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Abstract

Background: Routine asymptomatic testing using RT-PCR of people who interact with vulnerable populations, such
as medical staff in hospitals or care workers in care homes, has been employed to help prevent outbreaks among
vulnerable populations. Although the peak sensitivity of RT-PCR can be high, the probability of detecting an
infection will vary throughout the course of an infection. The effectiveness of routine asymptomatic testing will
therefore depend on testing frequency and how PCR detection varies over time.

Methods: We fitted a Bayesian statistical model to a dataset of twice weekly PCR tests of UK healthcare workers
performed by self-administered nasopharyngeal swab, regardless of symptoms. We jointly estimated times of
infection and the probability of a positive PCR test over time following infection; we then compared asymptomatic
testing strategies by calculating the probability that a symptomatic infection is detected before symptom onset and
the probability that an asymptomatic infection is detected within 7 days of infection.

Results: We estimated that the probability that the PCR test detected infection peaked at 77% (54-88%) 4 days
after infection, decreasing to 50% (38-65%) by 10 days after infection. Our results suggest a substantially higher
probability of detecting infections 1-3 days after infection than previously published estimates. We estimated that
testing every other day would detect 57% (33-76%) of symptomatic cases prior to onset and 94% (75-99%) of
asymptomatic cases within 7 days if test results were returned within a day.

Conclusions: Our results suggest that routine asymptomatic testing can enable detection of a high proportion of
infected individuals early in their infection, provided that the testing is frequent and the time from testing to
notification of results is sufficiently fast.
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Background

Detection of current infection with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) is a crucial
component of targeted policy responses to the COVID-
19 pandemic that involve minimising infection within
vulnerable groups. For instance, residents and staff in
care homes may be tested regularly to minimise out-
breaks among elderly populations [1]. Alternatively,
healthcare workers (HCWs) may be routinely tested to
prevent nosocomial transmission to patients who may
have other comorbidities [2, 3]. Both of these popula-
tions have a substantially higher risk of fatality from
COVID-19 infection than the general population [4, 5].

In the UK, testing commonly uses polymerase chain
reaction (PCR) to detect the presence of viral ribonucleic
acid (RNA) in the nasopharynx of those sampled [6].
The sensitivity of PCR tests at any given point during in-
fection depends upon the amount of viral RNA present;
this increases at the start of the infection up to the peak
viral load, which appears to occur just before, or at, the
time of symptom onset [7-9]. Viral load then decreases,
but infected individuals continue to shed viral RNA for
an average of 17 days after initial infection (but this can
be far longer than the average, the longest observed
duration has been 83 days) [10]. A greater severity of
illness is frequently associated with a significantly lon-
ger duration of viral shedding [11-13]. Asymptomatic
infections have been found to have similar viral loads
to symptomatic cases around the time of infection,
but instead exhibit shorter durations of viral shedding
in some studies [14].

Estimates of temporal variation in the probability of
detecting infections by PCR are crucial for planning ef-
fective routine asymptomatic testing strategies in set-
tings with vulnerable populations. The testing frequency
required to detect the majority of infections before they
can transmit onwards will depend on both how soon—
and how long—an individual remains positive by PCR
test. Measuring the probability that testing will detect
SARS-CoV-2 at a given time-since-infection is challen-
ging for two main reasons. First, it requires knowledge
of the timing of infection, which is almost always unob-
served. Second, it requires a representative sample of
tests done on people with and without symptoms per-
formed at many different times with regards to the time
of infection. Testing is usually performed on symptom-
atic infections after symptom onset, leading to an unrep-
resentative sample [15].

To address these challenges, we analysed data that
covered the regular testing of healthcare workers in
London, UK. We inferred their likely time of infection
and used the results of the repeated tests performed over
the course of their infection to infer the probability of
testing positive depending on the amount of time
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elapsed since infection. This overcame the bias towards
testing around the time of symptom onset, although we
focused on data from symptomatic infections so that the
timing of symptom onset could be used to infer the
likely time of infection.

Methods

We used data from the SAFER study [16] conducted at
University College London Hospitals between 26 March
and 5 May 2020, which repeatedly tested 200 patient-
facing HCWs by PCR and collected data on COVID-19
symptoms at the time of sampling [16]. Samples were
tested utilising the pipeline established by the COVID-
Crick-Consortium. Individuals were asymptomatic at en-
rolment and were tested for SARS-CoV-2 antibodies at
the beginning and end of the study period. During the
study, HCW's were asked to try and provide two samples
per week. Out of the 200 HCWs enrolled in the study, 46
were seropositive at the first antibody test, which occurred
some time between 27 March and the 6 April. Out of the
remaining HCWs, 36 seroconverted over the study period,
and 42 returned a positive PCR test at some point during
the study (a detailed analysis of the characteristics of this
HCW cohort can be found in Houlihan et al. [16]). We fo-
cused on a subset of 27 of these HCW's that seroconverted
during the study period and reported COVID-19 symp-
toms at one or more sampling times (Fig. 1); the other 15
seropositive individuals were excluded because they had
asymptomatic infections. Combining data on 241 PCR
tests performed on self-administered nasopharyngeal sam-
ples from these 27 individuals, we estimated the time of
infection for each HCW as well as simultaneously estimat-
ing the probability of a positive test depending on the time
since infection.

We developed a Bayesian model to jointly infer both the
likely infection time for each individual and the probability
of a positive PCR test depending on the time since infec-
tion across all individuals. We used a likelihood function
specifically for inferring parameters from censored data
[17] to derive a posterior distribution for the time of infec-
tion. This accounts for the fact that the true onset time is
censored, i.e. symptom onset for each individual could
have occurred anywhere between their last asymptomatic
report and their first symptomatic report. Specifically, in-
dividual i has their likely infection time, 7}, inferred based
on the interval between their last asymptomatic report,

t't | and their first symptomatic report, £"*. The log-
likelihood for the infection time for person i is as follows:

(1 ) = g (8-

4

where F is the cumulative density function of the lognor-
mal distribution for the incubation period of COVID-19
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Fig. 1 Testing and symptom data for the 27 individuals used in the analysis. Each point represents a symptom report and PCR test result. The
border of the point is green if the PCR test result was positive and purple if it was negative. The inside of the point is red if the individual
reported symptoms and white if they did not. Black crosses show the date of the initial negative serological test. Points are aligned along the x-
axis by the timing of each participant’s last asymptomatic report

as estimated in Lauer et al. [18]. For a detailed descrip-
tion of the procedure used to arrive at the onset times
from the censored data and list of the sources of uncer-
tainty in our model, see Additional file 1: Section D.

For a given inferred infection time for person i, the re-
lationship between the time since infection and a posi-
tive PCR test on person i, PCR},, administered at time
t, ;is given by a piecewise logistic regression model with
a single breakpoint:

PCR,; ~ Bernoulli(logit™ (B, + Box + ByBsxI(x))),
xiZth'—Ti—C,

where C is the time of the breakpoint, x is the amount
of time between infection and testing minus the value of
the breakpoint, I(x) is a step function that equals 0 if x <
0 or equals 1 if x>0, and the S terms define the

regression coefficients fit across all tests and people (see
Table 1 for parameter details).

To ensure biological plausibility, each individual was
assumed to have a negative result at their precise time of
infection to constrain the PCR positivity curve to have 0
probability of detection at 0 days since infection. We fit-
ted the model using R 4.0.3 [19] and Stan 2.21.2 [20];
the data and the code required to reproduce the figures
and results of this study can be found at the public
github repository: https://github.com/cmmid/pcr-profile.
We ran four Markov chain Monte Carlo chains for 2000
samples each, discarding the first 1000 samples from
each chain as warm-up iterations. Convergence of the
chains was assessed using the R-hat statistic being R < 1
.05 for each model parameter.

We also performed a sensitivity analysis whereby the
testing data for one HCW at a time was left out from

Table 1 Summary of model parameters and the median and 95% credible interval from their fitted posterior distributions

Parameter Description Interpretation Posterior median
(95% credible interval)

C Breakpoint of piecewise regression The time at which PCR positivity peaks 3.18 days post-infection
(201 to 5.11)

B Intercept of both regression curves N/A 1.51 (0.80 to 2.31)

B> Slope of Tst regression curve The rate of increase in percentage of infections 2.19 (1.26 to 347)

detected after exposure
Bs Slope of 2nd regression curve The rate of decrease in the percentage of infections -1.1(=12t0-105)

detected, after the curve peaks
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the model fitting procedure to see if the PCR testing
data for any individual HCW had an undue influence on
the overall regression fit (results are shown in Add-
itional file 1: Fig. S2).

We looked at two different ways of assessing the
performance of different routine asymptomatic testing
frequencies. Firstly, we calculated the probability that
a symptomatic case would be detected before symp-
tom onset; this demonstrates the ability of testing to
catch infections before people eventually self-isolate
due to symptoms (by which point they may already
have infected someone). Secondly, we calculated the
probability that an asymptomatic case is caught
within 7 days of infection, estimating how frequently
testing would need to be to detect asymptomatic in-
fections in a timely manner. The mathematical equa-
tions used to calculate each of these probabilities are
shown in Additional file 1: Section C.
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Results

The model found that the majority of individuals in-
cluded in this analysis were infected around the begin-
ning of the study period in late March (Fig. 2). This
corresponds with a period of greatly increased hospital-
isation in London, which could potentially mean much
higher exposure to infectious COVID-19 patients. How-
ever, this analysis cannot say for certain where these
HCW:s were infected.

We estimated that the peak median posterior probabil-
ity of a positive PCR test is 77% (54—88%) at 4 days after
infection. The median posterior positivity curve is
smoother than any individual posterior sample; this is
why this peak does not match the median value for the
breakpoint parameter, C, in Table 1 (see Additional file 1:
Fig. S3 for examples of unsmoothed posterior positivity
curve samples). The probability of a positive PCR test
then decreases to 50% (38-65%) by 10days after
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alongside the censored interval within which their symptom onset occurred (green dashed lines). The square points show the results of PCR tests
on each individual; black points denote negative tests and red points denote positive tests
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infection and reaches virtually 0% probability by 30 days
after infection (Fig. 3a, b). Summary statistics for the
posterior distributions of the piecewise logistic regres-
sion parameters are shown in Table 1. We compared
our results for the probability of detection throughout
infection to previous results in Additional file 1: Section
A; we found a greater probability of detection 1 to 3 days
after infection and a consistently lower probability of
detection around 10 to 30days after infection when
compared with previous results.

Our routine asymptomatic testing scenarios estab-
lished that the higher the frequency of testing, the higher
the probability that a symptomatic case will be detected
before symptom onset (Fig. 3c) and the higher the prob-
ability that an asymptomatic case is detected within 7
days (Fig. 3d). If there is a 1-day delay from performing
the test to delivering the result, then increasing the test-
ing frequency from every 4 days to every 2 days increases
the probability of detecting an asymptomatic infection
within 7 days from 76% (59-87%) to 95% (86—98%). A 2-
day delay between testing and notification compared to
a 1-day delay led to reduced probability of timely
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detection in both testing scenarios (Fig. 3c, d). For ex-
ample, when testing every 2 days, the probability of de-
tecting a symptomatic infection before symptom onset is
58% (CI 40-74%) with a 1-day delay and 42% (CI 27—
57%) with a 2-day delay. This is because a longer delay
means that an infection must be caught earlier to allow
for a longer period of time between a test being adminis-
tered and the infected person being notified of the re-
sults. An increased delay from testing to notification
caused a greater relative reduction in the probability of
detecting an asymptomatic case within 7 days of infection
when the testing frequency was lower (Fig. 3d). Consider-
ing a smaller window of detection for asymptomatic infec-
tions (i.e. within 5days rather than 7days) resulted in
reduced probability of detecting asymptomatic infections
within such a window (see Additional file 1: Fig. S4).
When considering what is an acceptable testing fre-
quency for detecting a desired proportion of symptom-
atic cases prior to their symptom onset, there may be a
trade-off between testing frequency and the delay from
testing to notification. For example, the probability of
detecting a symptomatic case prior to onset is very

80

60

40

~
PCR positivity over the course of infection

Empirical Distribution
[ Posterior Distribution

— Empirical mean
-« Posterior median

10 15 20
Days since infection

25 30

A Test results with ct value threshold of 37 B
20 l-
. g
25 . z
-
2
g Testresult =
2 2
g « Negative 8
5 % . « Posiive 5
2
3. £
. 3
° 8
35 £
.
40
-10 0 1 20 30 40
Days since infection
C ity of ing sy ic case before onset D

100

75 75

50 50

Probability (%)
Probability (%)

25

every 1 day(s) every 2 day(s) every 4 day(s) every 7 day(s) every 14 day(s)
Testing frequency

every 1 day(s) every 2 day(s) every 4 day(s) every 7 day(s) every 14 day(s)

Fig. 3 Estimation of positivity over time, and probability that different testing frequencies with PCR would detect infection. a Ct value data for
the PCR tests in the SAFER trial. This plot does not show data for every individual included in the analysis. The x-axis shows a time since infection
using the median infection date inferred by the model. Points below the threshold of 37, indicating a positive result, are shown in red. Negative
results above 37 are shown in black. All negative results for which there is no ct value specified are given the value of 40. b Temporal variation in
PCR-positivity based on time since infection. The grey interval and solid black line show the 95% uncertainty interval and the mean, respectively,
for the empirical distribution calculated from the posterior samples of the times of infection (see Additional file 1: Section D for methodology).
The blue interval and dashed black line show the 95% credible interval and median, respectively, of the logistic piecewise regression described
above. ¢ Probability of detecting virus before expected onset of symptoms, based on curve in b, assuming delay from test to results is either 1 or
2 days. Dashed black box shows a site of possible trade-off between testing frequency and results delay discussed in the text. d Probability of
detecting an asymptomatic case within 7 days, based on curve in b, assuming delay from test to results is either 24 or 48 h

ic case within 7 days

Results delay
~ 1day
- 2days

I

I

Testing frequency




Hellewell et al. BMC Medicine (2021) 19:106

similar for a 2-day testing frequency with a 2-day notifi-
cation delay (42%, 27—-57%) compared to a 4 day testing
frequency with a 1-day notification delay (40%, 27—-53%).
This trade-off is depicted graphically in the dashed black
box in Fig. 3b.

During 2020, lateral flow tests (LFTs) with a turn-
around time of roughly 30min for the detection of
SARS-CoV-2 have been developed and evaluated [21].
Such tests typically have a lower mean sensitivity than
standard PCR tests. However, the faster turnaround time
can aid the logistical challenge posed by rapid large-
scale testing. Thus far in our analysis, a positive PCR test
has been defined by a cycle threshold (Ct) value of less
than or equal to 37. However, given that Ct values are
also available for the tests in our dataset, we were able
to redefine test outcomes using different Ct value
thresholds that reflect the potential sensitivity of the
more recent LFTs, which can generally detect infectious-
ness (when viral loads are high) but not always infection
(when viral loads may be lower) [22].
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The model was re-fitted using two potential LFT-like
definitions of a positive test: a Ct value of less than or
equal 28, or less than or equal to 25. The newly defined
test outcomes are shown in panel a of Figs. 4 and 5, along
with the corresponding estimates of test sensitivity as a
function of time since infection in panel b. We then used
the sensitivity curves in the symptomatic and asymptom-
atic testing scenarios with frequent testing, assuming no
delay between rapid test and result (reflecting the imag-
ined use case of LFTs, results shown in panels ¢ and d).

For the hypothetical LFT test scenario compared to
the PCR tests, the peak probability of detection is lower,
with a peak probability of detection of 64% (33—-85%) at
4.3 days after infection and 42% (13-70%) at 3.8 days
after infection for Ct values of 28 and 25, respectively.
The probability of detection by LFT also declines to neg-
ligible values far sooner after infection, by around 18
days, compared to around 30 days for PCR. However,
the uncertainty in the probability of detection curve is
wider for these hypothetical LFT tests compared to PCR
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now considered with a 0-day delay since LFTs give results within minutes that can be passed on to the person being tested quickly
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because there were fewer positive tests to fit to overall.
The probability of detecting symptomatic cases before
symptom onset, or asymptomatic cases within 7 days of
infection, decreases when the Ct threshold for a positive
test is lower (panels ¢ and d of Figs. 4 and 5). When the
Ct threshold is defined to be 25, even testing every 2 days
yields a median probability of detecting symptomatic
cases before onset below 50%.

Discussion

The ongoing COVID-19 pandemic has led to increasing
focus on routine asymptomatic testing strategies that
could prevent sustained transmission in hospitals and
other defined settings with at-risk individuals such as
care homes. Using data on repeated testing of healthcare
workers, we estimated that peak positivity for PCR tests
for SARS-CoV-2 infections occurs 4 days after infection,
which is just before the average incubation duration, in
agreement with other studies finding that viral load in
the respiratory tract is highest at this point [23, 24]. We

show the sensitivity of the results to the choice of incu-
bation period distribution in Additional file 1: Fig. S5.

We found a substantially higher probability of detec-
tion by PCR between 1 and 3 days after infection than a
previous study [25]. The low detection probabilities esti-
mated in the previous study for the period 1 to 3 days
after infection were fitted to very small amounts of data:
one observed negative test on each of 1, 2, and 3 days
after infection. Due to the fact that HCWs in the SAFER
study were repeatedly tested even when asymptomatic,
many of the tests took place close to the inferred infec-
tion times. This provided more test data for our model
to fit to for the period just after infection. We provide a
more rigorous exploration of the differences between
our results and existing work in Additional file 1:
Section A.

Our model also estimated much lower probabilities of
detection between 7 and 30 days after infection com-
pared to the models by Kucirka et al. and Hay and
Kennedy-Schaffer et al. A plausible explanation for this
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difference could be due to the sample collection method
and disease severity of the people being tested, leading
to different observed viral load dynamics. The SAFER
study data used here was collected from self-
administered tests by HCWs and the symptoms re-
corded were those that were compatible with SARS-
CoV-2 according to Public Health England, including a
‘new continuous cough or alteration in sense of taste or
smell’ [16]. Conversely, the datasets used for fitting the
Kucirka model consist mainly of HCW-administered
tests on hospitalised patients who are likely to have
more severe infections, a factor that has been associated
with a longer duration of viral shedding [10] in some
studies. As such, our curve for the probability of detec-
tion by PCR may constitute a closer approximation of
PCR test sensitivity over time in individuals with mild
symptomatic infections. This would make it particularly
useful for estimating the effectiveness of routine asymp-
tomatic testing strategies, which would seek to detect all
infections, not just the most severe.

Incorporating our estimates of PCR detection prob-
ability into a model of routine asymptomatic testing
strategies, we found that there is the potential for a
trade-off between the turnaround time for test results
and testing frequency (example in dashed black box,
Fig. 3c). This could be particularly relevant for settings
that do not have the resources or capacity for very high
frequency testing but could ensure prompt results. Al-
though our analysis focuses on the probability of testing
positive, any potential testing and isolation strategy
would also need to consider the potential for false posi-
tives, particularly at low prevalence [26].

The maximum probability of detection of 77% shown
by the curve in Fig. 3b refers to the whole population
and does not imply that an individual person’s peak
probability of being detected by a PCR test is 77%. The
curve is fitted to combined test results for many individ-
uals, each of whom will have had variation in the timing
of their particular peak probability of detection. This
variation is smoothed out over all individuals to lead to
the curve shown in Fig. 3b.

To explore the potential for rapid testing of individ-
uals, we examined how the curve in Fig. 3b would
change if the cycle threshold used to define a positive re-
sult was lowered, which mimics the detection capabil-
ities of lateral flow tests that are less able to detect
infections at higher Ct values [22, 27]. We estimated that
the probability of detection post-infection still peaks
around 4 days after infection, but that the peak probabil-
ity of detection is lower and the probability of detection
declines much faster after the peak. The reduced period
of time after infection during which a case might be de-
tected in our hypothetical LFT scenario compared to
PCR may help to explain some of the low sensitivities
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for LFTs reported during the evaluation of LFT testing
programmes such as in Liverpool, where LETs detected
only 48.89% of the infections that were later confirmed
by PCR [28]. In general, our estimates correspond with
previous observations that infections with lower viral
loads (which are likely to be older infections and will
have higher Ct values) are less likely to be detected by
LFTs compared to PCR.

We assumed that symptoms reported during the study
were due to clinical episodes of COVID-19 infection,
and not due to other respiratory infections with similar
symptoms. All individuals in the analysis seroconverted
over the course of the study, suggesting that such symp-
toms were likely to be associated with SARS-CoV-2
infection.

Our analysis is also limited by excluding asymptomatic
HCWs that seroconverted over the course of the study.
Symptomatic infections may have higher viral loads and
be more likely to be detected than asymptomatic infec-
tions, however this has not been found to be the case
elsewhere [14]. Our repeated testing model presents re-
sults for detecting asymptomatic infections that relies on
the assumption that the probability of detection over
time is the same for symptomatic and asymptomatic in-
fections. If asymptomatic infections are instead less likely
to be detected, then our estimate of the probability of
detection within 7days of infection will be an
overestimate.

Conclusions

Routine asymptomatic testing is a crucial component of
effective targeted control strategies for COVID-19, and
our results suggest that frequent testing and fast turn-
around times could yield high probabilities of detecting
infections—and hence prevent outbreaks—early in at-
risk settings.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-021-01982-x.

Additional file 1: Section A: Comparison of our results from the SAFER
data with previous results. Figure S1. A comparison of our PCR positivity
curve to the results from two previous studies. Section B: Sensitivity
Analysis. Figure S2. The model fits from the leave-one-out analysis com-
pared to the model fit to all data. Figure S3. The maximum a posteriori
estimates of the PCR positivity curve. Figure S4. A copy of Fig. 3d except
that it shows the probability of detecting an asymptomatic case within 5
days rather than 7. Figure S5. A comparison of the median posterior
PCR positivity curve for two different incubation period distributions. Sec-
tion C: Routine Asymptomatic Testing Model Equations. Section D: Empir-
ical Distribution of PCR Positivity. Section E: The SAFER Investigators and
Field Study Team. Section F: The Crick COVID-19 Consortium. Section G:
The CMMID COVID-19 Working Group.

Acknowledgements
The following funding sources are acknowledged as providing funding for
the named authors. Wellcome Trust (206250/2/17/Z: AJK, TWR; 210758/2/18/


https://doi.org/10.1186/s12916-021-01982-x
https://doi.org/10.1186/s12916-021-01982-x

Hellewell et al. BMC Medicine (2021) 19:106

Z: JH). AK was supported by the NIHR HPRU in Modelling and Health
Economics, a partnership between PHE, Imperial College London and LSHTM
(grant code NIHR200908). The views expressed are those of the authors and
not necessarily those of the United Kingdom (UK) Department of Health and
Social Care, the National Health Service, the National Institute for Health
Research (NIHR), or Public Health England (PHE). The SAFER study was
funded by MRC UKRI (grant MC_PC_19082) and supported by the UCLH/UCL
NIHR BRC.

Authors’ contributions

RB, GK, CH, and EN were involved in the original collection of the data and
helped with data interpretation. AK, JH, and TWR conceived the aims of the
study with input from RB, GK, CH, and EN. The statistical analysis was
undertaken by JH, TWR, and AK. JH, TWR and AK wrote the first draft of the
manuscript with subsequent feedback from RB, GK, CH, and EN. All authors
read and approved the final manuscript.

Funding
Wellcome Trust, National Institute for Health Research (NIHR) Health
Protection Research Unit, Medical Research Council (UKRI)

Availability of data and materials

The subset of the data, including individuals that seroconvert and show
symptoms at some stage during the data collection period, required to
reproduce the figures and results of this study can be found at the public
github repository: https://github.com/cmmid/pcr-profile.

The code required to reproduce the figures and results of this study can be
found at the public github repository: https://github.com/cmmid/pcr-profile.

Declarations

Ethics approval and consent to participate

The ethical approval for the human data used in this analysis is detailed in
the original manuscript reporting the study outcomes (reference 16). It states
that: The study protocol was approved by the NHS Health Research
Authority (ref 20/SC/0147) on 26 March 2020. Ethical oversight was provided
by the South Central Berkshire Research Ethics Committee’.

Consent for publication
Not applicable

Competing interests
The authors declare that we have no competing interests.

Author details

!Centre for Mathematical Modelling of Infectious Diseases, London School of
Hygiene & Tropical Medicine, London, UK. “Department of Clinical Virology,
University College London Hospitals, London W1T 4EU, UK. *Cell Biology of
Infection Laboratory, The Francis Crick Institute; Division of Medicine, UCL,
London, UK. “Bioinformatics and Biostatistics, The Francis Crick Institute, 1
Midland Road, London NW1 1AT, UK. 5Departmem of Infection and
Immunity, University College London, London, UK. ®Department of Clinical
Research, London School of Hygiene & Tropical Medicine, London, UK.
’Department of Population, Policy and Practice, UCL Great Ormond Street
Institute of Child Health, London WC1IN 1EH, UK.

Received: 13 January 2021 Accepted: 7 April 2021
Published online: 27 April 2021

References

1. Vivaldi 1: COVID-19 care homes study report. GOV.UK. Available from:
https://www.gov.uk/government/publications/vivaldi-1-coronavirus-covid-1
9-care-homes-study-report/vivaldi-1-covid-19-care-homes-study-report.
[cited 2020 Nov 10]

2. Rickman HM, Rampling T, Shaw K, Martinez-Garcia G, Hail L, Coen P, et al.
Nosocomial transmission of coronavirus disease 2019: a retrospective study
of 66 hospital-acquired cases in a London teaching hospital. Clin Infect Dis;
Available from: https://academic.oup.com/cid/advance-article/doi/10.1093/
cid/ciaa816/5860253. [cited 2020 Nov 10]

3. Taylor J, Rangaiah J, Narasimhan S, Clark J, Alexander Z, Manuel R, et al.
Nosocomial COVID-19: experience from a large acute NHS Trust in South-

20.

21.

22.

23.

Page 9 of 10

West London. J Hosp Infect. 2020;106(3):621-5. https://doi.org/10.1016/j.
jhin.2020.08.018.

Poletti P, Tirani M, Cereda D, Trentini F, Guzzetta G, Marziano V, et al. Age-
specific SARS-CoV-2 infection fatality ratio and associated risk factors, Italy,
February to April 2020. Eurosurveillance. 2020;25(31):2001383.

Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker C, Imai N, et al. Estimates
of the severity of coronavirus disease 2019: a model-based analysis. Lancet
Infect Dis. 2020,20(6):669-77. https://doi.org/10.1016/51473-3099(20)30243-7.
Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 viral
load in upper respiratory specimens of infected patients. N Engl J Med.
2020;382(12):1177-9. https://doi.org/10.1056/NEJMc2001737.

Test sensitivity is secondary to frequency and turnaround time for COVID-19
surveillance | medRxiv. Available from: https://www.medrxiv.org/content/1
0.1101/2020.06.22.20136309v3. [cited 2020 Nov 17]

Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA, et al.
Virological assessment of hospitalized patients with COVID-2019. Nature.
2020;581(7809):465-9. https://doi.org/10.1038/541586-020-2196-x.
Borremans B, Gamble A, Prager KC, Helman SK, McClain AM, Cox C, et al.
Quantifying antibody kinetics and RNA detection during early-phase SARS-
CoV-2 infection by time since symptom onset. eLife. 2020,9:e60122. https.//
elifesciences.org/articles/60122.

Cevik M, Tate M, Lloyd O, Maraolo AE, Schafers J, Ho A. SARS-CoV-2, SARS-
CoV and MERS-CoV viral load dynamics, duration of viral shedding, and
infectiousness: a systematic review and meta-analysis. Lancet Microbe. 2021;
2(1):e13-22. https://doi.org/10.1016/S2666-5247(20)30172-5.

Zheng S, Fan J, Yu F, Feng B, Lou B, Zou Q, et al. Viral load dynamics
and disease severity in patients infected with SARS-CoV-2 in Zhejiang
province, China, January-March 2020: retrospective cohort study. BMJ.
2020;369. Available from: https://www.bmj.com/content/369/bmj.m1443.
[cited 2020 Nov 10]

Chen X, Zhu B, Hong W, Zeng J, He X, Chen J, et al. Associations of clinical
characteristics and treatment regimens with the duration of viral RNA
shedding in patients with COVID-19. Int J Infect Dis. 2020,98:252-60. https.//
doi.org/10.1016/j.ijid.2020.06.091.

Xu K Chen'Y, Yuan J, Yi P, Ding C, Wu W, et al. Factors associated with
prolonged viral RNA shedding in patients with coronavirus disease 2019 (COVID-
19). Clin Infect Dis. 2020;71(15):799-806. https.//doi.org/10.1093/cid/ciaa351.
Kissler SM, Fauver JR, Mack C, Tai C, Shiue KY, Kalinich CC, et al. Viral
dynamics of SARS-CoV-2 infection and the predictive value of repeat
testing. medRxiv. 2020;,2020.10.21.20217042. https://www.medrxiv.org/
content/10.1101/2020.10.21.20217042v2.

COVID-19 testing data: methodology note. GOV.UK. Available from: https.//
www.gov.uk/government/publications/coronavirus-covid-19-testing-data-
methodology/covid-19-testing-data-methodology-note. [cited 2020 Nov 10]
Houlihan CF, Vora N, Byrne T, Lewer D, Kelly G, Heaney J, et al. Pandemic
peak SARS-CoV-2 infection and seroconversion rates in London frontline
health-care workers. Lancet. 2020;396(10246):e6-7. https://doi.org/10.1016/
S0140-6736(20)31484-7.

Delignette-Muller M, Dutang C. fitdistrplus: an R package for fitting
distributions. J Stat Softw Artic. 2015;64(4):1-34.

Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The
incubation period of coronavirus disease 2019 (COVID-19) from publicly
reported confirmed cases: estimation and application. Ann Intern Med.
2020;172(9):577-82. https://doi.org/10.7326/M20-0504.

R Core Team. R: a language and environment for statistical computing. R
Found Stat Comput. 2020; Available from: https://www.R-project.org/.
Accessed 22 Dec 2020.

Carpenter B, Gelman A, Hoffman MD, Lee D, Goodrich B, Betancourt Mi,

et al. Stan: a probabilistic programming language. J Stat Softw. 2017;76(1):1.
SARS-CoV-2 coronavirus nucleocapsid antigen-detecting half-strip lateral flow
assay toward the development of point of care tests using commercially
available reagents | Analytical Chemistry. Available from: https://pubs.acs.org/
doi/abs/10.1021/acs.analchem.0c01975. [cited 2020 Dec 1]

Public Health England. Oxford University and PHE confirm lateral flow tests
show high specificity and are effective at identifying most individuals who
are infectious | University of Oxford. 2020. Available from: https.//www.ox.ac.
uk/news/2020-11-11-oxford-university-and-phe-confirm-lateral-flow-tests-
show-high-specificity-and-are. [cited 2020 Dec 22]

He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, et al. Temporal dynamics in
viral shedding and transmissibility of COVID-19. Nat Med. 2020;26(5):672-5.
https://doi.org/10.1038/541591-020-0869-5.


https://github.com/cmmid/pcr-profile
https://github.com/cmmid/pcr-profile
https://www.gov.uk/government/publications/vivaldi-1-coronavirus-covid-19-care-homes-study-report/vivaldi-1-covid-19-care-homes-study-report
https://www.gov.uk/government/publications/vivaldi-1-coronavirus-covid-19-care-homes-study-report/vivaldi-1-covid-19-care-homes-study-report
http://dx.doi.org/10.1093/cid/ciaa816/5860253
http://dx.doi.org/10.1093/cid/ciaa816/5860253
https://doi.org/10.1016/j.jhin.2020.08.018
https://doi.org/10.1016/j.jhin.2020.08.018
https://doi.org/10.1016/S1473-3099(20)30243-7
https://doi.org/10.1056/NEJMc2001737
http://dx.doi.org/10.1101/2020.06.22.20136309v3
http://dx.doi.org/10.1101/2020.06.22.20136309v3
https://doi.org/10.1038/s41586-020-2196-x
https://elifesciences.org/articles/60122
https://elifesciences.org/articles/60122
https://doi.org/10.1016/S2666-5247(20)30172-5
https://www.bmj.com/content/369/bmj.m1443
https://doi.org/10.1016/j.ijid.2020.06.091
https://doi.org/10.1016/j.ijid.2020.06.091
https://doi.org/10.1093/cid/ciaa351
https://www.medrxiv.org/content/10.1101/2020.10.21.20217042v2
https://www.medrxiv.org/content/10.1101/2020.10.21.20217042v2
https://www.gov.uk/government/publications/coronavirus-covid-19-testing-data-methodology/covid-19-testing-data-methodology-note
https://www.gov.uk/government/publications/coronavirus-covid-19-testing-data-methodology/covid-19-testing-data-methodology-note
https://www.gov.uk/government/publications/coronavirus-covid-19-testing-data-methodology/covid-19-testing-data-methodology-note
https://doi.org/10.1016/S0140-6736(20)31484-7
https://doi.org/10.1016/S0140-6736(20)31484-7
https://doi.org/10.7326/M20-0504
https://www.r-project.org/
http://dx.doi.org/10.1021/acs.analchem.0c01975
http://dx.doi.org/10.1021/acs.analchem.0c01975
https://www.ox.ac.uk/news/2020-11-11-oxford-university-and-phe-confirm-lateral-flow-tests-show-high-specificity-and-are
https://www.ox.ac.uk/news/2020-11-11-oxford-university-and-phe-confirm-lateral-flow-tests-show-high-specificity-and-are
https://www.ox.ac.uk/news/2020-11-11-oxford-university-and-phe-confirm-lateral-flow-tests-show-high-specificity-and-are
https://doi.org/10.1038/s41591-020-0869-5

Hellewell et al. BMC Medicine (2021) 19:106 Page 10 of 10

24. Singanayagam A, Patel M, Charlett A, Bernal JL, Saliba V, Ellis J, et al.
Duration of infectiousness and correlation with RT-PCR cycle threshold
values in cases of COVID-19, England, January to May 2020. Eurosurveillance.
2020;25(32):2001483.

25. Kucirka LM, Lauer SA, Laeyendecker O, Boon D, Lessler J. Variation in false-
negative rate of reverse transcriptase polymerase chain reaction-based SARS-
CoV-2 tests by time since exposure. Ann Intern Med. 2020; Available from:
https//www.ncbi.nlm.nih.gov/pmc/articles/PMC7240870/. [cited 2020 Nov 10].

26. Surkova E, Nikolayevskyy V, Drobniewski F. False-positive COVID-19 resullts:
hidden problems and costs. Lancet Respir Med. 2020 Sep 29;0(0). Available
from: https://www.thelancet.com/journals/lanres/article/PlIS2213-2600(20)3
0453-7/abstract. [cited 2020 Nov 10]

27. Innova Lateral Flow SARS-CoV-2 Antigen test accuracy in Liverpool Pilot:
preliminary data, 26 November 2020. GOV.UK. Available from: https://www.
gov.uk/government/publications/innova-lateral-flow-sars-cov-2-antigen-
test-accuracy-in-liverpool-pilot-preliminary-data-26-november-2020. [cited
2020 Dec 22]

28. Covid-19: Lateral flow tests miss over half of cases, Liverpool pilot data
show | The BMJ. Available from: https://www.bmj.com/content/371/bmj.m4
848. [cited 2020 Dec 22]

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7240870/
https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(20)30453-7/abstract
https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(20)30453-7/abstract
https://www.gov.uk/government/publications/innova-lateral-flow-sars-cov-2-antigen-test-accuracy-in-liverpool-pilot-preliminary-data-26-november-2020
https://www.gov.uk/government/publications/innova-lateral-flow-sars-cov-2-antigen-test-accuracy-in-liverpool-pilot-preliminary-data-26-november-2020
https://www.gov.uk/government/publications/innova-lateral-flow-sars-cov-2-antigen-test-accuracy-in-liverpool-pilot-preliminary-data-26-november-2020
https://www.bmj.com/content/371/bmj.m4848
https://www.bmj.com/content/371/bmj.m4848

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

