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Abstract

Background:

How SARS-CoV-2 infectivity varies with viral load is incompletely understood. Antigen lateral flow
devices (LFD) are rapid point-of-care tests for SARS-CoV-2 but have imperfect sensitivity compared
to PCR assays. Whether LFDs can detect most potential transmission sources is unknown.

Methods:

We combined national SARS-CoV-2 PCR and contact tracing data from the United Kingdom between
21-May and 01-November-2020. We used multivariable logistic regression to investigate the
relationship between PCR-confirmed infection in contacts of community-diagnosed cases and the
cases’ viral load, adjusting for case demographics, the prevalence of SARS-CoV-2, social deprivation,
and contact event type. We used the previously reported LFD performance to simulate the
proportion of cases with a PCR-positive contact that would have been detected using one of four
LFDs.

Findings:

18,291/303,192 (6.0%) contacts were PCR-positive 2-7 days following their index case’s PCR test.
PCR-positive results in contacts decreased with lower case viral loads (adjusted OR (aOR) per unit
rise in Ct value, 0.93 [95%Cl 0.92-0.93, p<0.001]). Higher rates of PCR positive results were seen in
household contacts, compared to household visitors (aOR 0.70 [0.63-0.78]), contacts in
work/education (0.50 [0.44-0.57]) or at activities/events outside homes (0.53 [0.48-0.59]). The
proportion of PCR-positive tests was independently lowest in contacts of children. The most and
least sensitive LFDs would detect 90.5% (95%Cl 90.1-90.8%) and 83.7% (83.2-84.1%) of cases with
PCR-positive contacts respectively.

Interpretation: SARS-CoV-2 infectivity varies by case viral load, contact event type, and age. Those
with high viral loads are most infectious. The best performing LFDs can detect most infectious cases.

Funding: UK Government
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Research in context

Evidence before this study

A literature review was performed using PubMed, bioRxiv, medRxiv for all studies related to COVID-
19 infectivity. This used the search terms, COVID-19, SARS-CoV-2, infectivity, transmission, contact
testing, viral load, lateral flow devices (LFD), and LFD and was performed with no language
restrictions. To date, the majority of studies have used surrogate measures of infectivity, with most
studies utilising a functional assay, viral culture. One study reported in a pre-print consisted of 282
transmission events in the Catalonia region of Spain and identified an association with viral load and
infectivity. This study was not powered to identify effect modification between viral load and other
factors including demographics and contact type. It did not discuss the clinical implications of viral
load and COVID-19 testing or potential use of LFDs. Aside from this single study, we found no other
evidence regarding the determinants of infectivity (measured by contacts infected) or any papers
investigating the utility of lateral flow devices to identify the most infectious individuals.

Added value of this study

This study represents the largest analysis of contacts following exposure to SARS-CoV-2 to date. It
consists of a population-level sample and provides new insights into SARS-CoV-19 infectivity. We
found a linear relationship between log viral load and likelihood of a contact developing PCR-positive
SARS-CoV-2 infection. Higher rates of PCR-positive results were seen in household contacts,
compared to household visitors, contacts in work/education or at activities/events outside homes.
The proportion of PCR-positive tests was lowest in contacts of infected children. Modelling suggests
that lateral flow devices, would identify individuals responsible for 84% of transmissions using the
least sensitive of four kits tested, and 91% using the most sensitive.

Implication of all the available evidence

We provide strong evidence that SARS-CoV-2 infectivity varies by viral load. We show that the
relative strength of this effect is consistent across ages, ethnicities and different types of contact
events. This assessment could be of importance in tailoring future quarantine/isolation measures.
Whilst not being a substitute for PCR, lateral flow devices, and their ability to rapidly identify
individuals with the highest viral load, including those without symptoms who may not present to
symptomatic testing services, are a potential tool to rapidly identify and isolate the most infectious
individuals. This approach will need to be evaluated in real-world settings.
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Introduction

The global health impact of SARS-CoV-2 is profound and it continues to cause significant human
morbidity and mortality.! There is widespread on-going transmission despite control efforts focused
on quarantine of predominantly symptomatic cases and population-level self-isolation.? Intermittent
national self-isolation measures have been imposed in many countries with additional stricter self-
isolation measures in specific high incidence regions and cities.>* Self-isolation measures for
“contacts” (individuals exposed to SARS-CoV-2) vary by country, but generally last 7-14 days.> While
reducing transmission, quarantine/isolation measures have had many wider effects, including
economic impacts, impacts on mental health and well-being,® as well as non-COVID-19 related
excess deaths as a result of behaviour change arising from these measures and the impact of COVID-
19 on healthcare systems.”®

Modelling studies suggest that approximately 15% of individuals are responsible for most SARS-CoV-
2 transmission.® Furthermore, only 5-7% of exposed “contacts” develop COVID-19 infection.!*!2
These observations imply that the majority of individuals with PCR-positive SARS-CoV-2 infection do
not cause infections in close contacts, potentially as a result of reduced infectiousness, e.g. due to
only short-lived or low-level production of viable virions, as well as behavioural factors. Our

understanding of why many infected individuals have low infectivity is limited.

There are several proposed assays for infectivity. Functional assays to measure infectivity include
animal and cell culture models. Viral subgenomic mRNA has been proposed as a nucleic acid-based
measure of infectivity.!® Viral protein, i.e. antigen, detection, as assessed by lateral flow devices
(LFDs), has been shown to be more closely linked to viral culture infectivity than PCR
measurements.* However, few of these surrogate measures of infectivity have been convincingly
shown to predict the real-world likelihood of a SARS-CoV-2 infected individual infecting someone
else. If a better predictor of infectivity could be identified, quarantine measures might be targeted
differentially with a focus on those with the highest infectivity, potentially enhancing transmission
prevention while reducing collateral impacts on economic activity and well-being. Through earlier
identification of infectious individuals, it is possible that some of the population, and SARS-CoV-2
contacts, could avoid prolonged self-isolation.

Here we use data from the United Kingdom’s NHS Test and Trace programme to explore the
relationship between infectivity and SARS-CoV-2 viral load, as measured by PCR cycle threshold (Ct)
values. We also identify other factors associated with infectivity. We apply the results to a typical
population of PCR-positive individuals to show the proportion of infectious individuals detected by
viral antigen LFDs under a range of performance conditions.

Methods

Infectivity datasets

Comprehensive data from community and hospital PCR testing in England between 21 May 2020
and 01 November 2020 were obtained and linked with national contact tracing data (see
Supplement for contact definitions). Data linkage was undertaken by Public Health England (PHE)
using patient identifiers, combining community PCR results (via the National Pathology exchange)
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and hospital PCR results (via PHE’s Second Generation Surveillance System) with contact tracing data
collected by NHS Test and Trace. Data extracts were deidentified prior to analysis and included basic
demographics and symptoms for PCR-confirmed cases and their contacts, as well as details on the
nature of the contact events. Cycle threshold (Ct) values were available for community tests
undertaken by the UK’s high throughput Lighthouse Laboratories in Milton Keynes, Alderley Park
and Glasgow using the Thermo Fisher TagPath assay (targeting S and N genes, and ORFlab). Assay
details, including an equation for converting Ct values to viral loads, can be found in the Supplement.

Statistical analysis

We investigated the proportion of contacts of community-diagnosed cases who had a PCR-
confirmed infection. Contacts could be diagnosed as PCR-positive through either community or
hospital-based testing. We restricted our analysis to cases with an available Ct value. We excluded
cases with no reported contacts or insufficient information for data linkage. Similarly, we excluded
contacts where there was insufficient information to link Test and Trace data with PCR results.

To focus only on potential transmission pairs where there was a low likelihood of transmission from
a third party, we excluded contacts with multiple potential sources of infection, i.e. contacts who
had been named by multiple cases; or cases from care homes or universities. To maximise the
chance of the index patient being a source for the contact, in our main analysis we only considered
PCR tests taken in contacts between 2-7 days inclusive following the case’s PCR result. This reduced
the possibility of misidentifying the directionality of transmission between case-contact pairs and
also further minimised the likelihood of acquisition from a third party. We also conducted a
sensitivity analysis where we included all PCR results for contacts tested between -4 and 10 days of
the case’s PCR result and included the time difference between tests as a variable in the regression
model.

We used multivariable logistic regression to investigate the association between PCR-confirmed
infection in contacts (including named contacts whether or not they attended for PCR testing) and
the Ct value in potential source cases, the nature of the contact, the case’s demographics and
incidence and social deprivation index at the contact’s home address location (see Supplement for
details). We did not adjust for symptoms in the case, as these may be mediators of the effect of viral
load on onward transmission. We used backwards elimination based on the Bayesian information
criterion (BIC) to select model main effects, using natural cubic splines to account for non-linearity in
continuous variables (up to 5 default-spaced knots, choosing the final number of knots based on
BIC). We screened for all pairwise interactions between main effects, retaining interactions that
minimised BIC. We used robust standard errors to account for some contacts sharing the same
source. Data analysis was performed using R, version 4.0.2.

The above analysis only captures secondary infections in contacts who attended for testing and were
confirmed as PCR-positive. However, attendance rates for diagnostic testing may vary by setting or
demographics, e.g. household contacts of a PCR-confirmed case with similar symptoms may be less
inclined to seek confirmatory testing if they consider the pre-test probability of a positive result to
be high. Therefore, we also performed an additional analysis where we considered associations with
PCR-confirmed infection amongst contacts attending for PCR testing.
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Finally, we used linear regression to investigate the proportion of the variation in Ct values in
contacts that could be attributed to the Ct value iof the case.

Simulations of the number of cases identified by antigen LFDs

We used our findings to estimate the proportion of potential transmission events where the source
case would have been detected using an antigen LFD using previous data on the sensitivity of four
LFDs, including Innova, Deep Blue and Orient gene LFDs and a fourth manufacturer where
permission was not available to identify the kit, denoted “LFD x”.%® For each source case we
simulated a positive or negative LFD result by randomly drawing from the probability of a LFD being
positive by the source case’s Ct value (determined from a previously described regression model and
accounting for uncertainty in the previous model’s estimates, see Supplement, Figure S1). Each
simulation was repeated 1000 times. Additionally, we generate simulations for a range of alternative
possible lateral flow test performances.

Ethics

The study was designed as a public health surveillance analysis to support rapid clinical decision
making, in accordance with the UK Policy Framework for Health and Social Care Research and was
approved by Public Health England, the UK COVID-19 LFD oversight group and NHS Test and Trace.
As the study was conducted as part of COVID-19 surveillance under the provisions of Section 251 of
the NHS Act 2006 it did not require individual patient consent or ethical approval.

Role of the funding source

The funder of the study provided access to the data and facilitated data linkage. The funder had no
role in study design, data analysis, data interpretation, or writing of the report. The corresponding
author had full access to all the data in the study and had final responsibility for the decision to
submit for publication.

Results

Cases and contacts

Of 713,668 cases with PCR-confirmed SARS-CoV-2 infection, 470,144 reported 21 contact, of whom
219,722 also had a Ct value available. 105 cases who were identified as university students or living
in care homes were excluded, leaving 219,617 cases for analysis. These cases had 721,877 contacts,
of whom 159,609 were named by more than one case and therefore excluded, in a further 259,019
contact tracing was unsuccessful or incomplete, resulting in 303,192 contacts of 145,973 cases in our
main analysis (Figure 1).

The median (IQR) age of cases and contacts was 35 (22-50) and 33 (19-50) years respectively, and
55% and 54% with available data were female (Table 1). Most contact events occurred within
households (67.7%), followed by visits to households (12.0%), attending events or activities (11.2%),
and at workplaces or education (9.1%).



222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260

261
262
263
264
265

Relationship between PCR-positive results in contacts and case viral load and contact event
types

Of 303,192 contacts, 18,291 (6.0%) tested PCR-positive between 2 and 7 days inclusive following the
date of their index case’s PCR test. On univariable analysis (Table 2), PCR-positive tests in contacts
were associated with lower case Ct values (i.e. higher viral loads). Household contacts were most
likely to be PCR-positive, followed by visitors to households. PCR-positive results were least frequent
in contacts of children, with highest rates in contacts of older adults (Figure S2).

The Ct value measured in each case remained an important determinant of PCR-positive results in
contacts after adjustment for case age, contact event type, diagnostic laboratory and case ethnicity
in a multivariable model (Table 2). PCR-positive results in contacts decreased with lower case viral
loads; the adjusted OR (aOR) per unit increase in Ct was 0.93 (95%Cl 0.92-0.93, p<0.001). Figure 2
shows the proportion of contacts testing PCR-positive by case Ct value and contact event type. There
was a significant interaction between age and contact event type (heterogeneity p<0.001), and so
results are shown at a median age of 33 years. Higher rates of PCR-positive results were seen in
household contacts, compared to household visitors (aOR, at 33 years, 0.70 [95%Cl 0.63-0.78]),
contact that occurred in work/education (0.50 [95%Cl 0.44-0.57]) or at activities and events outside
homes (0.53 [95%Cl 0.48-0.59]).

The proportion of PCR-positive tests was lowest in contacts of children, in particular in contact
events in work/education, with the pattern of PCR-positive results in contacts of adults varying by
contact type (Figure 3). Household contacts had the highest proportion of PCR-positive tests overall,
with risk increasing with age. Within household visitors, those aged in their twenties and above 65
years had the highest proportion of PCR-positive contacts. Decreased rates of PCR-positive results
were seen in contacts of Black and Asian cases, with increased rates in the north of England
(Alderley Park laboratory) and decreased numbers in Scotland (Glasgow laboratory), compared to
the south of England (Milton Keynes laboratory), in keeping with overall prevalence during the study
period.

In a sensitivity analysis, we refitted our model considering PCR results in contacts from 4 days before
to 10 days after the date of their index case’s PCR test. We then analysed the adjusted odds ratio for
a PCR-positive result per unit lower Ct by the time between PCR tests (Figure S3). Estimates were
broadly similar from 1 to 10 days after the index cases test date but attenuated prior (consistent
with acquisition from other sources for these contacts), supporting the 2 to 7 day window used in
the main analysis.

Ct values in cases determined only a small proportion of the variability in Ct values in contacts
(unadjusted linear regression coefficient 0.15 [95%Cl 0.14-0.16, p<0.001], R-squared = 0.02).

Relationships with PCR-positive results in contacts attending PCR testing

Restricting only to contacts who had a PCR test, adjusted odds ratios for a PCR-positive test by the
index case’s Ct value were similar, 0.92 per unit higher (95%Cl 0.91-0.92, p<0.001, Table S1, Figure
S4). Similarly, within this group, household contacts were mostly likely to be PCR-positive, with the
highest rates in older adults (Figure S5). In contrast to the main analysis, contacts of cases of Asian
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ethnicity were more likely to be PCR-positive, potentially due to differences in access to and use of
testing by ethnic group.

Proportion of cases with PCR-positive contacts detected by LFDs

Overall, 86.8% (15,883/18,291) of case-contact pairs with PCR-positive contact, i.e. plausible onward
transmission, had case viral loads of 210,000 RNA copies/ml (i.e. Ct values of <24.4) and just under
half of pairs, 8617 (47.1%), had case viral loads >1 million RNA copies/ml (Ct <18.3). In contrast
fewer cases overall had viral loads above these levels, 76.8% of all cases (112,100/145,973) had viral
loads of 210,000 RNA copies/ml and 35.2% (51,310) had viral loads of 21 million (Figure S6).

As antigen LFD sensitivity varies by viral load, we used the distribution of viral loads in case-contact
pairs with a PCR-positive contact to simulate the proportion of such cases who would have been
detected using antigen LFDs (Figure 4). The Deep Blue LFD would have detected 87.0% (95%Cl 86.7-
87.3%) of cases who plausibly subsequently transmitted to a contact, the Innova LFD 83.7% (83.2-
84.1%), the Orient Gene LFD 90.5% (90.1-90.8%) and LFD x 86.6% (86.1-87.0%).

To provide an indication of the performance required by a novel LFD to detect varying proportions of
transmission sources we repeated our simulation across a range of LFD performances (Figure S7). As
LFD sensitivity varies by viral load (Ct value) two parameters are required to summarise
performance: we use the viral loads at which 50% and 90% sensitivity are achieved, e.g. with 50%
sensitivity at ~3100 RNA copies/ml (Ct £25.9) and 90% sensitivity at 10,000 copies/ml (Ct <24.4)
90.7% of cases who plausibility transmitted to one or more contact would be detected.

Discussion

We have performed a large-scale national analysis of combined contact tracing and PCR data from
the United Kingdom involving over a quarter of a million contacts of PCR-confirmed cases. We show
that SARS-CoV-2 infectivity is associated with index case viral load, including after adjustment for
demographic factors and the nature of the contact event leading to transmission. Additional findings
support onward transmission from children being relatively uncommon compared to adults, around
2% of education-based contacts of infected primary school age children (5-11 years) tested PCR-
positive, compared to 6% of contacts overall. We confirm earlier findings that household contact is
associated with greater rates of transmission compared to workplace, educational or recreational

contact outside of homes.*’

PCR-positive results in contacts decreased with lower case viral loads, after adjustment for
demographic factors and the nature of contact events, the odds ratio of infectivity decreased by
0.93 for each unit increase in Ct value. It was noteworthy that we found no evidence of significant
interactions between any of the other variables in the analysis and viral load, i.e. that that the effect
of viral load on the infectivity is generalisable across populations and settings. These results are
consistent and add to a recent smaller cohort study.®

If we assume that the proportion of contacts testing PCR-positive is representative of all secondary
cases, whether tested or not, it is possible to estimate that proportion of onward transmission
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attributable to cases with a given viral load or Ct value, e.g. 86.6% PCR-positive contacts had an
index case with a viral load of 210,000 RNA copies/ml (Ct <24.4). Hence, 86.6% of infections in
contacts are potentially attributable to the 76.5% (156,913/205,051) of cases overall with a viral load
of 210,000 RNA copies/ml. While such data could be used to drive differential interventions to
prevent onward transmission with a particular focus on those with high viral loads, the data suggest
that most infected individuals are still at risk of transmitting onwards based on Ct measurements.

However, we are able to show that several LFDs are sufficiently sensitive to detect the majority of
cases that led to onward transmission. These tests offer potential advantages, in returning a result in
15-30 minutes, not requiring laboratory or logistics infrastructure and costing significantly less than
PCR tests. By applying previous estimates of the sensitivity of four LFDs and our current findings, we
estimate that LFDs would detect between 83.7% and 90.5% of cases leading to onward transmission.
While such performance is not sufficient to replace PCR for testing of all symptomatic individuals,
use of LFDs in addition to existing testing, particularly of those who otherwise would not be tested at
all (including those without symptoms), would allow many of the most infectious individuals to be
identified earlier, potentially preventing onward transmissions and helping to drive reproduction
numbers below 1, despite imperfect performance against PCR. We also generate simulations for a
range of LFD performances (Figure S7) which provides an indicative benchmark of whether a new
LFD performs sufficiently well to potentially detect the majority of infectious individuals. The
specificity of each LFD is also another important consideration, the false positive rate for the Innova
LFD has been previously reported as 0.32% (95%CI 0.20-0.48%),*> however large-scale evaluations of
the other LFDs described are on-going. In settings where the positive predictive value of an LFD is
insufficiently high confirmatory PCR testing may be required.

Our study has several important limitations. Firstly, ascertainment of infection in contacts is
dependent on the contact being reported by the case and the contact attending for testing. In the
UK, PCR testing is only recommended for those with symptoms and therefore although some
asymptomatic individuals were tested, we do not ascertain most of those asymptomatically infected.
Whilst Ct values are generally slightly lower in those without symptoms,*° they may nevertheless
contribute substantially to onward transmission.?’ Additionally, access to testing depends on social
and demographic factors, for example different relationships with PCR positive results in contacts
and ethnicity were obtained if we conditioned on attendance for a PCR test by the contact (Table 2
vs. Table S1). Further, contact tracing was only successfully completed such that linkage could be
achieved with PCR data for just over half of contacts. There is no obvious reason however why these
should be unrepresentative in terms of estimated associations between case Ct and contact PCR-
positivity.

Secondly, our classification of contact events is relatively simple, e.g., we do not have any direct
measures of human behaviour, such as proximity or duration of contact beyond that definitions for
contact were met, and we only have data on known contacts who were reported by cases during
routine contact tracing. We also do not account for the dynamic nature of viral loads over time,?!
relying on a single measurement at varying times post infection. Despite this, the time from
symptom onset to testing in the cases was relatively consistent, median (IQR) 2 (1-3) days, such that
measured Ct values plausibly represent similar stages of the illness in cases. In addition, our
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estimated odds ratio for the effect of Ct values was relatively invariant across a range of 1-10 days
between testing of cases and contacts.

Finally, it was not possible to account for unobserved third-party transmission, although we
designed our study population to minimise this risk. This likely means that a number of contact
events identified as possible transmission events may actually not be the source of the infection in
the contact. It is likely that proportionally this effect is greatest at lower viral loads (higher Ct
values), as the likelihood of transmission rises with viral load.

In summary, we provide strong evidence that SARS-CoV-2 infectivity increases with increasing viral
load. We show that the relative strength of this effect is consistent across ages, ethnicities and
different types of contact events. Despite this association, most individuals have Ct values
compatible with onward transmission. However, there are a substantial minority of individuals who
are much less likely to be a source of onward transmission. There is growing evidence of low levels
of compliance with blanket self-isolation policies with less than 1 in 5 individuals adhering to
isolation,?? potentially due to perceived futility, and there is a significant cost at both an individual
and community level. Potentially the finding with the most public health and policy impact is the
ability of existing LFDs to detect the majority of individuals who are potential transmission sources.
This supports wider use of LFDs as rapid and regular screens to detect infectiousness in populations
at high risk of acquisition including those who are recent contacts of cases. Further prospective
studies will be required to demonstrate whether targeted isolation and/or contact tracing, together
with wider use of LFDs in combination with strategies like vaccination are an efficacious option to
prevent ongoing SARS-CoV-2 transmission.
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Cases outside institutions
n=219,617
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Contacts

Total contacts of cases in box above
Contacts = 721,877
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>

Contacts named by a single case
Contacts=562,268

Contacts named by >1 case
n=159,609

v

>

Main analysis: Contacts with completed contact
tracing and/or PCR result available
Contacts=303,192 (of 145,973 cases)

Contact tracing unsuccessful or
incomplete, n=259,019

v

>

Contacts attending for a PCR test
Contacts=121,944

Contacts not attending for a PCR test
n=181,248

v

>

Secondary analysis: Contacts with a PCR test
within (+2, +7) days
Contacts=57,337 (of 40,729 cases)

Contacts attending for a PCR test
before a case or <1 day or 28 days
after, n=64,607

Figure 1. UK Test and Trace index cases and contacts, 21 May 2020 to 01 November 2020.
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Figure 2. Relationship between PCR cycle threshold (Ct) value in cases and the proportion of their
contacts with a PCR positive result, by contact event type. Model predictions are plotted after
adjustment for age (set to the median value, 33 years), diagnostic laboratory (set to Milton Keynes),
ethnicity (set to white). The shaded area indicates the 95% confidence interval.
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Figure 3. Relationship between case age and the proportion of their contacts with a PCR positive
result, by contact event type. Model predictions are plotted after adjustment for Ct value (set to the
median Ct value, 20.2), diagnostic laboratory (set to Milton Keynes), ethnicity (set to white). Age is
fitted as a 4-knot spline with an interaction between age and contact event type. The shaded area
indicates the 95% confidence interval.
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Figure 4. Simulated proportion of cases with a PCR-positive contact detected using four lateral
flow devices (LFD). The proportion of cases detected by PCR viral load group is shown in the PCR
column. The number of cases with a PCR-positive contact who would be detected using each LFD is
shown for 4 LFDs.
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404
405

406
407

Tables

Cases with 21
unique contact

Contacts, PCR
positive within +2

Contacts, not PCR
positive within +2

or black British

(n=145,973) | to+7 days of case | to +7 days of case

test test

(n=18,291) (n=284,901)

Sex, n (%) Male 66,548 (45.6%) 8429 (46.1%) 127,237 (44.7%)
Female 79,425 (54.4%) 9862 (53.9%) 146,359 (51.4%)

Not available - - 11,305 (4.0%)

Age, median (IQR) years 35 (22-50) 36 (23-52) 32 (19-50)
Ethnicity, n Asian or Asian British 14,241 (9.8%) 1731 (9.5%) 27,954 (9.8%)
(%) Black, African, Caribbean 2374 (1.6%) 233 (1.3%) 4692 (1.7%)

Mixed or multiple ethnic

groups

3315 (2.3%)

400 (2.2%)

6703 (2.4%)

Other ethnic group

1619 (1.1%)

197 (1.1%)

2986 (1.1%

Prefer not to say / 14,007 (9.6%) 921 (5.0%) 25,552 (9.0%)
unavailable
White 110,426 (75.6%) 14,809 (81%) 217,014 (76.2%)

Prevalence, median (IQR)
per 100,000 population

247 (67-455)

243 (70-454)

222 (57-442)

Deprivation rank, median (IQR)
higher = more deprived (of 32,844 areas)

13,819
(11,057-17,444)

14,049
(11,057-17,800)

14,049
(11,101-17,800)

Symptomatic, n (%)

136,411 (93.4%)

9375 (51.3%)

50,192 (17.6%)

median (IQR) days

Time from symptoms to test in those 2 (1-3) 1(1-3) 2(1-3)
symptomatic, median (IQR) days
Time from index case test to contact test, - 3(2-4) 1(0-3)

Contact event
type, n (%)

Household

14,012 (76.6%)

191,171 (67.1%

Household visitor

1833 (10.0%)

34,583 (12.1%

Education or work

1055 (5.8%)

26,492 (9.3%

Activities and events

1391 (7.6%)

)
)
)
)

32,644 (11.5%

Table 1. Demographics and characteristics of the study population.
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Variable Univariable Multivariable
OR 95% Cl p OR 95% CI p
Prevalence at contact's home | Prevalence, for each 1 unit 1.03 1.02-1.03 | <0.001
address change in cases per 1000
Deprivation rank at contact's | Per 10,000 unit change 0.97 0.94-1.00 0.03
home address (lower = more deprived)
Case viral load Ct value, per unit change 0.93 0.92-0.93 | <0.001| 0.93 0.92-0.93 <0.001
Case sex Female 1.00
Male 1.06 1.03-1.10 | <0.001
Case age* Age, 30 years 1.00 <0.001 See Figure 3**
10 years 0.53 0.49-0.57
50 years 1.22 1.17-1.27
70 years 1.25 1.17-1.33
Contact event Household 1.00
Activities and events 0.58 0.55-0.62 | <0.001
Household visitor 0.72 0.69-0.76 | <0.001
Work or education 0.54 0.51-0.58 | <0.001
Case PCR diagnostic Milton Keynes 1.00 1.00
laboratory Alderley Park 1.29 1.24-1.34 | <0.001 1.15 1.11-1.20 <0.001
Glasgow 1.00 0.95-1.05 0.99 | 0.88 0.84-0.93 <0.001
Case ethnicity White 1.00 1.00
Asian 0.91 0.86-0.96 | <0.001 0.84 0.80-0.88 <0.001
Black 0.73 0.64-0.83 | <0.001 | 0.79 0.69-0.91 <0.001
Mixed 0.87 0.79-0.97 0.01 | 0.89 0.81-0.99 0.03
Other 0.97 0.84-1.12 0.65 1.00 0.86-1.16 0.99
Not available 0.53 0.49-0.57 | <0.001 0.50 0.47-0.54 <0.001

408 Table 2. Univariable and multivariable associations with the proportion of contacts testing PCR positive. *Case age was fitted as a 4-knot spline (see
409 Figure S1 for univariable relationship). **In the multivariable model age was fitted as a 4-knot spline, with an interaction with contact event type
410  (heterogeneity p<0.001), see Figure 3. The multivariable model excludes 11,305 contacts without their sex recorded.
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An observational study of SARS-CoV-2 infectivity by viral load and
demographic factors and the utility lateral flow devices to prevent
transmission: Supplementary materials

Supplementary methods

Data definitions

Contacts were defined as follows:! a person who has been close to someone who has tested PCR-
positive for COVID-19 anytime from 2 days before the person was symptomatic up to 10 days from
onset of symptoms. The nature of the contact could include:

= Living in the same household OR

=  Face to face contact (within 1 metre for any length of time) or skin to skin contact or someone
the case coughed on OR

=  Within 1 metre for 1 minute of longer OR

=  Within 1-2 metres for more than 15 minutes OR

= Sexual contacts OR

=  Travel in the same vehicle or a plane

n u

Ethnicity was summarised using 5 ethnic groups defined by the UK government (“white”, “mixed or
multiple ethnic groups”, “Asian or Asian British”, “Black, African, Caribbean or Black British”, “Other
ethnic group”).

Local COVID-19 prevalence at the time of each contact event was determined using data for the
lower tier local authority (LTLA) containing the contact’s home address. Prevalence is calculated
using the number of cases populated into CTAS per week at that LTLA per 100,000 population.

Contact deprivation indices were sourced from the latest census in 2019, averaged for each LTLA.?

Laboratory methods

Ct values were available for community tests undertaken by the UK’s Lighthouse Laboratories in
Milton Keynes, Alderley Park and Glasgow. PCR testing was undertaken using the Thermo Fisher
TagPath assay (targeting S and N genes, and ORF1lab) following extraction of 200ul of viral transport
media on the Kingfisher extraction platform, yielding 60l post-extraction of which 6ul was used in
the PCR reaction. Mean Ct values were calculated across all non-missing targets.

To enable comparison of data across PCR assays the Qnostics SARS-CoV-2 Analytical Q Panel 01
(Qnostics, Glasgow, UK) was used to calibrate Ct values from the Thermo Fisher assay into
equivalent synthetic RNA viral load (VL) in copies per ml. The resulting equation for converting Ct
values into viral loads for the Thermo Fisher TagPath assay was logio(VL) = 12.0 - 0.328*Ct.

LFD sensitivity by viral load
We used previously reported data and estimates of the sensitivity of four LFDs by viral load from a
community-based evaluation.? Data were available for the Innova SARS-CoV-2 Antigen Rapid



Qualitative Test (Innova), Anhui Deepblue Medical Technology COVID-19 (Sars-CoV-2) Antigen Test
kit (Colloidal Gold) (Deep Blue), LFD x (the manufacturer did not give consent to be named) and the
Zhejiang Orient Gene Biotech Co. Coronavirus Ag Rapid Test Cassette (Orient Gene).

Data were available from 420 Innova, 177 Deep Blue, 99 LFD x and 95 Orient Gene LFD tests
performed in individuals diagnosed with SARS-CoV-2 infection by PCR within the last 5 days. Self-
obtained combined nasal and oropharyngeal swabs were analysed. Contemporaneous paired swabs
were obtained for repeat PCR testing. Repeat PCR testing was undertaken using the Roche Cobas
SARS-CoV-2 test and platform. To enable comparisons with Thermo Fisher TagPath PCR Ct values we
used data on 254 additional samples tested using both extraction and PCR assay methods to enable
the following conversion to be derived using linear regression: (Cobas Ct) = 5.5 + 1.0*(Thermo Fisher
Ct).

For each LFD we fitted a logistic regression model, to generate the probability of a positive LFD test
for a given Ct value or viral load (Figure S1).

For each source case and LFD we simulated a positive or negative LFD result by randomly drawing
from the probability of the LFD being positive by the source case’s Ct value (determined from the
logistic regression model and accounting for uncertainty in the model’s estimates by sampling model
slope and intercept terms using the mean, standard error and covariance of each parameter). Each
simulation was repeated 1000 times and summary results presented. Additionally, we generated
simulations for a range of alternative possible lateral flow test performances.
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Figure S1. Sensitivity of four lateral flow devices by viral load. Thermo Fisher TagPath assay
equivalent Ct units are shown using the formula: logio(viral load) = 12.0 - 0.328*Ct. Panel A shows
the fitted relationship, and panel B . 95% confidence intervals for each curve.
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Figure S2. Univariable relationship between age of the index case and proportion of contacts
testing PCR positive. Plotted based on 4-knot spline with default spaced knots, the ribbon shows the
95% confidence interval.
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Figure S3. Sensitivity analysis to investigate the impact of the 2 to 7 day time window for positive
PCR results in contacts in the main analysis. The main analysis was repeated including all positive
PCR tests for contacts between 4 days before and 10 days after the index case’s PCR test and
including the days between tests as a main effect. Additionally, an interaction term was included
between the days between PCR tests and the case’s Ct value. The change in odds ratio for a positive
PCR test by Ct value across differing days between tests is shown.
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Figure S4. Relationship between PCR cycle threshold (Ct) value in cases and the proportion of their
contacts who underwent PCR testing with a PCR positive result, by contact event type. Model
predictions are plotted after adjustment for age (set to the median value, 31 years), diagnostic
laboratory (set to Milton Keynes), ethnicity (set to white), and prevalence (set to median, 197 per
100,000 population). The shaded area indicates the 95% confidence interval.



0.6

0.4 Contact type
Household

—— Household visitor

— Work or education

Activities and events

0.2 \ /\_’/ T

/Q//

10 20 30 40 50 60 70
Age of index case

Proportion of contacts testing PCR positive

0.0

Figure S5. Relationship between case age and the proportion of their contacts who underwent PCR
testing with a PCR positive result, by contact event type. Model predictions are plotted after
adjustment for Ct value (set to the median Ct value, 19.9), diagnostic laboratory (set to Milton
Keynes), ethnicity (set to white), and prevalence (set to median, 197 per 100,000 population). Age is
fitted as a 5-knot spline with an interaction between age and contact event type (heterogeneity
p<0.001). The shaded area indicates the 95% confidence interval.
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Figure S6. Distribution of mean Ct values for 145,973 index cases. Mean Ct values were calculated
across all non-missing SARS-CoV-2 PCR targets.
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Figure S7. Simulated performance for a range of LFDs. The sensitivity of a LFD by viral load can be
summarised using a logistic model with two parameters, a slope and intercept. The slope and
intercept can be transformed into two alternative parameters, e.g. the viral load at which 50% of all
individuals are LFD positive and the viral load at which 90% of all individuals are LFD positive. For a
given combination of two parameters we simulate the proportion of cases with PCR-positive
contacts that are detected by LFD, the mean result over 100 simulations is plotted. Thermo Fisher
TagPath assay equivalent Ct units are shown using the formula: logio(viral load) = 12.0 - 0.328*Ct.
The performance of 4 LFDs (Figure S1) are overlaid on the simulation results.



Supplementary tables

Variable Univariable Multivariable
OR 95% CI p OR 95% CI p
Prevalence at contact's home | Prevalence, for each 1 unit 1.09 1.08-1.10 <0.001 1.05 1.46-1.06 | <0.001
address change in cases per 1000
Deprivation rank at contact's | Per 10,000 unit change (lower = 0.82 0.79-0.85 <0.001
home address more deprived)
Case viral load Ct value, per unit change 0.91 0.91-0.92 <0.001 0.92 0.91-0.92 | <0.001
Case sex Female 1.00
Male 1.10 1.06-1.14 <0.001
Case age* Age, 30 years 1.00 <0.001 **See Figure S5
10 years 0.61 0.56 - 0.66
50 years 1.63 1.55-1.72
70 years 1.78 1.65-1.93
Contact event Household 1.00
Activities and events 0.35 0.33-0.37 <0.001
Household visitor 0.39 0.37-0.41 <0.001
Work or education 0.29 0.27-0.31 <0.001
Case PCR diagnostic Milton Keynes 1.00 1.00
laboratory Alderley Park 1.54 1.47-1.61 <0.001 1.24 1.18-1.31 | <0.001
Glasgow 1.37 1.30-1.45 <0.001 1.16 1.09-1.23 | <0.001
Case ethnicity White 1.00 1.00
Asian 1.36 1.28-1.45 <0.001 1.19 1.11-1.27 | <0.001
Black 1.03 0.88-1.21 0.69 1.17 0.99-1.38 0.07
Mixed 1.04 0.92-1.18 0.50 1.07 0.94-1.22 0.31
Other 1.24 1.04-1.47 0.02 131 1.08 - 1.58 0.005
Not available 1.05 0.96-1.13 0.28 1.00 0.92-1.09 0.99

Table S1. Univariable and multivariable associations with the proportion of contacts who underwent PCR testing having a positive result. *Case age was
fitted as a 5-knot spline. **In the multivariable model age was fitted as a 5-knot spline, with an interaction with contact event type (heterogeneity

p<0.001), see Figure S5.
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