • DOI: 10.1126/science.abl9551

View the article online
https://www.science.org/doi/10.1126/science.abl9551
Permissions

D
ow

nloaded from
 https://w

w
w

.science.org at C
am

bridge U
niversity on N

ovem
ber 10, 2021

https://www.science.org/about/terms-service


Use of think article is subject to the Terms of service

Science (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at C
am

bridge U
niversity on N

ovem
ber 10, 2021

https://www.science.org/about/terms-service

