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Materials and Methods

The REACT study program includes REACT-1 and has been described elsewhere (13). Briefly,

in REACT-1, we invited randomly selected individuals aged five years and over from the

National Health Service (NHS) list of patients registered with a general practitioner, among the

315 lower-tier local authorities (LTLAs) in England (317 are listed but we merge the Isles of

Scilly with Cornwall and the City of London with Westminster). Four rounds of data collection

were completed between 1st May and 8th September 2020 (Table 1). Among those registering to

take part, in addition to age, sex, address and postcode available from the NHS register, we

obtained, by online or telephone questionnaire, information on e.g. key worker status, ethnicity,

smoking, household size, contact with known or suspected COVID-19 cases, hospital contacts,

and symptoms. We provided written and video instructions to obtain a self-administered throat

and nose swab (administered by parent or guardian for children aged 5 to 12 years).

To obtain information about symptoms, we asked specifically if participants had one or more of a

list of respiratory symptoms (27 for round 1, 29 for rounds 2, 3 and 4) and then we asked when

they had experienced those symptoms. The symptom questions changed slightly after round 1,

but were the same for rounds 2, 3 and 4. In round 1, we asked if the participant had experienced

symptoms and then we asked the month in which they had occurred. If participants had

experienced symptoms, we then asked if any of those symptoms had occurred in the past week.

However, we did not ask which of those symptoms had occurred in the last week. Therefore, for

round 1, when participants reported classic and non-classic COVID-19 symptoms at some time

and any symptom in the last week, we could not be sure that it was a classic COVID-19

symptom: we classified those participants as not having classic COVID-19 symptoms in the past

week. In rounds 2, 3 and 4, we asked specifically which symptoms occurred in the week prior to

the day of the swab. We did not follow up participants to see if they later developed symptoms.

Some participants had already had a positive test when they took an additional test for REACT-1.

In each round swab results were obtained from between 120,000 and 160,000 people giving a

combined total of ~594,000 participants (Table 1). During the first round of data collection (1st

May to 1st June 2020), swabs were initially collected in viral transport medium and sent to one

of four Public Health England (PHE) laboratories for processing (n = 8,595 swabs with reported
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result). All subsequent collections were obtained using dry swabs; participants were requested to

refrigerate these before courier pick-up the same or next day. Swabs were then delivered to a

commercial laboratory on a cold chain (40 to 80 C) to maintain sample integrity.

Samples were tested by reverse-transcription--polymerase-chain-reaction (RT-PCR) with two

gene targets (E gene and N gene). We assessed cycle threshold (CT) values as a proxy for

intensity of viral load across the four surveys and defined a swab to be positive if both gene

targets were positive or if N gene was positive with CT value less than 37.

Analyses

We used an exponential model of growth or decay to investigate trends in swab positivity over

time assuming that the number of positive samples each day (out of the total number of samples

each day) arose from a binomial distribution. The model then takes the form ,𝐼(𝑡) =  𝐼
0 

𝑒𝑟𝑡

where is the swab positivity at time t, is the initial swab positivity on the first day of the𝐼(𝑡) 𝐼
0 

round and r is the growth rate. The binomial likelihood for P positives out of N tests on a given

day is then . We used day of swabbing or, if unavailable, day of collection. We𝑃 ∼𝐵(𝑁,  𝐼
0 

𝑒𝑟𝑡)

obtained posterior credible intervals using a bivariate No-U-Turn sampler assuming uniform

prior distributions on and r (43) . To estimate the reproduction number R, we assumed a𝐼
0

generation time following a gamma distribution with a shape parameter, n, of 2.29 and a rate

parameter, , of 0.36 (corresponding to a mean generation time of 6.29 days) (30). Theβ

reproduction number was then calculated using the equation (44). We analysed𝑅 = (1 + 𝑟
β )𝑛

R using data from two sequential rounds and separately for each round. We also fit an analogous

model to the publicly available case surveillance data (45) in which we assumed that the number

of cases on a given day followed a negative binomial distribution with a single dispersion

parameter for all days that the model is being fitted to. We estimated the dispersion parameter as

an additional fitted parameter of the model with a uniform prior distribution and bounded above

0.

We fit a Bayesian penalised-spline (p-spline) model (46) to the daily data using a No U-Turns

Sampler in logit space. We split the data into segments of approximately 5 days by regularly
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spaced knots, with further knots defined beyond the period of the study in order to remove edge

effects. We defined a system of 4th order basis-splines (b-splines) over the knots and the model

consisted of a linear combination of these b-splines. We guarded against overfitting through the

inclusion of a second-order random-walk prior distribution on the coefficients of the b-splines.

This prior distribution takes the form , where is the b-spline𝑏
𝑖 

=  2𝑏
𝑖−1

− 𝑏
𝑖−2 

+ 𝑢
𝑖

𝑏
𝑖

𝑖𝑡ℎ

coefficient and is normally distributed with . The prior distribution assumes a𝑢
𝑖

𝑢
𝑖 
∼𝑁(0,  ρ2)

constant first derivative and so penalises against any changes in the growth rate unless it is

significantly supported by the data. The amount of which changes in the growth rate are

penalised are controlled by the parameter that we give an inverse gamma prior distribution;ρ

We assume a uniform prior distribution on the first two b-splineρ∼𝐼𝐺(0. 001, 0. 001).  

coefficients, and . We fit an analogous model to the publicly available case data𝑏
1

𝑏
2
∼𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

assuming a negative binomial distribution and fitting an additional dispersion parameter.

We obtained crude prevalence estimates as the ratio of swab positive results to numbers tested

for all participants and by sub-groups, e.g. age, sex, region, ethnicity, employment type,

household size. To correct for population differences due to sampling and differential response,

we reweighted the overall prevalence estimates to be representative of the population of England

by age, sex, region, ethnicity and deprivation. Because of small numbers of positives, all other

prevalence estimates were unweighted.

To investigate the association of test result with covariates, we performed logistic regression on

swab positivity as the outcome and: sex, age, region, employment type, ethnicity and household

size; as explanatory variables (Table S5). We adjusted for age and sex to obtain odds ratio

estimates and 95% confidence intervals for each of the four rounds of data collection. Neither

additional adjustments or interaction terms were used because of the small number of positives,

especially in round 3 (24th July to 11th August).

To estimate the underlying geographical variation in prevalence over time we fitted a

spatio-temporal logistic model (47) in which the numbers of swab-positives are binomially

distributed with the log-odds of the underlying prevalence specified as the sum of three terms: a

separate intercept for round, to capture the changes in the overall prevalence over time; an
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adjustment for the empirical log-odds of response rate, i.e. the number of tested swabs as a

proportion of invitation letters sent out; and a latent Gaussian process to capture residual,

unexplained variation, with variance and correlation function  r(u,v) = exp(-u/ φ1 –v/ φ2),σ2

where u is the distance between a pair of LTLA centroids, v is the time-separation between a pair

of rounds and the parameters φ1 and φ2 control the rate at which the correlation decays with

increasing distance and time, respectively. Additionally, we included an independent error term

with variance to account for within-LTLA over-dispersion. We fitted the model using the Rτ2

package PrevMap (48), with Monte Carlo maximum likelihood estimation of all model

parameters.

We used rim weighting (49) to adjust prevalence to population estimates of: age by sex; index of

multiple deprivation (IMD) deciles; LTLA counts; and ethnic group. The age by sex and LTLA

counts were extracted from the Office for National Statistics mid-year population estimates (50),

the ethnic group counts from the Labour Force Survey (51), and the IMD deciles profile were

derived from the original anonymous population sampling frame from NHS Digital. To allow for

the different sources of population estimates, the rim weighting was carried out on the

proportions rather than population totals. Age was grouped into seven categories: 18 to 24; 25 to

34; 35 to 44; 45 to 54; 55 to 64; 65 to 74; 75 years or older, giving 14 age-gender categories. The

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.

The rim weighting was carried out in two stages. At the first stage, the sample was weighted to

LTLA counts and age by sex groups only. In the same stage, the age and sex groups were also

adjusted to make sure that the final weighted profile was as close to the population as possible.

The second stage of rim weighting adjusted to all four measures, using the first stage weights as

the starting weights. The adjustment factor between the first and second stage weights were

trimmed at the 1st and 99th percentiles to dampen the extreme weights. The final weights were

calculated as the first stage weights multiplied by the trimmed adjustment factor for the second

stage.  Confidence intervals for weighted prevalence estimates were calculated with the survey

package in R (52).
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Ethics

We obtained research ethics approval from the South Central-Berkshire B Research Ethics

Committee (IRAS ID: 283787).

Public involvement

A Public Advisory Panel is providing input into the design, conduct and dissemination of the

REACT research programme.
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Fig. S1. Comparison of REACT-1 and routine case surveillance data.

Prevalence of national swab-positivity and case incidence data for England estimated using a
p-spline with data from REACT-1 (Blue, left axis). Central 50% (dark blue) and 95% (light blue)
posterior credible intervals. Routine case surveillance data (Red, right axis) also shown with raw
data (light red points) and a central 7 day rolling average (current date and 3 days before and
after) (red line).
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Fig. S2. Constant growth rate models fit to routine case surveillance data for sequential and
individual rounds.
A models fit to symptomatic and key worker test data for the periods of: rounds 1 and 2 (yellow),
2 and 3 (blue) and 3 and 4 (green). B models fit to the same period for each individual round
(red). Vertical lines show 95% prediction intervals for models. Black points show observations.
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Fig. S3. Estimation of the day of epidemic minimum.

Posterior distributions for day of minimum swab-positivity prevalence using REACT-1 data
(blue) and minimum symptomatic case incidence using routine surveillance data (red).
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Fig. S4. Constant growth rate models fit to sequential rounds of REACT-1 data by region.

Models fit to rounds 1 (yellow), 2 (purple), 3 (blue) and 4 (green). Vertical lines show 95%
prediction intervals for models. Black points show observations. See Table S4 for associated R
values.
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Fig. S5. Probability of increasing prevalence by local-tier local authority level.

Regions of England indicated by: L, London; SE, South East; SW, South West; WM, West
Midlands; EE, East of England; EM, East Midlands; NW, North West; YH, Yorkshire and The
Humber; and NE, North East.
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Fig. S6. Age-group odds ratios by REACT-1 round for REACT-1 data and routine surveillance
data (Public Health England, PHE).

For REACT-1 data, a logistic regression model was used to estimate univariate odds ratios. For
routine surveillance data, odds ratios were estimated directly using the number of cases observed
during the period of a REACT-1 round. 95% confidence intervals for the routine surveillance
odds ratios were calculated by repeated random draws from an assumed underlying binomial
distribution.
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Table S1. Response rate by sex, age group and round.
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Table S2. Estimated growth rates, reproduction numbers and doubling times for SARS-CoV-2
swab-positivity in England, using alternate definitions of swab-positivity.
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Table S3. Estimated growth rates, reproduction numbers and doubling times for SARS-CoV-2
swab-positivity in regions of England.
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Table S4. Unweighted prevalence of infection for rounds 1 to 4 by variable and category.
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Table S4 (cont). Unweighted prevalence of infection for rounds 1 to 4 by variable and category.
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Table S4 (cont). Unweighted prevalence of infection for rounds 1 to 4 by variable and category.
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Table S5. Parameters of the geospatial model.
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Table S6. Logistic regression models adjusted for age and gender for REACT-1 rounds 1, 2, 3
and 4.
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Table S7. Reproduction numbers estimated for different generation time assumptions.
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Data S1. (separate file)
We provide an xlsx file with the data for all tables. Also, Ref (45) links to an R package that
contains key aggregate data as csvs in the inst/extdata directory.
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