eLife

*For correspondence:
sarah.walker@ndm.ox.ac.uk

TThese authors contributed
equally to this work

Competing interest: See
page 13

Funding: See page 13

Received: 06 November 2020
Accepted: 06 July 2021
Published: 12 July 2021

Reviewing editor: M Dawn
Teare, Newcastle University,
United Kingdom

Copyright Walker et al. This
article is distributed under the
terms of the Creative Commons
Attribution License, which
permits unrestricted use and
redistribution provided that the
original author and source are
credited.

Ct threshold values, a proxy for viral load
in community SARS-CoV-2 cases,
demonstrate wide variation across
populations and over time

A Sarah Walker"?3%*, Emma Pritchard"?, Thomas House®*¢, Julie V Robotham?7,
Paul J Birrell”3, lain Bell’, John I Bell'®, John N Newton'!, Jeremy Farrar'?,

lan Diamond®, Ruth Studley®, Jodie Hay'*"%, Karina-Doris Vihta'?,

Timothy EA Peto’?3'3, Nicole Stoesser'?3"5t, Philippa C Matthews™'%7,

David W Eyre'?141¢t, Koen B Pouwels"%'7, COVID-19 Infection Survey team

'Nuffield Department of Medicine, University of Oxford, Oxford, United Kingdom;
2The National Institute for Health Research Health Protection Research Unit in
Healthcare Associated Infections and Antimicrobial Resistance at the University of
Oxford, Oxford, United Kingdom; 3The National Institute for Health Research
Oxford Biomedical Research Centre, University of Oxford, Oxford, United
Kingdom; *“MRC Clinical Trials Unit at UCL, UCL, London, United Kingdom;
*Department of Mathematics, University of Manchester, Manchester, United
Kingdom; ¢IBM Research, Hartree Centre, Sci-Tech Daresbury, United Kingdom;
’National Infection Service, Public Health England, London, United Kingdom; 8MRC
Biostatistics Unit, University of Cambridge, Cambridge Institute of Public Health,
Cambridge, United Kingdom; °Office for National Statistics, Newport, United
Kingdom; "°Office of the Regius Professor of Medicine, University of Oxford,
Oxford, United Kingdom; ""Health Improvement Directorate, Public Health England,
London, United Kingdom; Wellcome Trust, London, United Kingdom; "University
of Glasgow, Glasgow, United Kingdom; "Lighthouse Laboratory in Glasgow, Queen
Elizabeth University Hospital, Glasgow, United Kingdom; ">Department of Infectious
Diseases and Microbiology, Oxford University Hospitals NHS Foundation Trust,
John Radcliffe Hospital, Oxford, United Kingdom; "®Big Data Institute, Nuffield
Department of Population Health, University of Oxford, Oxford, United Kingdom;
"Health Economics Research Centre, Nuffield Department of Population Health,
University of Oxford, Oxford, United Kingdom

Abstract

Background: Information on SARS-CoV-2 in representative community surveillance is limited,
particularly cycle threshold (Ct) values (a proxy for viral load).

Methods: We included all positive nose and throat swabs 26 April 2020 to 13 March 2021 from the
UK’s national COVID-19 Infection Survey, tested by RT-PCR for the N, S, and ORF1ab genes. We
investigated predictors of median Ct value using quantile regression.

Results: Of 3,312,159 nose and throat swabs, 27,902 (0.83%) were RT-PCR-positive, 10,317 (37%),
11,012 (40%), and 6550 (23%) for 3, 2, or 1 of the N, S, and ORF1ab genes, respectively, with
median Ct = 29.2 (~215 copies/ml; IQR Ct = 21.9-32.8, 14-56,400 copies/ml). Independent
predictors of lower Cts (i.e. higher viral load) included self-reported symptoms and more genes
detected, with at most small effects of sex, ethnicity, and age. Single-gene positives almost
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invariably had Ct > 30, but Cts varied widely in triple-gene positives, including without symptoms.
Population-level Cts changed over time, with declining Ct preceding increasing SARS-CoV-2
positivity. Of 6189 participants with IgG S-antibody tests post-first RT-PCR-positive, 4808 (78%)
were ever antibody-positive; Cts were significantly higher in those remaining antibody negative.
Conclusions: Marked variation in community SARS-CoV-2 Ct values suggests that they could be a
useful epidemiological early-warning indicator.

Funding: Department of Health and Social Care, National Institutes of Health Research, Huo Family
Foundation, Medical Research Council UK; Wellcome Trust.

Introduction

After initial reductions in SARS-CoV-2 cases in mid-2020, following release of large-scale lockdowns
(Flaxman et al., 2020), infection rates have undergone waves of resurgence and suppression in
many countries worldwide. Proposed control strategies include new local or national lockdowns of
varying intensity and mass testing, but these have major economic and practical limitations. In partic-
ular, mass testing of large numbers without symptoms (Yokota et al., 2020), and hence low pre-test
probability of positivity, can mean most positives are false-positives depending on test specificity.
For example, with 0.1% true prevalence, testing 100,000 individuals with a 99.9% specific test with
perfect sensitivity gives 100 true-positives, but also 100 false-positives (positive predictive value
[PPV] 50%), whereas specificity of 99.5% increases false-positives to 500 (PPV = 17%), and of 99.0%
to 999 (PPV = 9%), with even lower PPV with imperfect sensitivity (Adams et al., 2020).

Mathematical models are powerful tools for evaluating the potential effectiveness of different
control strategies, but rely on population-level estimates of infectivity and other parameters. How-
ever, there are few unbiased community-based surveillance studies, including individuals both with
and without symptoms. Estimates of asymptomatic infection rates vary, being 17-41% overall in
recent reviews (Buitrago-Garcia et al., 2020; Byambasuren et al., 2020), but these included many
studies of contacts of confirmed cases. Higher prevalence of asymptomatic infection has been
reported in screening of defined populations (30% [Buitrago-Garcia et al., 2020]) and community
surveillance (e.g. 42% Lavezzo et al., 2020, 72% Riley and Ainslie, 2020a). Studies have generally
indicated lower rates of transmission from asymptomatic infection (Buitrago-Garcia et al., 2020;
Byambasuren et al., 2020), this may be a proxy for SARS-CoV-2 viral load as a key determinant of
transmission. Finally, most studies rely on ‘average’ estimates of the asymptomatic infection percent-
age, independent of characteristics and viral load, and have not quantified temporal variation in
these key parameters for mathematical models across the community.

Here we therefore characterise variation in SARS-CoV-2-positive tests in the first 11 months of the
UK'’s national COVID-19 Infection Survey. In brief (details in Materials and methods), the survey ran-
domly selects private households to provide a representative UK sample, recruiting all consenting
individuals aged 2 years or older currently resident in each household to provide information on
demographics, symptoms, contacts and relevant behaviours and self-taken nose and throat swabs
for RT-PCR testing (Pouwels et al., 2021). A randomly selected subset is approached for additional
consent to provide blood samples for IgG S-antibody testing if aged 16 years or older. At the first
visit, participants can provide additional consent for longitudinal follow-up (visits every week for the
next month, then monthly for 12 months from enrolment). We estimate predictors of RT-PCR cycle
threshold (Ct) values (as a proxy for viral load), propose a classification for the strength of evidence
supporting positive RT-PCR test results in the community, and demonstrate how this has changed
over time. We also provide a preliminary assessment of seroconversion rates for community cases.

Materials and methods

This study included all positive SARS-CoV-2 RT-PCR results between 26 April 2020 and 13 March
2021 from nose and throat swabs taken from participants in the Office for National Statistics (ONS)
CIS (ISRCTN21086382). The survey randomly selects private households on a continuous basis from
address lists and from previous surveys to provide a representative UK sample (Supplementary file
1). If anyone aged 2 years or older currently resident in an invited household agreed verbally to par-
ticipate, a study worker visited the household to take written informed consent, which was obtained
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from parents/carers for those 2-15 years; those aged 10-15 years provided written assent. The study
protocol is available at https://www.ndm.ox.ac.uk/covid-19/covid-19-infection-survey/protocol-and-
information-sheets. Recruitment started 26 April 2020 in England, 29 June 2020 in Wales, 29 July
2020 in Northern Ireland, and 21 September 2020 in Scotland.

Individuals were asked about demographics, symptoms, contacts, and relevant behaviours
(https://www.ndm.ox.ac.uk/covid-19/covid-19-infection-survey/case-record-forms). To reduce trans-
mission risks, self-taken nose and throat swabs were obtained following study worker instructions.
Parents/carers took swabs from children under 12 years. 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. In a random 10-20% households, those 16 years or older were invited to provide
venous blood monthly for assays of anti-trimeric spike protein IgG using an immunoassay developed
by the University of Oxford (National SARS-CoV-2 Serology Assay Evaluation Group, 2020). All
participants in households where anyone tested positive on a swab were also invited to provide
blood monthly. Venous blood was not taken at any visit where any person in the household had clas-
sic COVID-19 symptoms (fever, cough, or anosmia/ageusia). The study received ethical approval
from the South Central Berkshire B Research Ethics Committee (20/SC/0195).

Swabs and blood samples were collected by study workers at household visits and couriered
overnight to testing laboratories at ambient temperatures. They were analysed at the UK's national
Lighthouse Laboratories at Milton Keynes (National Biocentre) (from 26 April 2020 to 11 February
2021) and Glasgow (from 16 August 2020) using identical methodology, with swabs from specific
regions sent consistently to one laboratory. RT-PCR for three SARS-CoV-2 genes (N protein, S pro-
tein, and ORF1ab) used the Thermo Fisher TagPath RT-PCR COVID-19 Kit, analysed using UgenTec
Fast Finder 3.300.5 (TagMan 2019-nCoV Assay Kit V2 UK NHS ABI 7500 v2.1). The Assay Plugin con-
tains an Assay-specific algorithm and decision mechanism that allows conversion of the qualitative
amplification Assay PCR raw data from the ABI 7500 Fast into test results with minimal manual inter-
vention. Samples are called positive in the presence of at least single N gene and/or ORF1ab but
may be accompanied with S gene (one, two, or three gene positives). There is no specific Ct thresh-
old for determining positivity. S gene is not considered a reliable single-gene positive (as of mid-
May 2020). Blood was analysed at the University of Oxford. Antibody titres were considered positive
above 8 million units (National SARS-CoV-2 Serology Assay Evaluation Group, 2020) on the origi-
nal fluorometric version of the assay and 42 units on the colorimetric version of the assay (used from
1 March 2021).

Twelve specific symptoms were elicited at each visit (cough, fever, myalgia, fatigue, sore throat,
shortness of breath, headache, nausea, abdominal pain, diarrhoea, loss of taste, loss of smell), as
was whether participants thought they had (unspecified) symptoms compatible with COVID-19.
From 26 April through 22 July 2020, questions referred to current symptoms, and from 23 July 2020
to the preceding 7 days. Any positive response to any symptom question at the swab-positive visit
defined the case as symptomatic ‘at’ the test; we also separately defined any positive response at
the swab-positive visit or visits either side (regardless of time between visits) as symptomatic
‘around’ the test.

To investigate the potential increasing contribution of false-positives as population prevalence
declines, from 2 August 2020 we arbitrarily classified in real-time each positive as:

e 'Higher’ evidence: two or three genes detected (irrespective of Ct).

e ‘Moderate’ evidence: single-gene detected and (1) Ct below the 97.5th percentile of 'higher’
evidence positives (<34; supporting this threshold, whole genome sequences had been
obtained from three single-gene positives with Ct 30.8-33.1 by 2 August) or (2) higher pre-test
probability of infection, defined as any symptoms at/around the test or reporting working in a
patient-facing healthcare or care/residential home.

e ‘Lower’ evidence: all other positives; by definition single-gene detected at Ct > 34 in individu-
als not reporting symptoms/working in relevant roles.

As the Ct distribution was skewed to the left, we assessed independent predictors using median
(quantile) regression. Results were broadly similar using random effects model for mean Ct with a
random effect per household. We used five knot natural cubic splines (knots at the 10th/25th/50th/
75th/90th percentiles of observed unique values) to assess non-linearity in the effect of calendar
time, age, and deprivation (index of multiple deprivation rank). Multivariable models for Ct values
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were constructed by first choosing the more strongly univariably predictive factor from the collinear
variables (symptoms at/around the test, number of genes detected/supporting evidence for each
positive) and then using backwards elimination on the remaining variables. Deprivation was assessed
using the index of multiple deprivation (IMD) in England, a score based on lower layer super output
areas with average population of 1500 people and incorporating seven domains to produce an over-
all relative measure of deprivation (income, employment, education, skills and training, health and
disability, crime, barriers to housing services and living environment) (https://www.gov.uk/govern-
ment/statistics/english-indices-of-deprivation-2019) and equivalent scores in the other three coun-
tries comprising the UK. Each country’s scores were converted to a within-country percentile. All
analyses were conducted in Stata 16.1.

Results

Number and percentage of positive swabs

From 26 April 2020 to 13 March 2021, 440,479 participants from 217,887 households in the COVID-
19 Infection Survey had one or more RT-PCR results from nose and throat swabs (median eight
results per participant [IQR 6-9, range 1-19]). Participants were recruited between April 2020 and
March 2021 (Supplementary file 1). Of 3,312,159 RT-PCR test results, 27,902 (0.84%, 95% Cl 0.83-
0.85%) were positive, in 21,831 individuals from 16,214 households. Two thousand nine hundred
and sixty-six (14%) of these individuals were positive at their first test in the study and 18,865 (86%)
subsequently, after median five negative tests (IQR 3-6, range 1-14).

Viral characteristics

Overall, 10,317 (37%), 11,012 (40%), and 6550 (23%) swabs were positive for three, two, or one of
the three SARS-CoV-2 genes (N protein, S protein, and ORF1ab), respectively (Table 1; 23 positives
with missing Ct and gene detection excluded from this and all subsequent analysis; samples with
only the S-gene detected generally not called positive, see Materials and methods). The majority of
two-gene positives (9513 [86%]) were ORF1ab+N positive from 16 November 2020 onwards, reflect-
ing the emergence and expansion of B.1.1.7 (WHO Alpha) in the UK (Walker et al., 2021). B.1.1.7

Table 1. Genes detected in positive swabs.

All positives (N = 27,879) First positive per participant (N = 21,811)

Number of genes detected

N (%) Median CT* (IQR) [range] N (%) Median CT* (IQR) [range]

1 6550 (23%) 33.8 (32.9-34.7) [12.7-38.7] 5102 (23%) 33.9 (32.9-34.7) [12.7-38.7]
2 1145 (4%) 32.3 (30.9-33.4) [10.3-37.2] 773 (4%) 32.3 (30.7-33.4) [10.3-37.2]
2: ORF1ab+N 16 Nov 2020 onwards 9867 (35%) 26.4 (19.4-31.1) [9.2-37.8] 8184 (38%) 25.3 (18.6-30.7) [9.2-37.8]
3 10,317 (37%) 25.3 (19.8-29.5) [9.3-36.8] 7752 (36%) 23.9 (18.8-28.8) [9.3-36.8]
Genes detected

N only 4479 (13%) 33.9 (33.0-34.8) [26.1-38.7] 3419 (16%) 34.0 (33.1-34.8) [28.2-38.7]
ORF1ab only 2044 (7%) 33.6 (32.6-34.5) [16.8-38.3] 1656 (8%) 33.7 (32.7-34.6) [16.8-38.3]
S onlyt 27 (0.1%) 34.9 (33.5-36.1) [12.7-37.3] 27 (0.1%) 34.9 (33.5-36.1) [12.7-37.3]
N+ORF1ab: before 16 Nov 2020 731 (3%) 31.9 (30.3-32.9) [10.3-37.2] 497 (2%) 31.8 (29.7-33.0) [10.3-38.2]
N+ORF1ab: 16 Nov 2020 onwards 9867 (35%) 26.4 (19.4-31.1) [9.2-37.8] 8184 (38%) 23.9 (18.8-28.8) [9.3-36.8]
S+ORF1ab 190 (0.7%) 32.5(31.2-33.5) [15.1-36.6] 138 (0.6%) 32.4 (31.0-33.6) [15.1-36.6]
N+S 224 (0.8%) 33.4 (32.5-34.2) [25.0-36.8] 138 (0.6%) 33.3(32.4-34.3) [27.3-36.8]
N+S+ORF1ab 10,317 (37%) 25.3 (19.8-29.5) [9.3-36.8] 7752 (36%) 25.3 (18.6-30.7) [9.2-37.8]

*Taking the mean Ct per positive swab across positive gene targets (Spearman rho = 0.98 for each pair of genes where both positive, p<0.0001).

117/27 before mid-May only: after this samples positive for the S gene only were not called positive overall by the algorithm and therefore reflect likely

recording errors.

Note: excluding 23 positive results without Ct values or genes detected available. Comparing first vs subsequent positives per participant, exact p<0.0001

for both number of genes detected and specific genes detected.
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leads to S-gene target failure (SGTF) and was estimated to account for 88% of SGTF from this time
(Public Health England, 2020). Where multiple genes were detected, the Cts were highly correlated
(Spearman rho = 0.98, p<0.0001). Taking the per-swab mean Ct across positive genes, the overall
median Ct was 29.2 (IQR 21.9-32.8; range 9.2-38.7), reflecting the study’s surveillance design test-
ing individuals in the community at fixed timepoints regardless of symptoms. Based on calibration
data (Appendix 1—figure 1), this corresponds to a median viral load of ~215 copies/ml (IQR 14—
56,400). Ct varied strongly by number of genes detected (Kruskal-Wallis p=0.0001), but not by their
specific pattern after adjusting for number (p=0.08). There is no fixed Ct threshold for determining
positivity (see Materials and methods); however, only 38 (0.1%) Ct values > 37 were recorded (five
positive on ORF1ab+N).

Of note, whilst single-gene positives almost invariably had Ct>30, with or without reported symp-
toms, triple-gene positives without reported symptoms had widely varying Ct, as did ORF1ab+N
positives after 16 November 2020 (SGTF, compatible with B.1.1.7) (Figure 1). Ct values were slightly
but significantly lower in other double-gene positives vs single-gene positives, with a small number
of low Ct values in ORF1ab+N positives before 16 November 2020 likely reflecting early B.1.1.7
cases. Furthermore, whilst the percentage reporting symptoms increased linearly as Ct values
dropped from 35 (~30% reporting symptoms around the positive test) to 28 (~60% reporting symp-
toms), below 28 the percentages reporting symptoms increased only slightly (to ~70% at Ct=10)
(Figure 2).

Evidence supporting positive results

Combining information on Ct values, symptoms and pre-test probability of being positive, 21,329
(77%), 4741 (17%), and 1809 (6%) positive tests had ‘higher’, ‘moderate’, or ‘lower’ evidence sup-
porting genuine presence of viral RNA (Table 2; definitions in Materials and methods). Even though
‘higher’ evidence was based only on number of genes detected (two or three), ‘higher’ evidence
positives were more likely to be symptomatic than ‘moderate’ evidence positives (p<0.0001), but
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Figure 1. Distribution of Ct values at each positive test by genes detected and self-reported symptoms. Note:
Points show the median and boxes the interquartile range. OR=ORF1ab. Positives where only the ORF1ab+N
genes were detected are split by whether the swab was taken before or after 16 November 2020, reflecting the
expansion of B.1.1.7 (which has S-gene target failure on the assay used in the survey).
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Figure 2. Percentage reporting symptoms by Ct value. Note: Points show the percentage of positive tests with
each rounded Ct value reporting any symptoms or cough, fever, anosmia/ageusia at each test or around each test
(see Materials and methods for symptoms collection and definitions). Ct values under 11 and over 36 grouped with
11 and 36, respectively.

were similarly likely to have occupational risk factors (p=0.48). ‘Higher’ evidence positives were more
likely to occur in households with other positives (p<0.0001).

Predictors of Ct values

In multivariable regression models, Ct values were independently lower (i.e. viral loads higher) with
more genes detected (8.2 lower in triple-gene vs single-gene positives [95% Cl 7.9-8.5)), if symp-
toms were reported around the test (2.0 lower [1.8-2.2]), at the first positive identified
per participant (2.2 lower than subsequent positives [2.2-2.5]), and if the positive was not the partici-
pant's first test in the study (0.6 lower [0.2-0.9]) (all p<0.0001; Supplementary file 2A; see
Materials and methods for details of collection of symptoms). By far the strongest effect was associ-
ated with triple-gene positives. Men had slightly lower Ct values than women (0.3 lower [0.1-0.5]
p=0.001), and there was marginal evidence of lower values in those reporting non-white ethnicity
(0.3 lower [0-0.6] p=0.08). Compared with those not reporting symptoms, Ct values were lower in
those reporting cough/fever/anosmia/ageusia (2.5 lower [2.3-2.8]) than other symptoms only (0.9
lower [0.7-1.2]; heterogeneity p<0.0001). Associations were similar for symptoms at the positive
test. After adjusting for these factors, there was no evidence of independent effects of age (p=0.33)
or deprivation (p=0.67, Supplementary file 2A). Even after adjusting for these factors, Ct values
were 1.4 (1.2-1.6) lower in individuals where another household member was positive at any point in
the study (p<0.0001; other effects similar).

However, number of genes detected and symptoms are both potential mediators of effects of
demographic factors (Appendix 1—figure 2). Excluding these potential mediators (number of genes
detected, symptoms), Ct values remained independently lower (i.e. viral loads higher) at the first
positive identified per participant, where the positive was not the participant’s first test in the study,
and in men, but were also slightly lower with increasing deprivation (p=0.0005; Ct 1.0 lower in the
most vs least deprived [95% Cl 0.6-1.5]) and in younger adults (p=0.0001; those aged 17-24 1.0
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Table 2. Evidence supporting positive test results indicating presence of virus and impact on other factors.

Strength of evidence for true infection

7Higher Moderate Lower p (exact)

Number (col %) (N = 27,879) 21,329 (77%) a4 (7% 1809 (6%)

Factors determining classification

Number of genes detected 3: 10,317 (48%) 1: 4741 (100%) 1: 1809 (100%)

(row %) 2: 11,012 (52%)

CT, median 26.2 334 34.8

CT, n (row %) <34* 21,070 (98.8%) 3613 (76%) 0 (0%)

Symptoms around test, n (row %) 12,466 (58%) 2243 (47%) 0 (0%) <0.0001
(exc lower)

Occupational risk®, n (row %) 1322 (6%) 307 (6%) 0 (0%) 0.48
(exc lower)

Other factors

Cough, fever, anosmia, ageusia around test, n (row %) 9345 (44%) 1241 (26%) 0 (0%) <0.0001
(exc lower)

First positive test n (row %) (vs subsequent positive test) 16,709 (78%) 3508 (74%) 1594 (88%) <0.0001

First test in study, n (row %) (vs follow-up i.e. prior negative in study) 2281 (11%) 482 (10%) 199 (11%) 0.49

Any genome sequence obtained, confirming presence of virust 6,621/9,022 (73%) 544/2,315 (24%) 0/836 (0%) <0.0001

Any other household member ever positive$ 11,493/18,494 (62%) 1,513/4,004 (38%) 318/1,525 (21%) <0.0001

*Approximate 97.5th percentile of CT in higher evidence positives through 2 August 2020 when classification first applied.

"Reported working in a patient-facing healthcare role/care/residential home.
*Any genome sequence obtained out of attempted (other positives not found or not yet attempted).
$Denominator households with two or more study participants.

Note: Classification arbitrarily determined on 2 August 2020 based on the number of genes detected, Ct values and pre-test probability (see Materials and

methods).

lower [0.3-1.7] than those under 12, and 1.4 lower [0.8-2.0]

than those aged 70+)
(Supplementary file 2B). Results were similar adjusting for date of the positive test.

Temporal changes in Ct values, evidence, and symptomatic percentages
There were strong effects of calendar time on the distribution of Ct values (Figure 3A,B), the per-
centages self-reporting symptoms, or cough/fever/anosmia/ageusia (Figure 3C), and strength of evi-
dence supporting each positive result (Figure 3D; all p<0.0001). In particular, Ct values were
markedly higher in July—-August 2020 when population positivity rates were low, with correspond-
ingly very low percentages with symptoms at/around positive tests, and more ‘lower’ evidence posi-
tives. Decreases in Ct values in late August/early September and December 2020 coincided with
increases in percentages reporting symptoms and of ‘higher’ evidence positives, and, in England
(Figure 3B), with initial rises in official estimates of positivity rates (Office for National Statistics,
2021) after very low rates in July/early August 2020, and with much stronger rises in December 2020
(expansion of B.1.1.7). Ct levels rose, and correspondingly percentages reporting symptoms and of
‘higher’ evidence positives declined, as positivity peaked during November 2020 and January 2021

lockdowns.

However, even within ‘higher’ evidence positives, median Ct varied strongly over time being

higher in July/early August 2020 and after November 2020 and January 2021

lockdowns

(Figure 4A). 'Lower’ evidence positives also formed a larger percentage of all tests during July/early
August 2020, despite overall positivity rates being very low (e.g. 0.022% in the 3 weeks starting 20
July 2020; Figure 4B). However, interestingly, from September 2020, the percentage of ‘lower’ evi-
dence positives increased proportionately with ‘moderate’ and ‘higher’ evidence positives
(Figure 4B). The lowest non-zero observed rate of ‘low evidence’ positives was 0.005% (both in early
June and late August), providing an upper bound on the rate of false-positives as defined by identi-

fying virus when none present.
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Figure 3. Variation over calendar time in the distribution of Ct values in the UK (A) and England (B) together with
percentage positivity in England (B), and in self-reported symptoms (C) and evidence supporting positives (D).
Note: Panel (A) shows the distribution of Ct values each week including all positives across the UK. Panel (B) is
restricted to England shown together with the official estimates of positivity as reported by the Office for National
Statistics (black line) and periods of national ‘stay-at-home’ restrictions (schools shut in dark grey, schools open in
light gray). Panels (C) and (D) show the proportions reporting symptoms and with different levels of evidence
supporting the positive test, respectively. Variation in the width of 95% Cl reflects the increase in size of the survey
from mid August (Supplementary file 1).

Relationship with serostatus

One or more IgG S-antibody results were available for 6540 (30%) participants with positive swabs.
Less than 5% of antibody tests taken >30 days before the first positive swab (not necessarily the
onset of infection) were positive (Figure 5), rising to 12% in the 30 days before the first swab posi-
tive (likely reflecting late detection of infection), 47% in the following 14 days, and then 72-81%
thereafter. Overall, of 6189 participants with one or more antibody tests after their first positive
swab, 4808 (78%) were ever antibody-positive; with higher rates in those reporting symptoms
around their first positive swab (2945/3315 [89%] vs 1863/2874 [65%] of those not reporting symp-
toms, p<0.0001). Median (IQR) Ct values were also significantly lower in those ever antibody-positive
to date (24.9 [18.5-31.0] vs 33.0 [29.9-34.3] in those not antibody-positive, p<0.0001). Results were
similar restricting to 1477 (24%) with a negative antibody result within [-120, +21] days of their first
positive swab. A small number of participants appeared to have become infected despite anteced-
ent high anti-spike antibody titres, one case in particular which had ‘higher evidence’ positive swab
tests separated by four consecutive negative swabs with 65 days between positive swabs.

Discussion

In this large community surveillance study, we found wide variation in Ct values (a proxy for viral
load). Whilst Ct values were independently associated with several factors, including symptoms at/
around the test as previously reported (Edwards et al., 2020; Lee et al., 2020), their effects were
small compared with population-level variability. Notably both triple-gene positives and S-gene
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Figure 4. Ct values (A) and percentage positive of all tests (B) by level of evidence and time. Note: Panel (A)
shows median Ct values according to level of evidence and panel (B) percentage of all swab tests positive
according to level of evidence over calendar time. The early part of the study is grouped into 3 week periods due

to lower numbers of positives.
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Figure 5. Percentage of positive antibody tests over time from first positive swab. Note: showing the percentage
of participants with S-antibody positive or negative tests according to days from their first positive swab,
separately for those with and without any antibody results prior to their first positive swab.

target failures compatible with the Alpha/B.1.1.7 variant without reported symptoms had widely
varying Ct, including many with low values (Figure 3A), potentially explaining variation in dispersion
('k’) and super-spreading events, particularly from those without symptoms but with low Ct/high viral
loads (Endo et al., 2020; Rasmussen and Popescu, 2021).

Compared with other single/double positives, Ct values were significantly lower in triple-gene
positives and S-gene target failures compatible with the B.1.1.7 variant (after mid-November 2020).
However, direct comparisons of viral load with B.1.1.7 vs other variants are not possible within this
analysis, given lack of knowledge as to the true underlying variant over the included time period.
We found lower Ct in those reporting cough/fever/anosmia/ageusia than other symptoms, and other
symptoms vs no symptoms, supporting the importance of the ‘classic’ symptoms for identifying the
most infectious cases. Lower Ct values in the first positive per participant likely reflects the natural
history of viral load post-infection, and higher Ct values in those positive at their first test in the
study over-representation of long-term shedders in this group. Lower Ct values in men and those
reporting non-white ethnicity, although small, are consistent with poorer outcomes in these groups.
Interestingly, small effects of age and deprivation were mediated by self-reported symptoms and
number of positive genes. That is, when adjusting for these latter factors no association was
observed with Ct, but without adjustment younger individuals (as shown in Jones et al., 2020 but
not Jacot et al., 2020) and those from more deprived areas had slightly lower Ct values, suggesting
that these factors may affect the intrinsic level of virus present (Appendix 1—figure 2). The small
size of the effects mean they may variably be detected depending on study size and power.

Ct values varied strongly over time, as did symptoms and evidence supporting positives, suggest-
ing changing viral burden in infection cases, with less severe infections during July/early August
2020. This strongly refutes hypotheses that declines in positivity during this period were due to
declines in viral fitness. During this time, higher Ct values were also noted in the English point-preva-
lence surveillance study, REACT (Riley and Ainslie, 2020b), and lower virus levels in Lausanne, Swit-
zerland (Jacot et al., 2020). However, Ct values were higher even in 'higher’ evidence positives
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during this period, consistent with shifting viral burden (Figure 4A). Such a shift may also explain the
preceding shift towards ‘moderate’ evidence positives and the concurrent higher percentage of
‘lower’ evidence positives, since the less virus present, the less likely it is to be detected on multiple
genes. Whilst these findings are consistent with lower viral inoculum during this period
(Gandhi et al., 2020), we cannot assess whether this is predominantly due to behaviour (e.g.
increased time outdoors, face mask use Gandhi and Rutherford, 2020) or other reasons (e.g. envi-
ronmental/climatic factors, including relating to transport of swabs for testing). Whilst decreases in
Ct values in July/early August 2020 preceded increases in positivity rates in England, later declines
in Ct in early December coincided with, rather than preceded, increases in positivity due to B.1.1.7
expansion. This may potentially reflect faster transmission of B.1.1.7 but may also reflect greater sen-
sitivity to changes in Ct distribution when case numbers are small. Subsequent increases in Ct
reflected stabilising and then declining positivity in both periods.

We used laboratory, clinical, and demographic evidence to classify our confidence in positive
results. Around 70% had two or three genes detected (‘higher’ evidence), providing assurance in
overall results, with only 0.1% of Ct values over 37. Whilst Ct values are not directly comparable
between studies, REACT has also validated a Ct threshold of 37 for single-gene positives for their
test performed in Germany (Riley and Ainslie, 2020b), and in the Public Health England (PHE)
Schools study, only samples with Ct<37 were positive on repeat testing of the same swab at PHE
laboratories (Ladhani et al., 2020). However, every diagnostic test has false-positives, here defining
a false-positive as detection of virus by RT-PCR when no virus is present in a sample, so some of our
single-gene ‘lower’, or even ‘moderate’, evidence positives are inevitably false. However, the false-
positive rate (as defined) would generally be expected to be approximately constant over time, since
it is either random or driven by external factors, although cross-contamination (which should be mini-
mised by good laboratory practice) may theoretically be related to background prevalence/viral
load. Variation in the percentage of all tests accounted for by ‘lower’ evidence positives, and in par-
ticular the proportionate increases in ‘lower’ evidence positives as ‘higher’ evidence positives
increased during September 2020 supports more genuinely lower-level infections occurring during
the summer, and an overall false-positive rate for this test of below ~0.005% that is at least 99.995%
specificity.

With recent expansion of antigen assays, there has been considerable debate on what ‘positivity’
means, and hence what is a ‘false-positive’ or a ‘false-negative’. First, it is clear that the detection of
viral RNA is neither the same as infectiousness, although a strong relationship between Ct values
and infection in contacts is observed (Lee et al., 2021), nor a ‘disease’ in its own right. However, sur-
veillance has very distinct goals from clinical testing with its focus on isolation and contact tracing,
particularly given the large percentage of asymptomatic infections. It is appropriate for surveillance
to focus on detection of viral RNA, given its goal to estimate burden of current/ongoing cases that
have occurred in the community. However, it is essential to recognise the difference between the
RT-PCR test result (viral RNA has been detected) and the appropriate clinical action, which may
legitimately differ depending on Ct value, for example if the infection is likely to have occurred
sometime previously, as well as other information (e.g. preceding PCR positivity or serology). RT-
PCR assays test for viral RNA presence, and hence it is more relevant to consider limits of detection,
rather than ‘false-positives’ per se. Although they were a small minority (6%), one question is
whether single-gene positives with high Ct (defined as >34 in our study) solely represent long-term
shedding of non-transmissible virus (Moraz et al., 2020), with, for example, infectious virus recov-
ered from only 8% (95% Cl 3-18%) of samples with Ct>35 in a PHE study (Singanayagam et al.,
2020) and studies reporting no growth of virus for Ct thresholds from >24 to >34 or higher
(Jefferson et al., 2020). Whilst we have not directly assessed household transmission in this analysis,
it was notable that Ct values were significantly lower in positives where anyone else in the same
household was ever positive, supporting a role for greater within-household transmission with lower
Ct values. Ct values were 0.6 higher in positives that were a participant’s first study test (where long-
term shedders would be expected to be overrepresented), but these formed only 14% of the
positives.

Our evaluation of serological responses is one of few in the community to our knowledge and
highlights that a significant minority (~20%) of RT-PCR-positive cases do not appear to seroconvert,
particularly those with higher Ct values and not reporting symptoms. A recent systematic review esti-
mated that 95% of adults with laboratory confirmed SARS-CoV-2 infection developed IgG antibodies

Walker et al. eLife 2021;10:e64683. DOI: https://doi.org/10.7554/eLife.64683 11 0f 18


https://doi.org/10.7554/eLife.64683

eLife

Medicine | Microbiology and Infectious Disease

(Arkhipova-Jenkins et al., 2021), peaking around 25 days. However, only 23% of included studies
were in outpatient settings and 14% included only participants with asymptomatic or mild disease.
Our community setting, with higher percentages not reporting symptoms and higher Ct values (both
associated with not seroconverting), likely explains our lower overall seroconversion estimate com-
pared with these previous studies. We observed a small number of new swab positives in antibody-
positive individuals: unfortunately whole-genome sequence data were not available to confirm
potential re-infections. Presumed re-infections have been reported elsewhere (Tomassini et al.,
2021), including in individuals without previous functional and/or durable antibody responses
(Goldman et al., 2020; To et al., 2020), and may remain relevant to virus transmission, whether
they occur with or without symptoms. Our data and others (Lumley et al., 2021) suggest that these
may occur in the presence of anti-spike antibodies, which correlate with neutralising antibody titres.
These antibody titres are unlikely to have been false-positives, given the context, persistence, and
known diagnostic and analytical specificity of the assay (National SARS-CoV-2 Serology Assay Eval-
uation Group, 2020), or to all reflect laboratory identifier errors, and further analyses are ongoing.

A major study strength is its design, namely being a large-scale community survey recruiting ran-
domly selected private residential households, and testing participants regardless of symptoms.
However, its size and scale is also a limitation, since we were not able to collect additional data to
comprehensively characterise individual positives. We may have underestimated the initial preva-
lence of symptoms due to originally asking about current symptoms before July 2020 (subsequently
symptoms in the 7 days preceding the visit). As this was only at the earliest visits, mostly weekly,
only very transient symptoms between visits would likely have been missed. Similar rates of symptom
reporting in the first and last parts of the period analysed suggests that this question was likely gen-
erously interpreted in any case. We made no attempt to collect additional information on symptoms
after positives were identified to minimise recall bias. This may partly explain why we observed
higher rates of positive tests without reported symptoms than recent reviews (Buitrago-
Garcia et al., 2020; Byambasuren et al., 2020); however, many studies in these reviews tested close
contacts of index cases identified through symptoms and therefore might plausibly have higher viral
loads. We compared distributions of Ct values to overall positivity rates in England, since these are
the longest series of official statistics available; overall UK positivity estimates are not produced
because the four countries making up the UK have different policies and timings regarding commu-
nity restrictions including lockdowns.

Ultimately, the importance of asymptomatic and low virus-level infections depends on their trans-
missibility and their prevalence; regardless of limitations in symptom ascertainment, infection with-
out recognition has the potential for onward transmission and unascertained infections are likely
critical for avoiding resurgence after lifting lockdown (Hao et al., 2020). Our findings support the
use of Ct values and genes detected more broadly in public testing programmes, predominantly
testing symptomatic individuals and case contacts, as an ‘early warning’ system for shifts in potential
infectious load and hence transmission, and hence the risks posed by individuals to others. This has
recently also been proposed on the basis of theoretical work linking effective reproduction numbers
to population-level Ct (Hay et al., 2020). In our study, declines in mean and median Ct values pre-
ceded or at least coincided with increases in office estimates of positivity rates (Figure 3B); given
the far larger numbers that would be available in testing programmes, future research should investi-
gate whether the greater power afforded by continuous outcomes could lead to significantly earlier
detection of future positivity increases, particularly within small geographical areas. Ct data are
widely available within-laboratory management systems; providing comparisons across the wide vari-
ety of commercial assays were interpreted carefully, they could be used alongside available risk fac-
tor and symptom information to facilitate more informed and effective individual-level and public
health responses to the SARS-CoV-2 pandemic.
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Appendix 1—figure 1. Relationship between Ct values and viral load.
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Appendix 1—figure 2. Directed acyclic graph of potential relationships between factors. *May also
depend on factors which effect self-swabbing efficiency, e.g., demographics.
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