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Liebes Lagezentrum,

in Rucksprache mit ZBS1 und in Absprache mit Abt. 1 hatten wir folgende Antwort fur die diskutierte
Frage:

Die Kinetik der Virusausscheidung folgt auch bei der Delta-Variante dem von SARS-CoV-2 bekannten
Muster (Cevik et al 2020; Yan et al 2021; Jones et al 2021; Kissler et al 2021; sowie unsere Hinweise zur
Testung auf SARS-CoV-2). Es gibt jedoch Hinweise auf eine initial hohere Viruslast. Der weitere Verlauf
der Infektion scheint in den meisten Fallen analog den bisher bekannten Verlaufen zu erfolgen.
Allerdings sind Falle protrahierter Ausscheidung auch uber den Tag 14 hinaus beschrieben (Chia et al
2021). Dies gilt allerdings auch fur die initiale Variante (van Kampen et al 2021).

Durch die bereits im Februar 2021 beim Entlassmanagement erfolgten Anpassungen auf mind. 14
Tage mit abschlie?endem Antigentest zur Detektion von hohen Viruslasten zu diesem Zeitpunkt ist
zunachst eine weitere Beobachtung der Datenlage gerechtfertigt. Wir schlagen Wiedervorlage der
Fragestellung Ende September 2021 zur Berucksichtigung der zwischenzeitlich verfugbar werdenden
Literatur vor. (Literatur in der Anlage)"”

Zur Frage der ggf. gebotenen Anpassung von Quarantanezeiten im Zusammenhang mit der Delta-
Variante (Inkubationszeit) befasst sich aktuell FG36 (siehe Protokoll KS vom 11.08.21)

Gerne kann dieser Punkt auch im Krisenstab nochmal diskutiert werden.

Vielen Dank und viele Gru?e,
Michaela Niebank

Von: Schmid, Bernhard Im Auftrag von nCoV-Lage
Gesendet: Donnerstag, 12. August 2021 13:37
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An: Lang, Katharina <LangK@rki.de>; Nitsche, Andreas <NitscheA@rki.de>; Michel, Janine
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Betreff: WG: [Aufgabe ID 4089] Daten zu verlangerter Virusausscheidung bei Delta Variante

Liebe Kolleginnen und Kollegen,

wir mochten uns hiermit nach dem Stand der Bearbeitung der Aufgabe ID 4089, Frist morgen DS,
erkundigen.

Vielen Dank und viele Gru?e,

Bernhard Schmid, LZ Aufgaben

Von: Stern, Daniel Im Auftrag von nCoV-Lage

Gesendet: Donnerstag, 5. August 2021 16:14

An: Lang, Katharina <LangK@rki.de>; Nitsche, Andreas <NitscheA@rki.de>; Michel, Janine
<Michell@rki.de>

Cc: nCoV-Lage <nCoV-Lage@rki.de>; ZBS7-Lage <ZBS7-Lage@rki.de>; ZBS1-Diagnostik <ZBS1-
Diagnostik@rki.de>

Betreff: [Aufgabe ID 4089] Daten zu verlangerter Virusausscheidung bei Delta Variante

Lieber Katharina, Lieber Andi, Liebe Janine,

Aus dem Protokoll der Krisenstabssitzung hat sich eine Aufgabe mit der Bitte um Ubernahme
ergeben:

* Gibt es Daten zu einer langeren Virusausscheidung bei Delta?
ToDo: Fr. Lang nimmt Frage mit ins Fachgebiet.

ToDo: Evtl. konnte sich ZBS1 das ansehen. Klarung, ob eine retrospektive Betrachtung aus klinischen
Proben moglich ist.

Bei der Erledigung von Erlassen: Beantwortung sollte immer durch das Lagezentrum erfolgen!
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Duration and key determinants of infectious virus
shedding in hospitalized patients with coronavirus
disease-2019 (COVID-19)

Jeroen J. A. van Kampen'™, David A. M. C. van de Vijver!, Pieter L. A. Fraaij'%, Bart L. Haagmans® ',
Mart M. Lamers® ', Nisreen Okba® ', Johannes P. C. van den Akker3, Henrik Endeman?,

Diederik A. M. P. J. Gommers3, Jan J. Cornelissen?, Rogier A. S. Hoek 56 Menno M. van der Eerden®,
Dennis A. Hesselink®’, Herold J. Metselaar®8, Annelies Verbon?, Jurriaan E. M. de Steenwinkel®,

Georgina |. Aron', Eric C. M. van Gorp1, Sander van Boheemen!, Jolanda C. Voermans!, Charles A. B. Boucher!,

Richard Molenkamp1, Marion P. G. Koopmans 110 Corine Geurtsvankessel® 19 &

Annemiek A. van der Eijk"'0

Key questions in COVID-19 are the duration and determinants of infectious virus shedding.
Here, we report that infectious virus shedding is detected by virus cultures in 23 of the 129
patients (17.8%) hospitalized with COVID-19. The median duration of shedding infectious
virus is 8 days post onset of symptoms (IQR 5-11) and drops below 5% after 15.2 days post
onset of symptoms (95% confidence interval (Cl) 13.4-17.2). Multivariate analyses identify
viral loads above 7 log;o RNA copies/mL (odds ratio [OR] of 14.7 (Cl 3.57-58.1; p < 0.001) as
independently associated with isolation of infectious SARS-CoV-2 from the respiratory tract.
A serum neutralizing antibody titre of at least 1:20 (OR of 0.01 (CI 0.003-0.08; p < 0.001) is
independently associated with non-infectious SARS-CoV-2. We conclude that quantitative
viral RNA load assays and serological assays could be used in test-based strategies to
discontinue or de-escalate infection prevention and control precautions.
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ARTICLE

oronavirus disease-2019 (COVID-19) is a new clinical

entity caused by severe acute respiratory syndrome cor-

onavirus 2 (SARS-CoV-2)!2, In particular, persons with
underlying diseases, such as diabetes mellitus, hypertension,
cardiovascular disease, and respiratory disease, are at increased
risk for severe COVID-19, and case fatality rates increase steeply
with age3.

Understanding the kinetics of infectious virus shedding in relation
to potential for transmission is crucial to guide infection prevention
and control strategies®. Long-term shedding of viral RNA has been
reported in COVID-19 patients, even after full recovery, putting
serious constraints on timely discharge from the hospital or de-
escalation of infection prevention and control practices®’. Detection
of viral RNA by reverse transcriptase-polymerase chain reaction
(RT-PCR) is the gold standard for COVID-19 diagnosis and this
technique is used in test-based strategies to discontinue or de-escalate
infection prevention and control precautions®-10. However, there is
no clear correlation between detection of viral RNA and detection of
infectious virus using cell culture>!112, Detection of infectious virus,
also called live virus or replication-competent virus, by demonstra-
tion of in vitro infectiousness on cell lines is regarded as a more
informative surrogate of viral transmission than detection of viral
RNA®10, In a COVID-19 hamster model, the window of trans-
mission correlated well with the detection of infectious virus using
cell culture but not with viral RNA!3. Key questions in COVID-19,
like in any other infectious disease, are how long a person sheds
infectious virus and what the determinants are of infectious virus
shedding®! 1121415,

Two studies reported that infectious virus could not be detected in
respiratory tract samples obtained more than 8 days after onset of
symptoms despite continued detection of high levels of viral RNA>12.
For one patient, infectious virus shedding up to 18 days after onset of
symptoms was reported!!. Shedding of infectious SARS-CoV-2 has
not been studied in larger groups of patients nor in patients with
severe or critical COVID-19. Here, we show that patients with critical
COVID-19 may shed infectious virus for longer periods of time
compared to what has been reported for in patients with mild
COVID-19. In addition, we show that infectious virus shedding
drops to undetectable levels below a viral RNA load threshold and
once serum neutralizing antibodies are present, which suggests that
quantitative viral RNA load assays and serological assays could be
used in test-based strategies to discontinue or de-escalate infection
prevention and control precautions.

Results

We included 129 hospitalized individuals that had been diagnosed
with COVID-19 by RT-PCR and for whom at least one virus culture
from a respiratory tract sample was available (Table 1). Of these, 89
patients (69.0%) had been admitted to the intensive care and the
remaining 40 patients (31.0%) were admitted to the medium care.
Mechanical ventilation was only performed at the intensive care (81
or 91.0% of patients). Supplemental oxygen was given to 8 (9.0%) of
the intensive care patients and to 35 (87.5%) medium care patients.
Thirty patients were immunosuppressed (23%) of whom 19 (14.7%)
were nonseverely immunocompromised and 11 (8.5%) were severely
immunocompromised.

We tested 690 respiratory samples from the 129 patients for the
presence of infectious virus using cell culture and determined the
viral RNA load with RT-qPCR (Fig. 1). Infectious SARS-CoV-2 was
isolated from 62 respiratory tract samples (9.0%) of 23 patients
(17.8%). The median time of infectious virus shedding was 8 days
post onset of symptoms (IQR 5-11, range 0-20) and probit analysis
showed a probability of <5% for isolating infectious SARS-CoV-2
when the duration of symptoms was 15.2 days (95% CI 13.4-17.2) or
more (Fig. 2A). The median viral load was significantly higher in

culture positive samples than in culture negative samples (8.14 versus
5.88 Log;o RNA copies/mL, p <0.0001) and the probability of iso-
lating infectious SARS-CoV-2 was less than 5% when the viral load
was below 6.63 Log;o RNA copies/mL (95% CI 6.24-6.91) (Fig. 2B).

For 27 patients, neutralizing antibody titers from 112 serum
samples that were obtained on the same day as a respiratory tract
sample were available in our diagnostic database (Table 2). The
probability of isolating infectious virus was less than 5% when the
neutralizing antibody titer was 1:80 or higher (Fig. 2C). In addition to
these neutralizing antibody measurements, we performed RT-PCRs
to detect SARS-CoV-2 subgenomic messenger RNA in the 112
corresponding respiratory tract samples. Detection of the subgenomic
RNAs outlasted the detection of infectious virus (Supplementary
Figs. 1 and 2), and predicted poorly if virus cultures were positive
(positive predictive value of 37.5%). In addition, quantitative assess-
ment of subgenomic RNA using cycle threshold (CT) values had no
added value over measuring viral genomic RNA loads or serological
response to predict infectious virus shedding (Supplementary Fig. 3).

Finally, the key parameters were compared using multivariate
generalized estimating equations (Table 3). For this, timepoints for
which all three data types (RT-qPCR, virus culture and serum neu-
tralizing antibody titer) were available were included (n=112). A
viral load exceeding 7 Log;o RNA copies/mL, less than 7 days of
symptoms, absence of serum neutralizing antibodies and being
immunocompromised were all associated with a positive virus cul-
ture in univariate analysis. After submitting all these variables into a
multivariate analysis, we found that only a viral load above 7 Log;,
RNA copies/mL and absence of serum neutralizing antibodies were
independently associated with isolation of infectious SARS-CoV-2
from the respiratory tract.

Discussion

In this study we assessed the duration and key determinants of
infectious SARS-CoV-2 shedding in patients with severe and critical
COVID-19. Such information is critical to design test-based and
symptom-based strategies to discontinue infection prevention and
control precautions. Both strategies only allow for discontinuation of
infection prevention and control precautions after partial resolution
of symptoms. Symptom-based strategies use as additional criterion
that a certain time interval should have passed since onset of
symptoms, while test-based strategies use negative SARS-CoV-2 RT-
PCR results as main additional criterion.

The duration of infectious virus shedding found in this study was
longer than has been reported previously>! 112, Welfel and colleagues
showed for patients with mild COVID-19 that infectious virus could
not be detected after more than eight days since onset of symptoms”.
Bullard and colleagues obtained similar results, but disease severity
was not reported!?. Shedding of infectious virus up to 18 days after
onset of symptoms has been reported for a single case of mild
COVID-19'!. The patients in this study had severe or critical
COVID-19 and detection of infectious virus was common after eight
days or more since onset of symptoms. For a single patient, infectious
virus was detected up to 20 days after onset of symptoms. Higher
viral loads have been reported for severe COVID-19 cases compared
to mild cases, which may in part explain the longer duration of
shedding found in this study!6-20. Our findings imply that symptom-
based strategies to discontinue infection prevention and control
precautions should take diseases severity into account. For example,
the CDC currently use a minimum disease duration of 10 days in
their symptom-based strategy as the statistically estimated likelihood
of recovering replication-competent virus approaches zero after
ten days of symptoms®2l. Based on our findings, a longer disease
duration could be considered for severely-ill patients.

High viral RNA loads were independently associated with shed-
ding of infectious virus, but, upon seroconversion, shedding of
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Table 1 Patient characteristics.

Characteristic All Intensive care Ward p value (ICU vs ward)
Number? 129 89 (69.0%) 40 (31.0%)
Male 86 (66.7%) 65 (73.0%) 21 (52.5%) 0.04
Age (median—IQR) 65 (57-72) 66 (57-72) 63 (57-74) 0.90
Immunocompromised?

Moderate 19 (14.7%) 10 (11.2%) 9 (22.5%) 0.04

Severe 11 (8.5%) 5 (5.6%) 6 (15.0%)
Clinical parameters

Mechanical ventilation 81 (62.8%) 81 (91.0%) 0

Supplemental oxygen 43 (33.3%) 8 (9.0%) 35 (87.5%)

Died 14 (10.9%) 1 (12.3%) 3 (7.5%)
Duration of illness®

Median (IQR) 18 (13-21) 18 (13-22) 15 (12-18) 0.009
Tests per patient, total (mean per person)

Culture 690 (5.3) 601 (6.8) 89 (2.2)

PRNT 12 (0.9) 82 (0.9) 30 (0.8)

PCR 688 (5.3) 599 (6.7) 89 (2.2)

aDisease severity classification according to NIH criteria (https://www.covid19treatmentguidelines.nih.gov/overview/management-of-covid-19/): 81/129 (62.5%) critical disease, 43/129 (33.3%)
severe disease, 5/129 (3.9%) moderate disease.

blmmunocompromised level was scored as described previously2°. Patients with severe immunosuppression (n = 11): Lung transplantation, or other solid organ transplantation and treatment for rejection
within the last 3 months (n=3); Underlying disease treated with daily corticosteroid dosages (based on prednisone) >30 mg for >14 days and/or immunomodulating biologicals (n = 4); Allogeneic
hematopoietic stem cell transplantation within the last 12 months, or allogeneic hematopoietic stem cell transplantation with with graft-versus-host-disease treated with immunosuppressive drugs, or
acute leukemia (n = 4). Patients with nonsevere immunosuppression (n=19): Untreated auto-immune disease or underlying disease treated with immunosuppressive drugs (excluding treatment with
daily corticosteroid dosages (based on prednisone) >30 mg for >14 days and/or treatment with immunomodulating biologicals) (n =10); At least 1 year after solid organ transplantation (excluding lung
transplantation) and no rejection (n = 3); Hematological malignancies (excluding acute leukemia and leukemia treated with induction therapy or chemotherapy resulting in neutropenia for >7 days) (n =
4); Other nonsevere immunodeficiencies (n = 2).

€As of April 17th 2020. PRNT = plaque-reduction neutralization titer. Respiratory tract samples for virus culture and PCR were obtained from the lower respiratory tract (sputum) on the intensive care
unit (538/690 samples, 78%) and from the upper respiratory tract (swabs) on the intensive care unit as well as on the medium care unit (152/690 samples, 22%). A total of 127 out of the 690
respiratory tract samples that were submitted for virus culture (18.4%) were obtained from immunocompromised patients. For categorical variables a two-sided Chi-square test was used and for

continuous variables a two-sided student's t-test was used. No adjustments were made for multiple comparisons.
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Fig. 1 Viral loads and duration of symptoms for infectious virus shedding. Viral RNA loads (Logio RNA copies/mL) in the respiratory samples versus the
duration of symptoms (days). Black boxes represent virus culture positive samples and open red circles represent the virus culture negative samples.

infectious virus dropped rapidly to undetectable levels. Infectious
virus could not be isolated from respiratory tract samples once
patients had a serum neutralizing antibody titer of at least 1:80. These
results warrant the use of quantitative viral RNA load assays and
serological assays in test-based strategies to discontinue or de-escalate
infection prevention and control precautions. The probability of
isolating infectious virus was less than 5% when viral RNA load was
below 6.63 Logl0 RNA copies/mL, which is strikingly similar com-
pared to the cutoff of 6.51 Logl0 RNA copies/mL reported by Wolfel
et al. In addition, Bullard and colleagues used cycle threshold (ct)
values as quantitative measure for viral RNA load and reported that
infectious virus could not be isolated from diagnostic samples when

| (2021)12:267 | https://doi.org/10.1038/541467-020-20568-4 | www.nature.com/naturecommunications

ct values were above 2412, Together, these results indicate that viral
RNA load cutoffs could be used in test-based strategies to discontinue
infection prevention and control precautions. In addition, we report
here a very strong association between neutralizing antibody response
and shedding of infectious virus with an odds ratio of 0.01 for iso-
lating infectious virus after seroconversion. Antibody responses were
measured with a plaque-reduction neutralization test (PRNT)Z2,
Neutralization assays, which are the gold standard in coronavirus
serology, are labor-intensive and require a biosafety level 3 laboratory.
We have recently cross-validated various commercial immunoassays
using our PRNT50% as gold standard. Some commercial assays
showed good agreement with our PRNT50%: For example, the
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Fig. 2 Probabilities of infectious virus shedding. Probit analyses of the
detection of infectious virus in respiratory samples with cell culture for
duration of symptoms in days (A) (n=690 samples), viral RNA load in
Log10 copies per mL (B) (n= 688 samples), and serum neutralizing
antibody titer (€) (n =112 samples). Blue line represent the probit curve
and the dotted red lines represent the 95% confidence interval. Serum
neutralizing antibody titers are expressed as plaque-reduction
neutralization titers 50% as described previously?’.

Table 2 Serum neutralizing antibody titers and isolation of
infectious virus from the respiratory tract.

Serum Total Number culture = Number culture
neutralizing number positive negative
antibody titer samples samples (%) samples (%)
<1:20 31 27 (87%) 4 (13%)
1:20 10 4 (40%) 6 (60%)
1:40 7 2 (29%) 5 (71%)
1:80 2 0 (0%) 2 (100%)
1160 4 0 (0%) 4 (100%)
1:320 n 0 (0%) 11 (100%)
1:640 9 0 (0%) 9 (100%)
1:1280 14 0 (0%) 14 (100%)
1:2560 16 0 (0%) 16 (100%)

Serum neutralizing antibody titers against SARS-CoV-2 were determined using a plaque-
reduction neutralization assay'”. Neutralizing antibodies (titers of 1:20 or higher) were detected
in 72.3% (81/112) of the serum samples. For six patients, infectious SARS-CoV-2 was isolated
from the respiratory tract despite the presence of neutralizing SARS-CoV-2 antibodies in the
serum sample pairs. In four of these six patients, infectious virus was not isolated in the
consecutive respiratory tract samples obtained after a virus culture positive sample (sampled
from day +1, +1, +4, and +4 in respect to virus culture positive sample). For one patient,
infectious virus was not isolated in the respiratory tract sample obtained one day after the virus
culture positive respiratory tract sample, while the respiratory tract sample obtained 2 days after
the virus culture positive respiratory tract sample was positive for infectious SARS-CoV-2. All
respiratory tract samples obtained thereafter tested negative for infectious virus. For one
patient, no follow-up respiratory tract samples were available.

Wantai SARS-CoV-2 Ig total ELISA has a sensitivity of 99% (95% CI
97-100%) and a specificity of 99% (95% CI 96-100%)23. These
commercial immunoassays require less stringent biosafety measures
and are amenable to high throughput use resulting in a broad
application of our results to guide infection prevention strategies and
discharge management for clinical cases being hospitalized.

Detection of viral subgenomic RNA correlated poorly with shed-
ding of infectious virus. These RNAs are produced only in actively
infected cells and are not packaged into virions. Subgenomic RNAs
were still detected when virus cultures turned negative. This could
indicate that active replication continues in severely-ill symptomatic
COVID-19 patients after seroconversion and after shedding of
infectious virus has stopped. Possibly, infectious virions are produced
but are directly neutralized by antibodies in the respiratory tract. On
the other hand, the half-life of viral subgenomic RNAs is not known
in COVID-19 and these RNAs may still be detected once replication
has stopped.

Our study has some limitations. Firstly, virological data were
obtained from diagnostic samples only and samples were not pro-
spectively collected at predefined timepoints. However, as many
aspects of COVID-19 were still unclear, a sampling-rich diagnostic
approach was applied in our institution with regular virological
monitoring of confirmed COVID-19 patients. This approach resulted
in a large high quality dataset from a considerable number of patients
including patients with a immunocompromised status. The strikingly
similar viral RNA load cutoft for a 5% probability of a positive virus
culture found by us and by Wolfel et al. underpins the validity of the
results®. Secondly, we used in vitro cell cultures as a surrogate marker
for infectious virus shedding. The success of SARS-CoV-2 isolation is
dependent on which cell lines is used?*. Vero cells are currently
regarded as the gold standard to detect infectious SAR-CoV-2, but
the true limit of detection is unknown. Notwithstanding the above,
experimental evidence from a COVID-19 hamster model showed
that transmission of SARS-CoV-2 correlated well with detection of
infectious SARS-CoV-2 from respiratory tract samples using in vitro
Vero cell cultures while detection of viral RNA did not!3. More
data from experimental models, and epidemiological and modeling
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ARTICLE

Variable Positive virus culture

(n=33) (n=179)

Table 3 Univariate and multivariate analysis of key determinants for infectious virus shedding.

Negative virus culture

Multivariate odds ratio
(95% CI)

Univariate odds ratio
(95% CI)

Viral RNA load
>107 RNA copies/mL
Duration of symptoms
<7 days 20 (60.6%)
Serum neutralizing antibody titer
1:20 or higher 6 (18.2%)
Immunocompromised
Yes

29 (87.9%) 22 (27.8%)
17 (21.5%)
75 (94.9%)

10 (30.3%) 10 (12.7%)

18.8 (5.5-64.2), p<0.001 14.7 (3.7-58.1), p< 0.001

5.6 (1.7-18.1), p = 0.004 2.1(0.4-1.7), p = 0.31
0.01 (0.003-0.05), p< 0.001 0.01 (0.002-0.08), p < 0.001

3.00 (0.8-11.0), p= 0.098 2.0 (0.7-5.3), p = 0.22

available from samples taken at the same day.

Results of the univariate and multivariate generalized estimating equation analysis. The analyses were limited to the samples for which a viral RNA load and a serum neutralizing antibody titer were

studies on transmission, which take viral RNA load and antibody
response into account, are needed for further validation of this
approach. It should be noted that, besides the infectious viral load,
additional factors determine virus transmissibility. Finally, our study
only included hospitalized symptomatic adults with severe or critical
COVID-19 and important differences were noted in our study
compared to what has been reported for in mild COVID-19. Thus,
further studies are needed on the determinants and duration of
infectious virus shedding in specific patient groups.

In conclusion, infection prevention and control guidelines should
take into account that patients with severe or critical COVID-19 may
shed infectious virus for longer periods of time compared to what has
been reported for in patients with mild COVID-19. Infectious virus
shedding drops to undetectable levels when viral RNA load is low
and serum neutralizing antibodies are present, which warrants the
use of quantitative viral RNA load assays and serological assays in
test-based strategies to discontinue or de-escalate infection prevention
and control precautions.

Methods

Samples and patients. Between March 8, 2020 and April 8, 2020, diagnostic
respiratory samples of COVID-19 patients from the Erasmus MC that were send to our
laboratory for SARS-CoV-2 PCR were also submitted for virus culture. From these
patients, results from SARS-CoV-2 PCRs on diagnostic respiratory samples and results
from SARS-CoV-2 neutralizing antibody measurements on serum samples were
extracted from our diagnostic laboratory information management system (LabTrain
version 3, bodegro, the Netherlands). The following information was extracted from the
electronic patient files (HiX version 6.1, ChipSoft, the Netherlands): date of onset

of symptoms, disease severity (hospitalized on ICU with mechanical ventilation, hos-
pitalized on ICU with oxygen therapy, hospitalized to ward with oxygen therapy,
hospitalized to ward without oxygen therapy), information to classify patients as
immunocompetent, nonseverely immunocompromised (excluding diabetes mellitus), or
severely immunocompromised as described previously?’, disease severity score
according to the NIH classification (https://www.covid19treatmentguidelines.nih.gov/
overview/management-of-covid-19/), and whether the patients were still alive or not as
of April 17, 2020. Excel 2016 (Microsoft Corp, USA) was used as data collection
software.

Sample processing and analysis. Swabs from the upper respiratory tract were
collected in tubes containing 4 mL virus transport medium (Dulbecco’s modified eagle’s
medium (DMEM, Lonza) supplemented with 40% FBS, 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), NaCO3, 10 pg/ml amphotericin B, 1000 U/mL
penicillin, 1000 ug/mL streptomycin). Supernatant was passed through a 45-um filter
and used for PCR analysis and virus culture. For sputum samples, 6 mL sample pro-
cessing medium (DMEM supplemented with 17 mM HEPES, NaCOs, 1000 U/mL
penicillin, 1000 ug/mL streptomycin, 12.5 pug/ml amphotericin B) was added until the
final volume was 6 mL. Subsequently, samples were vortexed, centrifugated, passed
through a 45-um filter, and 1 part FBS was added to 1.5 parts supernatant. Subse-
quently, processed samples were used for PCR analysis and virus culture.

Real-time RT-PCR detection of SARS-CoV-2 was performed using an in-house
assay?6 or using the SARS-CoV-2 test on a cobas® 6800 system (Roche Diagnostics).
Subsequently, cycle threshold (ct) values were converted to Log;o RNA copies/mL using
calibration curves based on quantified E-gene in vitro RNA transcripts®. SARS-CoV-2
subgenomic RNAs were detected with RT-PCR®.

Respiratory samples were cultured on Vero cells, clone 118, using 24-wells
plates with glass coverslips?’. Cells were inoculated with 200 uL sample per well
and centrifugated for 15 min at 3500 x g. After centrifugation, inoculum was
discarded, virus culture medium (Iscove’s modified Dulbecco’s medium (IMDM;
Lonza) supplemented with 2 mM L-glutamine (Lonza), 100 U/mL penicillin
(Lonza), 100 pg/mL streptomycin (Lonza), 2.5 pg/mL amphotericin B (department
of hospital pharmacy, Erasmus MC), and 1% heat-inactivated fetal bovine serum
(Sigma)) was added, and samples were cultured at 37 °C and 5% CO, for 7 days.
Each sample was cultured in triplicate: Two replicates were fixed with ice-cold
acetone after 24 and 48 h, respectively irrespective if cytopathic effect (CPE) was
visible. The fixed samples were further analyzed with immunofluorescence (see
below). The remaining replicate was scored for CPE on a daily basis for 7 days.
When CPE was visible, the sample was fixed with ice-cold acetone and further
analyzed with immunofluorescence (see below). Virus cultures were regarded as
negative if no CPE was visible during 7 days. For immunofluorescence read-out,
the fixed cells were washed with phosphate buffer saline (PBS), and incubated for
30 min at 37 °C with 25 uL 1000-fold diluted polyclonal rabbit SARS-CoV anti-
nucleoprotein antibodies (Sino Biological, catalogue number 40143-T62). After
incubation, samples were washed with three times with PBS and once with
deionized water. Subsequently, cells were incubated for 30 min at 37 °C with 25 pL
2000-fold diluted Alexa Fluor 488-labeled polyclonal goat anti-rabbit IgG
(Invitrogen, catalogue number A-11070). Subsequently, cells were washed three
times with PBS. Finally, cells were incubated for 1 min with 25 uL Evan’s Blue
(counterstain), washed twice with deionized water, air dried and analyzed with a
fluorescence microscope.

Serum neutralizing antibodies titers against SARS-CoV-2 (German isolate; GISAID
ID EPL ISL 406862; European Virus Archive Global #026V-03883) were determined
using a plaque-reduction neutralization test?2, A plaque-reduction neutralization titer
50% (PRNT50%) of 1:20 or more was considered to be positive and a PRNT50% below
1:20 negative.

Medical ethical approval. All patient samples and data used in this study were
collected in the context of routine clinical patient care. Additional analyses were per-
formed only on surplus of patient material collected in the context of routine clinical
patient care. The institutional review board of the Erasmus MC (Rotterdam, The
Netherlands) approved the use of these data and samples (METC-2015-306). METC-
2015-306 is a generic protocol to study viral diseases. Informed consent for COVID-19
research was waived by the privacy knowledge office of the Erasmus MC (Rotterdam,
The Netherlands). Instead, patients had the right to opt-out against the use of their
surplus patient material and their medical data for research. The opt-out system of the
Erasmus MC was checked for all patients included in this study, and none of the
patients included in this study opted-out against the use of their surplus patient material
and their medical data for research.

Statistical analysis. Categorical and continuous variables were compared using the
Chi-square test the student’s ¢-test, respectively. Generalized estimating equations were
used to identify factors that are associated with a virus culture positive respiratory tract
sample. The continuous data in the generalized estimating equations were dichotomized
using various cutoff values. In the main paper we present the results of the best fitting
generalized estimating equations using the levels of dichotomizing that had the best fit
according to the quasi-likelihood under the independence criterion (QIC)?8. Sensitivity
analysis is shown in Supplementary Table 1 and Supplementary Table 2. All variables
having a p value < 0.1 in univariate analysis were submitted into a multivariate general
estimating equation to account for repeated measurements obtained from the same
patient during hospitalization?®. For this analysis we used the geepack package version
1.3-1 and R version 4.0.0%. Probit analyses were performed with MedCalc version
19.2.3 (MedCalc Software Ltd).
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ABSTRACT

Background Viral load kinetics and the duration of viral shedding are important determinants for
disease transmission. We aim i) to characterise viral load dynamics, duration of viral RNA, and
viable virus shedding of SARS-CoV-2 in various body fluids and ii) to compare SARS-CoV-2 viral

dynamics with SARS-CoV-1 and MERS-CoV.

Methods: Medline, EMBASE, Europe PMC, preprint servers and grey literature were searched
to retrieve all articles reporting viral dynamics and duration of SARS-CoV-2, SARS-CoV-1 and
MERS-CoV shedding. We excluded case reports and case series with < 5 patients, or studies
that did not report shedding duration from symptom onset. PROSPERO registration:

CRD42020181914.

Findings: Seventy-nine studies on SARS-CoV-2, 8 on SARS-CoV-1, and 11 on MERS-CoV were
included. Mean SARS-CoV-2 RNA shedding duration in upper respiratory tract, lower respiratory
tract, stool and serum were 17.0, 14.6, 17.2 and 16.6 days, respectively. Maximum duration of
SARS-CoV-2 RNA shedding reported in URT, LRT, stool and serum was 83, 59, 35 and 60 days,
respectively. Pooled mean duration of SARS-CoV-2 RNA shedding was positively associated with
age (p=0.002), but not gender (p = 0.277). No study to date has detected live virus beyond day
nine of illness despite persistently high viral loads. SARS-CoV-2 viral load in the upper respiratory

tract appears to peak in the first week of iliness, while SARS-CoV-1 and MERS-CoV peak later.

Conclusion: Although SARS-CoV-2 RNA shedding in respiratory and stool can be prolonged,
duration of viable virus is relatively short-lived. Thus, detection of viral RNA cannot be used to infer
infectiousness. High SARS-CoV-2 titres are detectable in the first week of illness with an early
peak observed at symptom onset to day 5 of iliness. This review underscores the importance of
early case finding and isolation, as well as public education on the spectrum of iliness. However,
given potential delays in the isolation of patients, effective containment of SARS-CoV-2 may be

challenging even with an early detection and isolation strategy.
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INTRODUCTION

Viral load kinetics and the duration of viral shedding are important determinants for disease
transmission. They determine the duration of infectiousness which is a critical parameter to inform
effective control measures and disease modelling. While a number of studies have evaluated
SARS-CoV-2 shedding, viral load dynamics and duration of viral shedding reported across studies
so far have been heterogenous.! In several case series with serial respiratory sampling, peak viral
load was observed just before, or at the time of symptom onset.>* Viral ribonucleic acid (RNA)
shedding was reported to be persistent in the upper respiratory tract and in faeces, for over one
month after illness onset.! However, the duration of SARS-CoV-2 RNA detection has not been well
characterised. A comprehensive understanding of viral load dynamics, length of viral shedding,

and how these relate to other factors, such as age and disease severity is lacking.

The aim of this systematic review and meta-analysis was to i) characterise the viral load dynamics
of SARS-CoV-2, duration of viral RNA shedding by reverse transcriptase polymerase chain
reaction (RT-PCR) and viable virus shedding in various body fluids and ii) compare SARS-CoV-2

viral dynamics with that of SARS-CoV-1 and MERS-CoV.
METHODS
Search Strategy

We retrieved all articles reporting viral dynamics and/or the duration of shedding of SARS-CoV-2,
SARS-CoV-1 or MERS-CoV in various specimens through systematic searches of major
databases including Medline, EMBASE, Europe PMC, pre-print databases (MedRxiv, BioRxiv) and
the grey literature from 1 January 2003 to 6" June 2020 using Medical Subject Headings (MeSH)
terms (Supplementary Material). We also manually screened the references of included original
studies to obtain additional studies. Studies prior to 2003 were excluded since the first recognised

case of SARS-CoV-1 was identified in March 2003.

This systematic review was registered in PROSPERO on 29" April 2020 (CRD42020181914) and

will be updated in three monthly intervals as a living systematic review.

Study Selection
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82  Studies were eligible if they met the following inclusion criteria: (1) report on SARS-CoV-2, SARS-
83  CoV-1or MERS-CoV infection and (2) report viral load kinetics, duration of viral shedding or viable
84  virus. We excluded: (1) review papers; (2) animal studies; (3) studies on environmental sampling;
85  (4) case reports and case series with < 5 participants, due to likely reporting bias; (5) papers where
86 the starting point of viral shedding was not clear or reported from post-discharge and (6) modelling

87  studies with no original data.
88  Data Extraction

89  Two authors (MT and OL) screened and retrieved articles according to the eligibility criteria. Four
90 reviewers (MT, OL, JS, MC) performed full text review and final article selection. From each study,
91 the following variables were extracted as a minimum: name of first author, year of publication, city
92 and country, sample size, median age, sex ratio, time from symptom onset to viral clearance
93 detected by RT-PCR and culture in different specimens, and longest reported time to viral
94  clearance. If these data were not reported, we also contacted the authors to request the data. If
95 available, we extracted data on peak viral load, clinical outcome, and reported factors associated

96  with duration of viral shedding.
97 Risk of bias in included studies

98 Two authors (OL and JS) independently assessed study quality and risk of bias using the Joanna
99  Briggs Institute (JBI) Critical Appraisal Checklist tools,® which comprise standardised checklists,
100 for the different study designs included in this review. Any disagreements regarding grading of

101  quality were resolved through discussion with a third author (MC).
102  Meta-Analysis

103  For every study included, mean duration of viral shedding and 95% confidence interval (Cl) were
104  calculated. The random-effects model (DerSimonian or Laird) was applied to estimate a pooled
105  effect size. Forest plots illustrated the detailed representation of all studies based on the effect size
106 and 95% CI. If not reported, means and standard deviations were derived from sample size,
107  median, interquartile range (IQR), minimum and maximum values.® Heterogeneity between studies

108  were quantified by the 1? index and Cochran’s Q test. Publication bias was not assessed as usual
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appraisal methods are uninformative when meta-analysed studies do not include a test of
significance. A weighted meta-regression using an unrestricted maximum likelihood model was
performed to assess the impact of potential moderators on the pooled effect size (P-values <0.05
were considered significant). All statistical analyses were performed using Comprehensive Meta-

Analysis (CMA) version 3 software (Biostat, Englewood, mNJ).
RESULTS

The systematic search identified 1486 potentially relevant articles. Three hundred and fifty articles
were retrieved for full text review. After reviewing the eligibility criteria, a total of 79 studies on

SARS-CoV-2, eight on SARS-CoV-1, and 11 on MERS-CoV were included (Figure 1).
Summary of SARS-CoV-2 studies

Of the 79 papers included, 58 studies were conducted in China (Table 1). Six studies included
outpatient or community cases, the remainder comprised hospitalised patients only. Six studies
reported viral load dynamics exclusively in children.”'? Two additional studies included children,
but data on viral load dynamics were presented in aggregate with adults.'>'* One study reported

findings in renal transplant patients.®

Median duration of viral shedding

In total, 61 studies reported median or maximum viral RNA shedding in at least one body fluid
and six studies provided duration of shedding stratified by illness severity only. Of those, 43
(3229 individuals) reported duration of shedding in upper respiratory tract (URT), seven (260
individuals) in lower respiratory tract (LRT), 13 (586 individuals) in stool, and 2 studies (108
individuals) in serum samples were eligible for quantitative analysis. Means viral shedding
durations were 17.0 days (95% Cl, 15.5-18.6), 14.6 days (95% ClI, 9.3-20.0), 17.2 days (95% ClI,
14.4-20.1) and 16.6 days (95% CI, 3.6-29.7), respectively (Figures 2 to 5). Maximum duration of

RNA shedding reported in URT, LRT, stool and serum was 83, 59, 35 and 60 days, respectively.

Studies reporting duration of viral shedding in URT and stool samples were eligible for meta-

regression analysis. Pooled mean viral shedding duration was positively associated with age


https://doi.org/10.1101/2020.07.25.20162107
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2020.07.25.20162107; this version posted July 28, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

135  (slope: +0.304; 95% CI, +0.115 to +0.493; p = 0.002 Fig 6), but not gender (p = 0.277,

136  Supplementary Fig 3). When adjusted for the proportion of male subjects in a multivariable

137  analysis, mean age was positively associated with the mean duration of viral shedding in URT
138  specimens (p = 0.003). There was a positive but non-significant association between mean age

139  and duration of shedding in stool (p=0.37) (Supplementary Fig 4).

140 Peak viral load

141  The majority of studies evaluating SARS-CoV-2 viral load in serial URT samples demonstrated
142  peak viral loads within the first week of symptom onset. 2481%-24 The highest viral loads were
4,18,20,22

143  reported either soon after or at the time of symptom onset?®182324 or at day 3-5 of illness

144  followed by a consistent decline.

145  Five studies that evaluated viral load dynamics in LRT samples observed a peak viral load in the
146  second week of iliness.* 18202325 |n contrast, the dynamics of SARS-CoV-2 shedding in stool is

147  more erratic, with highest viral loads reported on day 7,'® 2-3 weeks,?+2°

and up to 5-6 weeks
148  after symptom onset.22> While several studies reported significantly higher viral titres in stool
149  compared to respiratory samples,®?% Huang et al. reported lower viral load in stool than in both
150  LRT and URT samples early in the disease course.?3

151

152  Severity and association with duration of viral shedding

153  In total, 20 studies evaluated duration of viral RNA shedding based on disease severity. The
154  majority (n=13) reported longer duration of viral shedding in patients with severe iliness than

18,25-36

155 those with non-severe illness, while five studies reported similar shedding durations

17.19.37-39 3nd one study in stool samples. “° Only

156  according to disease severity in URT samples
157  one study reported shorter viral shedding in moderate to severe illness compared to mild to
158  moderate iliness.*' Six studies have performed comparative analysis based on severity of
159 illness;'82527.2838.39 the majority (n=5) demonstrated significantly longer duration of shedding
160 among the severe illness group compared to the non-severe patients and only one study

161  observed no difference.®® (Table 2).
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Other factors associated with prolonged shedding

All but one study*? (n=10) that examined the impact of age on SARS-CoV-2 shedding identified
an association between older age and prolonged viral RNA shedding.?5:26:28:33,37-39.43-45 Threg
studies identified age as an independent risk factor for delayed viral clearance.?>26:3¢ Male sex

25,38,46

was also associated with prolonged shedding, and the association remained significant

even when patients were stratified based on illness severity.25*8 Corticosteroid treatment was

33,38,47,48

associated with delayed viral clearance in four studies, and one study that recruited 120

critically ill patients, found no difference between corticosteroid and control groups.*®

In a phase 2 open-label study evaluating interferon beta-1b, lopinavir—ritonavir, and ribavirin a
shorter duration of viral shedding was seen with combination treatment compared to the
control.%° None of the antiviral regimens (chloroquine, oseltamivir, arbidol, and lopinavir/ritonavir)
independently improved viral RNA clearance.?®%" In a retrospective study of 284 patients,
lopinavir/ritonavir use was associated with delayed viral clearance even after adjusting for

confounders.?®
Asymptomatic SARS-CoV-2 shedding

Twelve studies reported on viral load dynamics and/or duration of viral shedding among patients
with asymptomatic SARS-CoV-2 infection (Table 3); two demonstrated lower viral loads among

852 \while four studies found similar

asymptomatic patients compared to symptomatic patients,
initial viral loads. '>145354 However, Chau et al reported significantly lower viral load in

asymptomatic patients during the follow up compared to symptomatic patients.>® Faster viral
clearance was observed in asymptomatic individuals in five out of six studies.'328.53555 The

exception Yongchen et al., found longer shedding duration among asymptomatic cases, but the

difference was not significant.3®
Live virus detection

We identified 11 studies that attempted to isolate live virus. All eight studies that attempted virus
isolation in respiratory samples successfully cultured viable virus within the first week of illness,

9.17.20.54.57-60 N live virus was isolated from any respiratory samples taken after day 8 of symptoms
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20.57.%8 or beyond day 9 in two studies'”®* despite persistently high viral RNA loads.

189 inthree studies,
190  One study demonstrated the highest probability of positive culture on day 3 of symptoms.®” Arons
191 et al. cultured viable virus 6 days before typical symptom onset, however onset of symptom was

192  unclear.®*

193  The success of viral isolation correlated with viral load quantified by RT-PCR. No successful viral
194  culture was obtained from samples with a viral load below 10° copies/ml, 2° Ct values >24,%
195  or >34,%458 with culture positivity declining with increasing Ct values.%® Several other studies
196  cultured live virus from RT-PCR positive specimens; however, they did not correlate these results

197  with viral load titres.®%%6°

198  Only one study reported the duration of viable virus shedding in respiratory samples; the median
199  time to clearance from URT and LRT samples was 3.5 and 6 days, respectively.?’ Arons et al.

200 cultured viable virus in one out of three asymptomatic cases from the respiratory tract.>*

12061 culture was successful in two of

201  Of 3 studies attempting to isolate viable virus from stoo
202  three RNA-positive patients in one study, but the time points from symptom onset were not

203  reported.®? Andersson et al. failed to culture virus from 27 RT-PCR positive serum samples.5?
204  Summary of SARS-CoV-1 and MERS studies

205  Eight studies on SARS-CoV-1 were included; the majority of studies did not report mean or median
206  duration of viral shedding thus, were not eligible for quantitative analysis. The maximum duration
207  of viral shedding reported was 8 weeks in URT,%4%% 52 days in LRT,%"%* 6-7 weeks in serum,®®

208 and 126 days in stool samples.6"6467-69

Dialysis patients had longer viral shedding in stool
209  compared to non-dialysis patients.®® Studies that have evaluated SARS-CoV-1 kinetics found low
210 viral load in the initial days of illness, increasing after the first week of illness in URT samples,
211  peaking at day 10,7° or day 12-14,%” and declining after week 3-4.%° High viral loads correlated with
212  severity of iliness® and poor survival.?® While Chen et al. identified an association between
213 younger age and lower viral titers, ® Leong et al. found no difference.®® Viable SARS-CoV-1 was
6_64,66

214  isolated from stool and respiratory samples up to 4 weeks, and urine specimens up to day 3

215  All attempts to isolate virus from RT-PCR-positive stool specimens collected >6weeks after
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disease onset failed.®! The isolation probability for stool samples was approximately 5 to 10

times lower compared to respiratory specimens.5

We identified 11 studies on MERS-CoV. Three studies (324 subjects) reporting MERS-CoV
shedding in URT and four studies (93 subjects) in LRT were included in the quantitative analysis.
The mean shedding duration was 15.3 days (95% CI, 11.6 — 19.0) and 16.6 days (95% CI, 14.8 —
18.4), respectively (Supplementary Figures 1 and 2). Only one study reported duration of viral
shedding in serum with a median of 14 days and max of 38 days.”" In a small study, mortality rates
were higher in patients with viraemia.”? In URT and LRT specimens, prolonged shedding was

7374 and survival’® with the shortest duration observed in

associated with illness severity
asymptomatic patients.”®> Peak viral loads were observed between days 7 to 10 and higher viral
loads was observed among patients with severe illness and fatal outcome.”"737476.77 Differences
in viral loads between survivors and fatal cases was more pronounced in the second week of

illness (P< .0006).”” The proportion of successful viable culture was 6% in respiratory samples

with a viral load values below 10”copies/ml.”®
Qualitative analysis

All but 11 studies (6 cohort studies, 2 cross-sectional studies, and 1 RCT on SARS-CoV-2 and 2
cohort studies on MERS-CoV) were case series, the majority of which recruited non-consecutive

patients and therefore prone to possible selection bias. (Supplementary Table 1)
DISCUSSION

This systematic review and meta-analysis provide comprehensive data on the viral dynamics of
SARS-CoV-2 including the duration of RNA shedding and viable virus isolation. Our findings
suggest that while patients with SARS-CoV-2 may have prolonged RNA shedding, median time
to live virus clearance from upper and lower respiratory tract samples were 3.5 days and 6 days
respectively. No live virus isolated beyond day nine of symptoms despite persistently high viral
RNA loads, thus emphasising that the infectious period cannot be inferred from the duration of

viral RNA detection. This finding is supported by several studies demonstrating a relationship
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between viral load and viability of virus, with no successful culture from samples below a certain

viral load threshold.

SARS-CoV-2 viral load appears to peak in the URT within the first week of iliness, and later in
the LRT. In contrast, peaks in SARS-CoV-1 and MERS-CoV viral loads in the URT occurred at
days 10-14 and 7-10 days of illness, respectively. Combined with viable isolation in respiratory
samples within the first week of iliness, patients with SARS-CoV-2 infection are likely to be most
infectious in the first week of iliness. Several studies report viral load peaks during the prodromal

phase of illness or at the time of symptom onset, 24816-23

providing a rationale for the efficient
spread of SARS-CoV-2. This is supported by the observation in contact tracing studies that the
highest risk of transmission occurs during the prodromal phase or early in the disease
course.”8 No secondary cases were identified beyond 5 days after the symptom onset.®

Although modelling studies estimated potential viral load peak before symptom onset, we did not

identify any study that confirms pre-symptomatic viral load peak.'®

Emerging evidence suggests a correlation between virus persistence and disease severity and
outcome. 825272938 Thjg js consistent with the viral load dynamics of influenza, MERS-CoV, and
SARS-CoV-1 whereby severity of illness was also associated with prolonged viral
shedding.”>7482 However, more studies are needed to understand the duration of viable virus in

patients with severe illness.

Similar to SARS-CoV-1, SARS-CoV-2 can be detected in stool for prolonged periods, with high
viral loads detected even after 3 weeks of illness. A clear difference between SARS-CoV and
MERS-CoV is the detection of viral RNA in stool. In SARS-CoV-1, RNA prevalence in stool
samples was high, with almost all studies reporting shedding in stool. Although viable SARS-CoV-
1 was isolated up to 4 weeks of iliness, faecal-oral transmission was not considered to be a primary
driver of infection. Whereas in MERS-CoV, none of the studies reported duration of viral shedding
in stool and RNA detection was low.””# To date, only a few studies demonstrated viable SARS-

CoV-2 in stool.5284 Thus, the role of faecal shedding in viral transmission remains unclear.

Although viral loads at the start of infection appear to be comparable between asymptomatic and

symptomatic patients infected with SARS-CoV-2, most studies demonstrate faster viral clearance
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among asymptomatic individuals. This suggests similar transmission potential among both
groups at the onset of infection, but a shorter period of infectiousness in asymptomatic patients.
This is in keeping with viral kinetics observed with other respiratory viruses such as influenza and
MERS-CoV, in which people with asymptomatic infection have a shorter duration of viral
shedding than symptomatic individuals. ">2° However, there are limited data on the shedding of

infectious virus in asymptomatic individuals to quantify their transmission potential.

We identified a systematic review of SARS CoV-2 viral load kinetics that included studies
published up until 12 May 2020.% This review included many studies that did not meet our
eligibility criteria, including 26 case reports and 13 case series involving <5 individuals; these are
prone to significant selection bias, reporting atypical cases with prolonged viral shedding.
Additionally, the review included studies that reported viral shedding duration from the time of
hospital admission or initial PCR positivity, rather than symptom onset. Furthermore, no meta-

analysis of the duration of viral shedding was performed.

This is the first study that has comprehensively examined and compared SARS-CoV-2, SARS-
CoV-1 and MERS-CoV viral dynamics and performed a meta-analysis of viral shedding duration.
Our study has limitations. First, some patients in the included studies received a range of
treatments, including steroids and antivirals, which may have modified the shedding dynamics.
Second, most of the included studies are case series, which are particularly vulnerable to
selection bias. Third, our meta-analysis identified substantial study heterogeneity, likely due to
differences in study population, follow up and management approaches. Further, shedding
duration is reported as median + IQR for most studies, but meta-analysis necessitates
conversion to mean + SD.® The validity of this conversion is based on the assumption that

duration of viral shedding is normally distributed, which may not apply to some studies.

In conclusion, although SARS-CoV-2 RNA shedding can be prolonged in respiratory and stool
samples, the duration of viable virus is short-lived, with culture success associated with viral load
levels. No study has reported live SARS-CoV-2 beyond day nine. Most studies detected the
SARS-CoV-2 viral load peak within the first week of illness. These findings highlight that isolation

practices should be commenced with the start of first symptoms including mild and atypical
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298  symptoms that precede more typical COVID-19 symptoms. This systematic review underscores
299 the importance of early case finding and isolation, as well as public education on the spectrum of
300 illness. However, given potential delays in the isolation of patients, effective containment of

301 SARS-CoV-2 may be challenging even with an early detection and isolation strategy.®’
302
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316

Table 1: Summary of included studies

Study

SARS-CoV-2

Geographical
location

Study setting

Study design

Number of
patients

Age
Median (IQR)

Male sex

N (%)

Specimen types

Anderssonet  Oxford, UK Hospital Case series 167 56 (46-76) 89 (53) Serum
al. &
Arons et al.>*  King’s County, USA  Care home Cross-sectional 46 78.6 £ 9.5%* NR URT
Bullard et al.>” Manitoba, Canada Hospital Case series 90 45 (30-59) 44 (49) Respiratory
samples (not
specified)
Caietal.” Shanghai/ Hefei/ Hospital Case series 10 6 4 (40) LRT, blood, stool,
Qingdao, China urine
Cai et al.?® Shenzhen, China Hospital Case series 298 47 (33-61) 149 (50) URT
Changetal.®  Bejing, China Hospital Case series 16 35.5 (24-53) 11 (69) URT
Chau et al.”® Ho Chi Minh City, Hospital Case series 30 29 (16-60) 15 (50) URT
Vietnam
Chen et al.” Shanghai, China Hospital Case series 249 51 (36-64) 126 (51) URT
Chenetal.®®  Wuhan, China Hospital Case series 25 51.4 +16.6* 11 (44) URT
Chen et al.?® Guangzhou, China Hospital Case series 284 48 (33-62) 131 (46) URT
Chenetal. ?® Wuhan, China Hospital Case series 42 51 15 (36) URT, stool, urine
Corman et Germany Hospital Case series 18 NR 12 (67) Blood
al.%®
Fan et al.>° Shenyang, China Hospital Case series 55 46.8 30 (55) URT, sputum
Fang et al.3! Xiangtan, China Hospital Case series 32 41 16 (50) URT, stool, blood
Fu et al.’! Huazhong, China Hospital Case series 50 64 (37-87) 27 (54) URT
Han et al.® Chonggqing, South Hospital Case series 12 6.5 (0.007-16) 5(42) URT, stool
Korea
He et al.® Guangzhou, China Hospital Case series 94 46 47 (50) URT
Hu et al.®’ Qingdao, China Hospital Case series 59 46 (33-57) 28 (47) URT
Hu et al.>® Nanjing, China Hospital Case series 24 32.5(21-57) 8(33) URT
Huang et al.’!  Guangzhou, China Hospital Case series 27 NR 12 (44) URT
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Huang et al.2®>  Wenzhou, China Hospital Case series 33 47 (range 2-84) 17 (52) URT, LRT, stool

Huang et al.®>  Wuhan, China Hospital Retrospective cohort 200 58+ 17* 115 (48) URT

Hung et al.>° Hong Kong Hospital RCT 127 52 (32-62) 68 (54) URT, stool

Kim et al.* Soeul/ Incheon/ Hospital Case series 28 40 (28-54) 15 (54) URT, LRT
Seongna, South
Korea

Kujawski et 6 states, USA Hospital Case series 12 53 (range 21- 8 (75) URT, LRT, stool,

al.V’ /Outpatient 68) blood, urine

L’Huillier et Geneva, Hospital Case series 23 12 (3.8-14.5) NR URT

al.® Switzerland

La Scola et France Hospital Case series 155 NR NR URT, LRT

al.>®

Lavezzoetal. Vo', Italy Community Cross-sectional Only sample # Mixed Mixed URT

14 reported

Le et al.>® Hanoi, Vietham Hospital Case series 12 29.5*% 3(25) URT

Li et al.® Wuhan China Hospital Case series 36 57.5 (52-65) 23 (64) URT

Liang et al.*® Wuhan, China Hospital Case series 120 61.5 (47-70) 68 (57) URT

Ling et al.*’ Shanghai, China Hospital Case series 66 44 (16-778) 38 (58) URT, stool,

blood, urine

Liuetal. ®* Wuhan, China Hospital Case series 238 55 (38.3-65) 138 (58) URT

Liu et al.3? Nanchang, China Hospital Case series 76 48.3 48 (63) URT

Lo et al.® Macau, China Hospital Case series 10 54 (27-64) 3(30) URT, LRT, stool,

urine

Lou B et al.*® Zhejiang, China Hospital Case series 80 55 (45-64) 50 (69) LRT

Pongpirul et Bangkok, Thailand Hospital Case series 11 61 (28-74) 6 (55) URT

al.?

Qian et al.%® Ningbo, China Hospital Case series 24 NR NR URT

Quan et al.” Wuhan/Shenzhen/  Hospital Case series 23 60.3 £15.3* 23 (100) Prostatic

Xiangyang, China

secretions all
negative (URT)



https://doi.org/10.1101/2020.07.25.20162107
http://creativecommons.org/licenses/by-nc/4.0/

Sakurai et Aichi, Japan Hospital Case series 90 59.5 (36-68) 53 (59) URT
al.®
Seah etal.!®  Singapore Hospital Case series 17 NR NR Tears
Shastri etal.?® Mumbai, India Reference lab Case series 68 37 (range 3-75) 48 (71) URT
Shi et al.3® Wouhan, China Hospital Case series 246 58 (47-67) 126 (51) URT
Song etal.l®®  Nanjing, China Hospital Case series 13 22-67 (range 13 (100) URT, semen,
only) testicular sample
Song et al. 12 Beijing, China Hospital/Outpatie  Case series 21 37 (21-59.5) 8(38) URT
nt
Talmy et al.** Ramat Gan, Israel Outpatient Case series 119 21 (19-25) 84 (71) URT
Tanetal. 3 Chongging, China Hospital Case series 142 NR NR URT
Tan et al.® Chonggqing, China Hospital Case series 67 49 (10-77) 35(52) URT, LRT, stool,
blood, urine
Tan et al.X? Changsha, China Hospital Case series 10 7 (1-12) 3(30) URT, stool
Tianetal. Beijing, China Hospital/Outpatie  Case series 75 41.5 (range 0.8 42 (56) Respiratory tract
nt —88)* sample (not
specified further)
Toetal.?® Hong Kong, China Hospital Case series 23 62 (37-75) 13 (57) URT, stool,
blood, urine
Toetal. ° Hong Kong, China Hospital Prospective Cohort 12 62.5 (37-75) 7 (58) URT (saliva)
Tu et al. 13 Anhui, China Hospital Case series 40 Viral shedding 21 (53) URT
<10 days:
40.86 £ 8.26
Viral shedding
>10 days:
45,5+ 14.60
Wang et al.1®  Henan, China Hospital Case series 18 39 (29-55) 10 (56) URT
Wang et al.1®  Jinhua, China Hospital Case series 17 42 +17* 10 (59) URT, stool
Welfel etal.?%  Munich, Germany Hospital Case series 9 NR NR URT, blood, urine
Wu et al.1% Hainan, China Hospital Case series 91 50 (range 21- 52 (57) URT, stool

83)*
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Wu et al.! Qingdao, China Hospital Case series 74 6(0.1-15.08 44 (59) Stool
range)
Wu et al.*° Zhuhai, China Hospital Case series 74 43.8* 35 (47) Stool
Wyllie et al.2?  New Haven, USA Hospital Case series 44 61 (23-92 23 (52) URT (saliva)
range)*
Xiao et al. ¥ Wouhan, China Hospital Case series 56 55 (42-68) 34 (61) URT
Xiao et al.5? Guangzhou, China Hospital Case series 28 Stool
Xuetal. 3 Shenzhen/ Hospital Retrospective Cohort 113 52 (42-63) 66 (58) URT
Zheijang, China
Xu et al.>%? Shenyang, China Hospital Case series 14 48 +13.4* 7 (50) URT, LRT, serum,
conjunctiva
Xu et al. 2 Guangzhou, China Hospital Case series 10 6.6 6 (60) URT, rectal swab
Yan et al.?® Hubei, China Hospital Case series 120 52 (35-63) 54 (45) URT
Yang et al.5® Wuhan, China Hospital Case series 78 Symptomatic: Symptomatic:3  URT
(45 56 (34-63) 1 (40)
symptomatic) Asymptomatic: = Asymptomatic:
37 (26-45) 11 (33)
Yang et al.l®  Shenzhen, China Hospital Case series 213 52 (range 2-86) 108 (51) URT, LRT
Yongchen et Nanjing, Xuzhou, Hospital Case series 21 37 13 (62) URT, stool
al.3® China
Young et al.22  Singapore Hospital Case series 18 47 9 (50) URT, stool,
blood, urine
Zha et al.®® Wuhu, China Hospital Case series 31 39 (32-54) 20 (65) URT
Zhang et al.2*  Beijing, China Hospital Case series 23 48 (40-62) 12 (52) URT, stool,
blood, urine
Zhangetal.'®*  Shenzhen, China Hospital Case series 56 Mixed Mixed URT, stool
Zheng et al.”>  Zhejiang, China Hospital Retrospective Cohort 96 53 (33.4-64.8) NR LRT, stool, blood,
urine
Zhou et al.*? Wouhan, China Hospital Case series 41 58 (48-62) 22 (54) URT
Zhouetal.?*  Wuhan, China Hospital Case series 191 56 (46-67) 119 (62) URT
Zhou et al.*? Guangzhou, China Hospital Case series 31 45 (33-60) 4 (44) URT
37 (28-57) 6(27)
Zhuetal. ®® Wuhan, China Hospital Case series 10 49.5 8 (80) URT
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Zou et al.?

SARS-CoV-1

Zhuhai, China

Hospital/outpatie

nt

Case series

59 (range 26-
76)

9 (50)

URT

Chan et al.®* Hong Kong, China Hospital Case series 415 11.3+4.1* 132 (33) URT, LRT, stool,
37.1+11.2% urine
Chen et al.®® Taiwan Hospital Case series 108 Stratified 95 URT
Chengetal.®?”  HongKong, China Hospital Case series 1041 NR NR URT, LRT, stool,
urine
Kwan et al.®® Hong Kong, China Hospital Case series 12 dialysis Dialysis: 58 6 (50) URT, stools,
33 controls (range 34-74);* urine
Controls: 57
(range 34-75)
Liu et al.®? Beijing, China Hospital Case series 56 31 (male) 31 (55) LRT, stool
34 (female)
Leongetal.®®  Singapore Hospital Case series 64 35.2(17-63 16 (25) URT, stool,
range)* blood, urine
Peirisetal.”® Hong Kong, China Hospital Case series 75 39.8 (SD 12.2) 0.92 URT
Xu et al.1® Beijing, China Hospital Case series 54 NR NR LRT, blood, urine
MERS-CoV
Al Hosani et Abu Dhabi, UAE Hospital/commun  Case series 65 20-59 43 (66) LRT
al.” ity
Al-Jasser et Riyadh, Saudi Hospital Case series 167 46.71* 142 (57) URT
al.110 Arabia
Alkendi et Tawam/Al Ain, UAE  Hospital Case series 58 43.5 41 (71) URT
a|.111
Arabi et al.”® Saudi Arabia Hospital Cohort 330 58 (44-69) 225 (68) URT
Corman et Riyadh, Saudi Hospital Case series 37 69 (24-90)* 27 (39) URT, LRT, stool,
al.”’ Arabia blood, urine
Hong et al.”® Seoul, South Korea  Hospital Case series 30 49* 19 (63) Blood
Min et al.”* Seoul/others, South  Hospital Case series 14 62 6 (35) LRT, serum
Korea
Muth et al.”® Riyadh, Saudi Hospital Case series 32 66 (24-90) 24 (75) LRT
Arabia
Ohetal.” Seoul, South Korea  Hospital Case series 17 NR NR URT, LRT, serum
Park et al.1*? Seoul, South Korea  Hospital Case series 17 NR NR URT, LRT
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317
318

319
320
321
322
323
324
325
326
327
328
329
330
331
332

Shalhoub et Jeddah, Saudi Hospital Retrospective cohort 32 65 14 (44) LRT, serum
al.” Arabia

Abbreviations: UK, United Kingdom, USA; United States of America; UAE, United Arab Emirates; RCT, randomised controlled trial; URT, upper respiratory
tract; LRT, lower respiratory tract; NR, not reported.

* Mean * standard deviation (or range if stated).
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333  Table 2: Severity of illness and viral dynamics

Study Classification Median Viral dynamics in severe P-value
of severity duration patients compared to non-
- days severe patients
(IQR)
Chen et al.?” ICU vs. non- 11 Median time to viral clearance Only HR
ICU patients significantly longer in ICU vs. non- provided
ICU patients (HR=3.17, 95% ClI,
2.29-4.37)
Chen et al % China CDC 12 (8-16)  Shedding duration varies by <0.0001
guideline severity: asymptomatic 6 days;
(version 7) mild 10 days; moderate 12 days;
serious 14 days; critical 32 days
Tan et al.™® China CDC NP: 12 Viral shedding significantly longer p=0.023
guideline Any in severe patients: any sample 23  (any
(version 6) sample: vs. 20 days sample)
22 (note NP: 14 vs. 11 days — non-
significant)
Xu et al.®® WHO criteria 17 (13-32)  Higher proportion of severe 0.49

patients had shedding >21 days
(34.2% vs.16.2%)

Yan et al. % China CDC 23 (18-32) No difference in shedding duration 0.51
guideline (general 23 days vs. severe 26
(version 6) days vs. critical 28 days)

Zheng et al.® China CDC Resp: Shedding duration significantly p=0.04
guideline 18 (13-29) longer in severe patients (21 vs 14
(version 6) days) in respiratory samples.

No difference in shedding duration
in stool/serum

334  Abbreviations: IQR, interquartile range; ICU, intensive care unit; HR, hazard ratio; CDC, Centers

335 for Disease Control and Prevention; WHO, World Health Organization.

336

337

338

339

340

341

342


https://doi.org/10.1101/2020.07.25.20162107
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2020.07.25.20162107; this version posted July 28, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

343  Table 3: SARS-CoV-2 viral dynamics in asymptomatic patients compared to symptomatic
344  patients

Median Viral dynamics in asymptomatic patients P-value
duration — compared to symptomatic patients
days (IQR)
Arons et al.> NR No difference in viral load NS
Chau et al.5® NR Initial viral load similar. Asymptomatic patients 0.027

had significantly lower viral load during the
follow up compared to symptomatic patients
and faster viral clearance in asymptomatic,
compared to symptomatic individuals

Chen et al.?® 6 (3.5-10)  Significantly shorter duration of viral shedding <0.0001
among asymptomatic cases (median 6 days,
IQR 3.5-10), with increasing shedding duration
associated with increasing illness severity

Han et al.® NR Symptomatic children had higher initial RNA 0.048
load in nasopharyngeal swab specimens than
asymptomatic children (9.01 vs. 6.32 log+o
copies/mL; p = 0.048).

Hu et al.>® 6 (2-12) Asymptomatic patients had shorter duration of ~ NR
viral shedding compared to pre-symptomatic
patients (median duration of SARS-CoV-2
positivity was 6.0 (2.0 - 12.0) compared to 12.0

(12.0 - 14.0))
Lavezzo et al.'* NR No difference in viral load NS
Le et al.>® 9 NR N/A
Sakurai et al.*? 9 (6-11) NR N/A
Yang et al.%® 8 (3-12) Significantly shorter duration of viral shedding P=.001

from nasopharynx swabs was observed among
asymptomatic compared to symptomatic
patients

Yongchen et al.®® 18 (5-28) Longer shedding duration among asymptomatic NS
cases (median 18 days, range 5-28), compared
to non-severe (10 days, range 2-21) and severe
(14 days, range 9-33) cases

Zhang et al.™® 9.63 Initial viral load similar, viral clearance occurred
earlier in the asymptomatic (9.6 days) and
symptomatic individuals (9.7 days, compared to
pre-symptomatic group (13.6 days)

Zhou et al.>? NR Significantly higher viral load in symptomatic
(n=22) compared to asymptomatic (n=9)
patients (median cycle threshold (Ct) value 34.5
vs. 39.0, respectively) but duration of shedding
was similar

345  Abbreviations: IQR, interquartile range; RNA, ribonucleic acid; NR, not reported; NS, non-

346  significant; N/A, not applicable
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Screening Identification

Eligibility

Included

Figure 1. Flowchart describing study selection

Records identified through
MEDLINE and EMBASE
(n=948)

Records identified through pre-
print servers
(n=373)

Additional records identified
(n=165)

Records screened based on
title and abstract
(n=1486)

Records assessed for
eligibility
(n=350)

Records excluded
(n=1136)

Articles excluded
(n=252)
206 not eligible
17 duplicates

29 removed after discussion

Studies included

SARS-CoV-2
(n=79)

Studies included

SARS-CoV-1
(n =8)

Studies included

MERS-CoV
(n=11)

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting ltems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097. doi:10.1371/journal.pmed1000097

For more information, visit WWw.prisma-statement.org.
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Figure 2: Pooled mean duration (days) of SARS-CoV-2 shedding from the upper respiratory tract
(random-effects model).

Study name Statistics for each study Mean and 95% CI
Standard Upper  Lower Relative
Mean error  Variance limit  limit  Total weight
Fangetal. 19.3 02 00 187 188 32 I 253
CaiQetal, 123 02 00 126 119 28 ™ 253
Hu Xetal, 143 07 05 158 128 %% = 248
fam et al, 83 07 05 98 69 2 o 248
leetd. 75 1.0 09 94 586 12 = 244
Loeral, 182 15 21 21 153 10 - 234
Ling etal. 105 05 03 116 94 & ™ 250
Qian eral, 17 08 06 132 101 2 = 247
ViuYetal, 157 08 06 172 122 T4 B 247
XaoAea, 228 12 14 251 204 B - 240
XuKetd, 173 05 04 185 161 113 o 249
XuYerd, 8.0 12 15 84 38 10 - 239
Yongchenetd. 133 54 289 239 28 2 RN - 1.18
Young etal. 133 2.1 42 173 2 11 - 217
ZnouBetd. 37 19 36 /L 79 4 —- 221
ZnouFetd. 203 04 01 211 186 181 252

|
Znu et 250 45 02 B8 B2 10 P I— 1.81
Sakurai et &l 87 04 02 985 78 @ n 252
Toetal. 165 13 17 190 1o 2 - 238
Huang etal. 20 05 03 21 208 20 [ ] 250
LangMetal, 183 08 05 198 189 120 248
Shietal. 20 07 05 W& 265 245 [ | 248
Tamyeta, 210 08 07 26 194 119 247
Chenetal. 120 0 01 127 113 2 ] 252
FuZetal, 71 14 20 88 43 24 - 235
SongRetd. 273 31 98 35 22 2 —— 1.83
YagReta, 197 09 08 215 179 45 L4 245
ViuBeta 173 08 06 189 158 91 u 247
ZnangNeta. 95 08 07 112 78 2  J 245
FuSetdl, 00 18 4 BS BS 20 - 225
TanWeta, 158 10 08 s 139 & = 244
Kujawskietad 155 22 49 198 112 12 —i— 212
YanDetal. 23 1.0 08 282 24 120 = 244
YangYetd, 161 05 04 173 169 213 u] 250
Xuletd 120 15 22 148 91 14 - - 233
HuangJetd. 179 12 14 22 155 B m 240
Chendetad. 110 0.1 00 112 108 249 - 253
Changetal, e 12 15 118 7116 N 239
LiNeta. 539 15 27 574 07 % - 229
Pongpnil et 163 43 189 248 78 1 = 145
TanYetd 133 24 55 179 85 10 - 208
WangLeta, 180 15 22 188 131 18 ™ 233
Znaetdl. 138 05 04 151 126 31 - 249
17.0 08 06 186 155 3229
0 20 40
Days of viral shedding

Note: the overall effect is plotted as a black square.

Test for heterogeneity: Q-value = 4076,08, df(Q) = 42, p < 0.001, 1? = 99%.
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Figure 3: Pooled mean duration (days) of SARS-CoV-2 shedding from the lower respiratory tract
(random-effects model).

Study name Statistics for each study Mean and 95% Cl

Standard Upper Lower Relative

Mean error Variance limit limit Total weight
Zhengetal.  20.0 1.2 15 224 176 96 14.52
Caietal. 118 2.1 46 16.0 75 10 » 13.70
Kim et al. 6.2 08 07 78 46 28 [ | 14.77
TanWetal. 19.0 0.9 09 208 172 67 14.70
Kujawskietal. 11.5 25 6.1 163 6.7 12 . 3 13.33
XulLetal 11.0 13 18 136 84 14 u 1445
HuangJetal. 22.7 12 15 250 203 33 14.53
14.6 27 75 200 9.3 260
0 20 40

Days of viral sheeding
Note: the overall effect is plotted as a black square.

Test for heterogeneity: Q-value = 203.3, df(Q) = 6, p < 0.001, 1> = 97%.

Figure 4. Pooled mean duration (days) of SARS-CoV-2 shedding in the blood (random-effects model).

Study name Statistics for each study Mean and 95% CI
Standard Upper Lower Relative
Mean error Variance limit limit Total weight
Zhengetal. 233 1.1 12 254 212 96 49.99
Kujawski et al 10.0 1.1 1.1 121 79 12 . 50.01
16.6 6.6 442 297 36 108
0 20 40

Days of viral shedding

Note: the overall effect is plotted as a black square.

Test for heterogeneity: Q-value = 77,6, df(Q) = 1, p < 0.001, 1> = 99%.
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Figure 5. Pooled mean duration (days) of SARS-CoV-2 shedding from the stool (random-effects

model).

Study name Statistics for each study Mean and 95% CI

Standard Upper Lower Relative

Mean error Variance limit limit Total weight
Zhengetal.  16.0 08 06 175 145 96 8.44
Caietal. 16.8 30 88 226 109 10 6.33
Loetal. 193 11 12 214 172 10 8.25
Ling et al. 9.8 04 02 105 90 66 8.59
WuYetal. 27.9 1.2 15 303 255 74 8.12
XuY etal. 17.0 30 92 230 110 10 6.25
Wang Setal. 188 26 69 239 136 17 6.71
WuBetal. 19.7 09 09 215 178 9 8.34
ZhangNetal. 17.8 1.3 16 202 1563 26 8.10
TanWetal. 158 06 04 170 145 67 8.50
Kujawskietal. 15.0 21 45 192 108 12 7.28
WuQ etal. 115 05 03 126 104 74 8.55
Huang Jetal. 20.2 28 77 256 147 33 6.55
17.2 14 21 201 144 586

0 20 40

Days of viral shedding

Note: the overall effect is plotted as a black square.

Test for heterogeneity: Q-value = 356.0, df(Q) = 12, p <0.001, 12 = 96.6%.

Figure 6. Meta-regression bubble plot of the impact of age on mean SARS-CoV-2 shedding from the
upper respiratory tract

Regression of Mean (Days of viral shedding of SARS-CoV-2 from URT) on Mean Age

70

60 —

50 —

40 —

30

20 —

Mean (Days of viral shedding)

Mean Age

URT: upper respiratory tract.

Note: the plot was built upon 41 studies (no data on mean age from the study of Qian et al.®). A
random-effects model was used.
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Background: The viral shedding time (VST) of SARS-CoV-2 mainly determines its
transmission and duration of infectiousness. However, it was heterogeneous in the
existing studies. Here, we performed a meta-analysis to comprehensively summarize
the VST of SARS-CoV-2.

Methods: We searched PubMed, Web of Science, MedRxiv, BioRxiv, CNKI, CSTJ,
and Wanfang up to October 25, 2020, for studies that reported VSTs of SARS-CoV-2.
Pooled estimates and 95% Cils for the VSTs were calculated using log-transformed
data. The VSTs in SARS-CoV-2 infections based on different demographic and clinical
characteristics, treatments and specimens were stratified by subgroup analysis.

Results: A total of 35 studies involving 3,385 participants met the inclusion criteria.
The pooled mean VST was 16.8 days (95% Cl: 14.8-19.4, > = 99.56%) in SARS-CoV-2
infections. The VST was significantly longer in symptomatic infections (19.7 days, 95% CI:
17.2-22.7, I° = 99.34%) than in asymptomatic infections (10.9 days, 95% Cl: 8.3-14.3,
2 = 98.89%) (P < 0.05). The VST was 23.2 days (95% Cl: 19.0-28.4, [ = 99.24%) in
adults, which was significantly longer than that in children (9.9 days, 95% CI: 8.1-12.2,
> = 85.74%) (P < 0.05). The VST was significantly longer in persons with chronic
diseases (24.2 days, 95% Cl: 19.2-30.2, 2 = 84.07%) than in those without chronic
diseases (11.5 days, 95% Cl: 5.3-25.0, /2 = 82.11%) (P < 0.05). Persons receiving
corticosteroid treatment (28.3 days, 95% Cl: 25.6-31.2, > = 0.00%) had a longer VST
than those without corticosteroid treatment (16.2 days, 95% Cl: 11.5-22.5, 2 = 92.27%)
(P = 0.08). The VST was significantly longer in stool specimens (30.3 days, 95%
Cl: 23.1-39.2, > = 92.09%) than in respiratory tract specimens (17.5 days, 95% Cl:
14.9-20.6, [ = 99.67%) (P < 0.05).

Conclusions: A longer VST was found in symptomatic infections, infected adults,
persons with chronic diseases, and stool specimens.

Keywords: viral shedding time, SARS- CoV-2, COVID-19, systematic review, meta-analysis
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INTRODUCTION

Coronaviruses (CoVs), belonging to Nidovirales order, have
caused three global outbreaks in the past 20 years. The first
epidemic was Severe Acute Respiratory Syndrome (SARS) caused
by SARS-CoV-1 in 2003, the second outbreak was Middle East
Respiratory Syndrome (MERS) caused by MERS-CoV in 2012,
and the third and most recent pandemic was Coronavirus
Disease 2019 (COVID-19) caused by SARS-CoV-2 (1, 2). As of
February 4, 2021, more than 104 million cases of COVID-19
have been reported with over 2.2 million deaths globally (3).
Pulmonary clinical manifestations are the most common clinical
presentations of COVID-19, such as fever, cough, shortness of
breath, sputum production, respiratory failure and even acute
respiratory distress syndrome (ARDS). Diarrhea, loss of smell or
taste, and other extra-pulmonary clinical manifestations can also
be found in some patients (4-7).

Persons infected with SARS-CoV-2 with long viral shedding
times (VSTs) have drawn considerable concern, which put
greater challenges and difficulties on epidemic prevention
and control (8-11). The VST is an important parameter for
judging hospital discharge, discontinuation of quarantine and
the effect of antiviral treatment for infectious diseases, which
mainly determines disease transmission and the duration of
infectiousness (12). However, the characteristics of the VST in
SARS-CoV-2 infections have not been well-clarified. Although
there have been many studies on the VSTs of SARS-CoV-2,
the results across studies so far have been heterogeneous (13,
14). A meta-analysis performed by Muge Cevik found that the
mean VST of SARS-CoV-2 in the upper respiratory tract, lower
respiratory tract, stool and serum was 17.0, 14.6, 17.2, and 16.6
days, respectively (15). However, a comprehensive summary of
VSTs in SARS-CoV-2 infections with different demographic and
clinical features is still lacking. Therefore, we performed a meta-
analysis to estimate the mean VST in SARS-CoV-2 infections
and explore the characteristics of VSTs in SARS-CoV-2 infections
based on different demographic features, clinical characteristics,
treatments and specimens.

MATERIALS AND METHODS

Our meta-analysis was strictly conducted in accordance with
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses Protocols (PRISMA-P) guidelines (16).

The Definition of the VST

The definition of the VST varied among the studies, so a unified
definition was made. We defined the VST as the time from illness
onset to viral shedding cessation. Illness onset was defined as
the first appearance of the symptoms for symptomatic infections
and the first positive RT-PCR results for asymptomatic infections.
Viral shedding cessation referred to the occurrence of the last
positive RT-PCR results or negative RT-PCR results.

Search Strategy and Selection Criteria
We searched PubMed, Web of Science, MedRxiv, BioRxiv, the
China National Knowledge Infrastructure Database (CNKI), the

China Science and Technology Journal Database (CSTJ), and
the Wanfang Database up to October 25, 2020, for studies that
reported VSTs of SARS-CoV-2. The details of the search strategy
are shown in Supplementary Table 1.

In this systematic review with no study design limit, studies
meeting the following inclusion criteria were eligible: (i) SARS-
CoV-2 infections were based on positive RT-PCR results; (ii)
the VSTs of SARS-CoV-2 infections including sample size, mean
and standard deviation (SD) could be obtained directly from the
original studies or by calculation; and (iii) the definition of the
VST in the original studies was consistent with our definition.

We excluded (i) duplicated data; (ii) case reports and case
series with <5 participants due to reporting bias; and (iii)
studies without original data (e.g., modeling studies and reviews).
Studies presenting VSTs with medians and interquartile ranges
(IQRs) or ranges were excluded to reduce the errors caused by
data conversion.

Screening, Data Extraction, and Quality

Assessment

After removing duplicates, two reviewers (DY and XZ)
independently performed the initial screening of titles and
abstracts to exclude studies that clearly contained no data for VST
of SARS-CoV-2. All retained full-text articles were scrutinized
against the eligibility criteria by two independent reviewers
(DY and XZ). Nine investigators (DY, XZ, CC, DJ, XL, YZ,
CH, YZ, and ZG) participated in the data extraction. And data
extraction from each study was performed by three independent
investigators. Disagreements and uncertainties were consulted
by SY to reach a consensus. The following data were extracted:
basic information of the studies (first author, publication time,
journal name, sample size), VSTs in SARS-CoV-2 infections
based on sex, age (adult and child), infection status (symptomatic
infection and asymptomatic infection), disease severity (severe
infection and non-severe infection), treatments (corticosteroid
treatment and antiviral therapy) and specimens (respiratory
tract specimens (RTS), upper respiratory tract specimens
(URTS), lower respiratory tract specimens (LRTS), stool and
serum). The cutoff point for classifying adults and children
was 18 years old. Asymptomatic infections referred to the
absence of any clinical symptoms throughout the disease course.
Non-severe infections included mild and moderate infections,
and severe infections included severe and critical infections.
Antiviral drugs included interferon, lopinavir/ritonavir,
abidor, ribavirin, chloroquine and hydroxychloroquine. URTS
included nasopharyngeal, oropharyngeal and oronasopharyngeal
swabs, and LRTS included sputum and bronchoalveolar
lavage fluid.

The overall VST of the total participants was extracted to
estimate the overall pooled VST. If studies did not report
the overall VST of the total participants, the stratified VSTs
were extracted to estimate the overall pooled VST. If a study
included more than one independent study population, each
population was extracted as a separate dataset in the meta-
analysis. When the same study reported the VSTs of multiple
specimens, the VSTs of the URTS were extracted to estimate
the overall pooled VST, and the VSTs of other specimens were
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displayed in the subgroup analysis. In subgroup analysis, only
studies having clear population characteristics were included
in the corresponding subgroup, and studies having no clear
information or mixed population group were included in the
unclassified group.

The scale recommended by the Agency for Healthcare
Research and Quality was used to assess the quality of the
included studies (17). The scale consists of 11 items, and 1 point
is given to each item when the conditions are met. It mainly
focuses on information source, inclusion and exclusion criteria,
study period, selection of participants, evaluation of subjective
outcomes/components, quality assurance, possible confounding
variables, handling of missing data, participants’ response rates
and completeness of data collection. According to the total score,
the studies were divided into low-(0-3), medium-(4-7) and high-
quality (8-11) groups. EndNote (version X9) was used to manage
the articles and citations.

Statistical Analysis

We first extracted the individual VSTs from the published
articles and found that the distribution type of the VST was
approximately in accordance with the log-normal distribution
by using P-P plots (Supplementary Figure 1). Then, we used the
method developed by McAloon C (18) to transform the original
VST data to make the data obey a normal distribution. We used
random-effects model to perform the meta-analysis due to the
high heterogeneity. Finally, we used the method developed by
McAloon C (18) to back-transform the point estimates and their
95% confidence intervals (CIs). The I-squared (I?) statistic was
used to evaluate the heterogeneity among the studies. Meta-
regression was used to quantify the sources of heterogeneity
and to explore the level of significance between subgroup
comparisons. We did not assess publication bias because usual
appraisal methods are uninformative when studies in the meta-
analysis do not include a test of significance. The data cleaning
and analysis were performed using the Microsoft Excel 2016 and
R version 3.2.3.

RESULTS

A total of 17,284 records were retrieved through a database
search. The titles and abstracts of 11,911 records were screened
after deleting duplicates, and then 526 records were selected for
full-text review. Finally, 35 full texts met the inclusion criteria
(Figure 1). This study included 35 observational studies and
involved 3,385 individuals infected with SARS-CoV-2, of which
2,955 were symptomatic infections and 338 were asymptomatic
infections (Table 1). According to the scale, 32 studies were of
high quality, 3 studies were of medium quality and none were of
low quality (Table 1 and Supplementary Table 2).

VSTs in SARS-CoV-2 Infections and
Subgroup Results Based on Clinical

Characteristics
The initial pooled estimate of the log-transformed VST in SARS-
CoV-2 infections was 2.82 (95% CI: 2.69-2.96) (Figure 2). The

pooled mean VST was 16.8 days (95% CI: 14.8-19.4) in SARS-
CoV-2 infections. The mean VST of symptomatic infections was
19.7 days (95% CI: 17.2-22.7), which was significantly longer
than that of asymptomatic infections (10.9 days, 95% CI: 8.3-
14.3) (P < 0.05). The mean VST was 24.3 days (95% CI: 18.9-
31.1) in severe patients and 22.8 days (95% CI: 16.4-32.0) in
non-severe patients (Figure 3).

VSTs in SARS-CoV-2 Infections

Subgrouped by Demographic Features

The mean VST was 19.4 days (95% CI: 9.5-39.4) in females and
11.9 days (95% CI: 8.4-16.9) in males. The VST was significantly
shorter in the infected children (9.9 days, 95% CI: 8.1-12.2)
than in the infected adults (23.2 days, 95% CI: 19.0-28.4) (P <
0.05). The VST of persons with chronic diseases was 24.2 days
(95% CI: 19.2-30.2), which was significantly longer than that of
persons without chronic diseases (11.5 days, 95% CI: 5.3-25.0)
(P < 0.05) (Figure 3).

VSTs in SARS-CoV-2 Infections
Subgrouped by Treatments

In persons receiving corticosteroid treatment, the VST was
28.3 days (95% CI: 25.6-31.2), which was longer than that
in those without corticosteroid treatment (16.2 days, 95%
CIL: 11.5-22.5). However, there was no statistically significant
difference between them (P = 0.06). The VST was 17.6 days
(95% CI: 13.4-22.2) in persons receiving antiviral therapy, 21.2
days (95% CI: 15.3-29.2) in persons receiving mono-antiviral
therapy and 20.3 days (95% CI: 13.7-30.3) in persons receiving
multi-antiviral therapy (Figure 3). Only one study reported the
VSTs of 5 patients without antiviral therapy, and the result
was 11.2 & 5.2 days (33).

VSTs in SARS-CoV-2 Infections

Subgrouped by Different Specimens

Most studies (63%) reported the VSTs in the URTS. Among
the different specimens, the mean VST was 17.5 days (95% CI:
14.9-20.6) in the RTS and 17.5 days (95% CIL: 14.6-21.0) in
the URTS. Compared with the RTS, a longer VST was found
in the stool specimens (30.3 days, 95% CI: 23.1-39.2) (P <
0.05) (Figure 4). No included study reported VSTs in LRTS or
serum specimens.

Meta-Regression for Heterogeneity

The univariate meta-regression model indicated that the mean
age (R* = 35.28%, P < 0.05) and the proportion of the
asymptomatic cases (R? = 22.64%, P < 0.05) could partly explain
the overall heterogeneity. By introducing these two variables
into the multivariate meta-regression model, nearly half of
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records retrieved through database search
(n=17,284)

V

records screened after deleting duplicates
(n=11,911)

| records excluded by screening titles
’ and abstracts (n=11,385)

vV

records available for detailed assessment
(n=526)

records excluded (n=491)

- no sufficient original data or
inconsistent data presentation (n=348)

- inconsistent or unclear definition
for VST (n=94)

- sample size less than 5 (n=25)

- duplicates (n=17)

- no full texts (n=7)

A4

full texts included in the meta-analysis
(n=35)

FIGURE 1 | Flow diagram of the study selection process for this meta-analysis.
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TABLE 1 | Characteristics of included studies.

References Country Study design Sample Age, Female, n (%) Infection Asymptomatic Specimen  Study
size, n years* status case®, n (%) types quality
Jiehao et al. (19) China Case series 10 6.5 6 (60) sym 0(0) URTS 8 (High)
Xiong et al. (20) China Cohort study 51 / 21 (41) asym 51 (100) URTS 8 (High)
Yang et al. (21) China Case series 5 49 2 (40) sym, asym 2 (40) URTS 8 (High)
Noh et al. (22) Korea Cohort study 53 / / asym 53 (100) / 8 (High)
Zheng et al. (23) China Cohort study 1,320 50 741 (56) sym 0(0) URTS 8 (High)
Lee et al. (24) Korea Cohort study 89 22 55 (62) asym 89 (100) RTS 8 (High)
Song et al. (25) China Case series 16 8.5 6 (38) sym, asym 8 (50) URTS 8 (High)
Jun et al. (26) China Cross-sectional study 242 / / sym 0(0) URTS 8 (High)
Zhu et al. (27) China Case series 20 / / sym 0(0) URTS 8 (High)
Han et al. (28) China Cohort study 206 62.5 115 (56) sym 0(0) URTS 8 (High)
Yan et al. (29) China Cross-sectional study 24 / / asym 24 (100) RTS 8 (High)
Gong et al. (30) China Cohort study 34 / 12 (35) sym 0(0) URTS 8 (High)
Warabi et al. (31) Japan Cross-sectional study 8 14 6 (75) sym 0(0) URTS 8 (High)
Pan et al. (32) China Cross-sectional study 26 29.5 10 (38) asym 26 (100) RTS 7 (Medium)
Hua et al. (33) China Cross-sectional study 43 / / / / URTS 8 (High)
Cano et al. (34) Switzerland ~ Cohort study 251 53 103 (41) sym 0(0) URTS 7 (Medium)
Wu et al. (35) China Cross-sectional study 74 / / sym 0(0) URTS, 8 (High)
stool
Otsubo et al. (36)  / Case series 5 74 2 (40) sym 0 (0) URTS 7 (Medium)
Tan et al. (37) China Case series 12 34.5 3(25) asym 12 (100) URTS 8 (High)
Xiao et al. (38) China Cohort study 63 / / sym, asym 19 (30) / 8 (High)
Yao et al. (39) China Case series 5 47 3 (60) sym, asym 1(20) URTS 8 (High)
Liu et al. (40) China Cohort study 53 8 19 (36) asym 53 (100) URTS 8 (High)
Shi et al. (41) China Cross-sectional study 33 41 14 (42) sym 0(0) URTS 8 (High)
Lietal (42) China Cohort study 46 45.6 25 (54) sym 0(0) / 8 (High)
Jiang et al. (43) China Cross-sectional study 24 37 10 (42) sym 0(0) / 8 (High)
Gong et al. (44) China Cross-sectional study 179 57.4 90 (50) sym 0(0) URTS 8 (High)
Zhao et al. (45) China Cohort study 63 / 32 (51) sym 0 (0) / 8 (High)
Zhang et al. (46) China Cross-sectional study 30 / / sym 0(0) RTS, stool 8 (High)
Xu et al. (47) China Cohort study 59 49.3 31 (563) sym 0(0) URTS 8 (High)
Xie et al. (48) China Cross-sectional study 49 49.4 24 (49) / / / 8 (High)
Sun et al. (49) China Cross-sectional study 46 / / sym 0(0) RTS 8 (High)
Ren et al. (50) China Cross-sectional study 89 / / sym 0(0) RTS 8 (High)
Ran et al. (51) China Cross-sectional study 28 59.4 9(32) sym 0(0) RTS 8 (High)
Liu et al. (53) China Cross-sectional study 41 68 21 (61) sym 0(0) URTS 8 (High)
Lietal. (54) China Cohort study 88 46 34 (39) sym 0(0) URTS 8 (High)
sym, symptomatic infection; asym, asymptomatic infection; RTS, respiratory tract specimen; URTS, upper respiratory tract specimen.
*: Median or mean; #: Asymptomatic cases with VST of SARS-CoV-2; /: Unreported or unclassified or incalculable.
the heterogeneity could be explained (R>= 44.18%, P < 0.05)  but also summarized the VSTs in SARS-CoV-2 infections

(Supplementary Table 3).

DISCUSSION

We performed a meta-analysis to clarify the characteristics
of VSTs in SARS-CoV-2 infections, which was important for
determining hospital discharge, discontinuation of quarantine
and the effect of antiviral treatment for COVID-19. Compared
with the meta-analysis conducted by Muge Cevik (15), our
study not only estimated the VSTs in different specimens

based on different demographic features, clinical characteristics
and treatments.

Previous studies have shown that the basic reproduction
number (RO) of SARS-CoV-2 is between 2 and 6.7, which
indicates that SARS-CoV-2 is more infectious than SARS-CoV-
1 and MERS-CoV (55-57). In our study, we found that the mean
VST of SARS-CoV-2 was 16.8 days (95% CI: 14.8-19.4), which
was between that of SARS-CoV-1 (21.0 days) and MERS-CoV
(13.2 days) (58, 59). In addition to the VST, the viral load released
is also important to evaluate the transmissibility. Some studies
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Study Sample size Estimate (95%CI)
Cai JH,2020 10 —_—— E 2.42 (2.19-2.65)
Xiong XL,2020 81 ' 2.04 (1.89-2.19)
Yang MC,2020 5 ——8—— 3.5] (3.08-3.94)
Noh,J Y.,2020 53 E L] 3.10 (3.05-3.15)
Zheng T,2020 1320 E ] 3.16 (3.14-3.18)
Lee,S.,2020 89 L] 2.83 (2.82—2.84)
Song WL,2020 16 —— E 1.99 (1.63-2.35)
Chen J,2020 242 HH E 2:19 (2.11-2.27)
Zhu L,2020 10 —— 2.43 (2.21-2.65)
Zhu L,2020 10 E —a— 3.30 (3.10-3.50)
Han CQ,2020 206 3.61 (3.58-3.64)
Yan XQ,2020 24 1.98 (1.81-2.15)
Gong Y,2020 18 . HH 3.35(3.25-3.45)
Gong Y,2020 16 - 3.16 (3.06-3.26)
Warabi,Y.,2020 8 —8— 339 (3.14-3.64)
Pan YE2020 26 —_— 2.19 (2.04-2.34)
Hua CZ,2020 5 —— 2.32(1.93-2.71)
Hua CZ,2020 21 '—'é-' 2.73 (2.54-2.92)
Hua CZ,2020 17 —a— E 2.42 (2.19-2.65)
Cano,E.,2020 251 |- 3.02 (2.96-3.08)
Wu YJ,2020 33 D-I-GE 2.65(2.51-2.79)
Wu YJ,2020 41 PI%' 2.74 (2.62-2.86)
Otsubo.S.,2020 5 I 3.51 (3.33-3.69)
Tan F,2020 12 —— 2.73 (2.27-3.19)
Xiao TY,2020 19 —a— E 2:13 (1.90-2.36)
Xiao TY,2020 30 - 272 2.57-2.87)
Xiao TY,2020 14 l-l:—‘ 2.76 (2.59-2.93)
Yao XY,2020 5 | —l— 3.16 (2.93-3.39)
Liu YJ,2020 53 E 2.11 (2.00—2.22)
Shi ZY,2020 33 HH E 2.52 (2.40-2.64)
LiL,2020 40 — | 2.12 (1.84-2.40)
LiL,2020 6 -—-—‘—- 2.46 (1.84-3.08)
Jiang Y,2020 24 - 2.96 (2.82-3.10)
Gong HL,2020 179 E u 2.94 (2.91-2.97)
Zhao BN,2020 12 e o] 3.11 (2.94-3.28)
Zhao BN,2020 al Dl-ti 2:.67 (2.58-2.76)
Zhang BY,2020 30 E - 3.21 (3.09-3.33)
Xu LX,2020 59 HH | 2.62 (2.50-2.74)
Xie CM,2020 49 - E 2.47 (2.33-2.61)
Sun LL,2020 9 ™ 3.39 (3.31-3.47)
Sun LL,2020 37 E HH 3.13 (3.07-3.23)
Ren HJ,2020 89 | - 3.24 (3.18-3.30)
Ran QH,2020 28 E - 3.11 (2.98-3.24)
Liu JJ,2020 41 E 3.29 (3.17-3.41)
LiN,2020 56 E ] 3.19 (3.16-3.22)
LiN,2020 32 " ) 3.36 (3.32-3.40)
Random-effects model 3385 .’ 2.82 (2.69-2.96)
Heterogeneity: I*= 99.56%, P<0.01 1 2 "3 4
FIGURE 2 | Forest plot of meta-analysis of log-transformed VST in SARS-CoV-2 infections.
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Viral Shedding Time Between

Characteristics Studies Estimate (95%CI), days  I* groups*

(A) Demographic features

Sex P=0.31
female 4 ’ : & 194 (9.5-39.4) 93.93%
male 4 —— 11.9 (8.4-16.9) 87.83%
unclassified 31 - 17.2 (14.9-19.7) 99.60%

Age P <0.05
adult 9 | —— 23.2(19.0-28.4) 99.24%
child 5 L ] E 9.9 (8.1-12.2) 85.74%
unclassified 21 —— 17.1 (14.6-20.1) 99.49%

With chronic diseases : P<0.05
yes 5 E —— 24.2 (19.2-30.2) 84.07%
no 2 — 11.5(5.3-25.0) 82.11%
unclassified 31 - 165(143-19.0)  99.60%

(B) Clinical features :

Infection status E P<0.05
symptomatic infection 26 - 19.7 (17.2-22.7) 99.34%
asymptomatic infection 10 —_— 10.9 (8.3-14.3) 98.89%
unclassified 2 — 123 (105-146)  58.12%

Disease severity : P=0.83
severe E —— 243 (18.9-31.1) 91.88%
non—severe 6 —— 22.8 (16.4-32.0) 99.81%
unclassified 27 - 15.4 (13.2-17.9) 99.16%

(C) Treatment 5

Corticosteroid treatment : P=0.06
yes 2 E —— 28.3(25.6-31.2) 0.00%
no 3 —— 16.2 (11.5-22.5) 92.27%
unclassified 32 PI:-' 16.7 (14.5-19.4) 99.63%

Antiviral therapy ; P =0.92%
yes 8 —_—— 17.6 (13.4-22.2) 98.99%
mono-antiviral therapy 3 l-é—l—| 21.2 (15.3-29.2) 90.09%
multi-antiviral therapy 3 —— 20.3 (13.7-30.3) 99.46%
unclassified 27 '-6-4 16.8 (14.3-19.8) 99.61%

0 10 20 30 40 VST (days)
FIGURE 3 | The VST in SARS-CoV-2 infections based on different demographic features, clinical features and treatments. * Unclassified groups were not included in
the P-values calculation for the subgroup comparisons. #P-value for comparison between group with antiviral mono-therapy and group with antiviral muti-therapy.

have found that the viral load of SARS-CoV-2 is highest during
the 1st week after symptom onset and subsequently declines with
time (60-62). Based on the above analysis, from the perspective
of epidemic prevention and control, strict precautions should be
taken throughout the disease course, especially within 1 week
after the onset of the disease.

The duration of viral shedding is mainly related to the
host immune status (63). Persons with chronic diseases always
have relatively low immunity, which might lead to longer viral
shedding. In our study, we found that the VST of symptomatic
infections was longer than that of asymptomatic infections. One
reason is that virus clearance in asymptomatic individuals is
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Viral Shedding Time Between groups
Specimens Studies Estimate (95%CI), days I3 P <0.05
Respiratory tract specimens 29 —-—— 17.5 (14.9-20.6) 99.67%
Upper respiratory tract specimens 22 ——— 17.5 (14.6-21.0) 99.53%
Stool specimens 2 L —— 30.3 (23.1-39.2) 92.09%
Unclassified 6 =t 14.5 (11.7-18.1) 96.50%
0 10 20 40 VST (days)
FIGURE 4 | The VST in SARS-CoV-2 infections based on different specimens. *P-value for comparison between respiratory tract specimens and stool specimens.

indeed faster than that in symptomatic cases (38, 52). Another
reason was that the VST for asymptomatic infections was
calculated from the first positive PCR results and depended
mainly on close contact tracking investigations. These individuals
might have begun viral shedding before the first positive PCR
results, and were ignored due to the absence of clinical features.
A higher proportion of asymptomatic infections and milder
clinical symptoms were found in infected children compared
with infected adults (64, 65), which might explain the shorter VST
of children.

The VST is an important parameter for evaluating the effect of
antiviral treatment for infectious diseases. Until now, there have
been no specific antiviral drugs for COVID-19, and inhibiting
the cytokine storm has been an important treatment for patients
with severe COVID-19. Corticosteroids are used because of
their rapid, powerful anti-inflammatory effects. In our study, we
found that the patients who received corticosteroid treatment had
longer VSTs, although no statistically significant difference was
found. This phenomenon was also found in severe SARS and
MERS, where high-dose corticosteroids could cause prolonged
viral clearance, secondary infection and long-term complications
(66). Although corticosteroids can inhibit lung inflammation
and alleviate possible immune-mediated pulmonary damage, it
can also inhibit the systemic immune response dominated by T
cell response, resulting in the delayed virus clearance (67). This
finding alerted us that high-dose corticosteroids might prolong
VSTs in SARS-CoV-2 infections and that appropriate doses of
corticosteroids should be used after weighing the advantages and
disadvantages according to the patients’ condition.

The VST is also an important parameter for determining
hospital discharge and discontinuation of quarantine. Two
consecutive negative PCR results of RTS are one of the current
criteria for hospital discharge or discontinuation of quarantine in
China (68). The overexpression of ACE-2 in the gastrointestinal
(GI) epithelial cells suggested the replication and shedding of
SARS-CoV-2 in GI tract (69). Similar to SARS-CoV-1 (59), the
VST of SARS-CoV-2 in stool specimens was longer than that in
RTS. One study suggested that the VST in stool specimens could
be prolonged by 5 weeks after SARS-CoV-2 had turned negative
in RTS (35). Given that, the negative PCR results in RTS might
not guarantee that patients no longer shed virus. Recently, several
incidents of cold chain food polluted by SARS-CoV-2 have caused
widespread concern by indicating that the virus could indeed
infect individuals by polluting the environment. Considering the
potential risk of oral-fecal transmission (70) and the long VST

in stool specimens, more comprehensive protective measures
should be taken for high-risk groups of oral-fecal transmission,
such as GI endoscopy staff (2, 71), and stool or anal swabs
collection and testing staff.

Our results might provide scientific support for the
formulation of antiviral treatment and criteria for hospital
discharge and discontinuation of quarantine for COVID-19,
and help identify which patients need more attention and
more effective preventive measures. Based on the mean VST of
SARS-CoV-2 infections, hospitals could estimate the number of
individuals with COVID-19 who can be admitted in a period
of time, and reasonably allocate medical resources, such as the
number of beds and medical staff.

This study has several limitations. The mean age, disease
severity, treatment regimens, underlying diseases and infection
status of individuals infected with SARS-CoV-2 varied in
the included studies, which might cause high statistical
heterogeneity. In the multivariate meta-regression model, nearly
half of the heterogeneity could be explained by mean age and the
proportion of the asymptomatic cases (R*= 44.18%, P < 0.05).
In some subgroup analyses, the number of included studies was
small and most were case series with limited sample sizes, which
might make the effect size of some outcomes insufficient. For
example, the pooled mean VST in the stool specimens was based
on estimates obtained in only two studies. More studies on the
VST of SARS-CoV-2 are needed to provide further evidence. It
would be better to incorporate as many studies as possible to
obtain sufficient subgroup data and to ensure the homogeneity
of the studies. Furthermore, the day of symptom onset for
symptomatic infections depended on subjective memories and
the day of the first positive RT-PCR results for asymptomatic
infections relied mainly on close contact tracking investigations.
If the individuals’ recall was incorrect or close contact tracking
investigations were not timely, these would cause the obtained
VSTs to deviate from the real values.

CONCLUSIONS

This study provided a comprehensive overview of VSTs in
SARS-CoV-2 infections, which was important for determining
hospital discharge, discontinuation of quarantine and the effect
of antiviral treatment for COVID-19. The pooled mean VST
was 16.8 days (95% CI: 14.8-19.4) in SARS-CoV-2 infections.
Due to the high infectivity of SARS-CoV-2, strict precautions
should be taken to reduce the risk of disease transmission,
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especially for adults, persons with chronic diseases, symptomatic
infections and persons with positive RT-PCR results in stool
specimens, in whom longer VSTs were found. Given that high-
dose corticosteroids could alleviate possible immune-mediated
pulmonary damage but might prolong VSTs in SARS-CoV-
2 infections, corticosteroids should be used with caution
after analyzing the risk of prolonged VST with reducing the
disease severity.
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Abstract

SARS-CoV-2 infections are characterized by viral proliferation and clearance phases and
can be followed by low-level persistent viral RNA shedding. The dynamics of viral RNA con-
centration, particularly in the early stages of infection, can inform clinical measures and
interventions such as test-based screening. We used prospective longitudinal quantitative
reverse transcription PCR testing to measure the viral RNA trajectories for 68 individuals
during the resumption of the 2019-2020 National Basketball Association season. For 46
individuals with acute infections, we inferred the peak viral concentration and the duration of
the viral proliferation and clearance phases. According to our mathematical model, we
found that viral RNA concentrations peaked an average of 3.3 days (95% credible interval
[CI] 2.5, 4.2) after first possible detectability at a cycle threshold value of 22.3 (95% CI 20.5,
23.9). The viral clearance phase lasted longer for symptomatic individuals (10.9 days [95%
CI17.9, 14.4]) than for asymptomatic individuals (7.8 days [95% CI 6.1, 9.7]). A second test
within 2 days after an initial positive PCR test substantially improves certainty about a
patient’s infection stage. The effective sensitivity of a test intended to identify infectious indi-
viduals declines substantially with test turnaround time. These findings indicate that SARS-
CoV-2 viral concentrations peak rapidly regardless of symptoms. Sequential tests can help
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reveal a patient’s progress through infection stages. Frequent, rapid-turnaround testing is
needed to effectively screen individuals before they become infectious.

Introduction

A critical strategy to curb the spread of SARS-CoV-2 is to rapidly identify and isolate infectious
individuals. Because symptoms are an unreliable indicator of infectiousness and infections are
frequently asymptomatic [1], testing is key to determining whether a person is infected and
may be contagious. Real-time quantitative reverse transcription polymerase chain reaction
(RT-qPCR) tests are the gold standard for detecting SARS-CoV-2 infection. Normally, these
tests yield a binary positive/negative diagnosis based on detection of viral RNA. However, they
can also quantify the viral titer via the cycle threshold (Ct). The Ct is the number of thermal
cycles needed to amplify sampled viral RNA to a detectable level: the higher the sampled viral
RNA concentration, the lower the Ct. This inverse correlation between Ct and viral concentra-
tion makes RT-qPCR tests far more valuable than a binary diagnostic, as they can be used to
reveal a person’s progress through key stages of infection [2], with the potential to assist clini-
cal and public health decision-making. However, the dynamics of the Ct during the earliest
stages of infection, when contagiousness is rapidly increasing, have been unclear, because diag-
nostic testing is usually performed after the onset of symptoms, when viral RNA concentration
has peaked and already begun to decline, and is performed only once [3,4]. Without a clear
picture of the course of SARS-CoV-2 viral concentrations across the full duration of acute
infection, it has been impossible to specify key elements of testing algorithms such as the fre-
quency of rapid at-home testing [5] that would be needed to reliably screen infectious individ-
uals before they transmit infection. Here, we fill this gap by analyzing the prospective
longitudinal SARS-CoV-2 RT-qPCR testing performed for players, staff, and vendors during
the resumption of the 2019-2020 National Basketball Association (NBA) season.

Methods
Data collection

The study period began in teams’ local cities from June 23 through July 9, 2020, and testing
continued for all teams as they transitioned to Orlando, Florida, through September 7, 2020. A
total of 68 individuals (90% male) were tested at least 5 times during the study period and
recorded at least 1 positive test with Ct value < 40. Most consecutive tests (85%) were recorded
within 1 day of each other, and fewer than 3% of the intervals between consecutive tests
exceeded 4 days (S1 Fig). Many individuals were being tested daily as part of Orlando campus
monitoring. Due to a lack of new infections among players and team staff after clearing quar-
antine in Orlando, all players and team staff included in the results predate the Orlando phase
of the restarted season. A diagnosis of “acute” or “persistent” infection was abstracted from
physician records. “Acute” denoted a likely new infection. “Persistent” indicated the presence
of virus in a clinically recovered individual, likely due to infection that developed prior to the
onset of the study. There were 46 acute infections; the remaining 22 individuals were assumed
to be persistently shedding SARS-CoV-2 RNA due to a known infection that occurred prior to
the study period [6]. This persistent RNA shedding can last for weeks after an acute infection
and likely represents noninfectious viral RNA [7]. Of the individuals included in the study, 27
of the 46 with acute infections and 40 of the 68 overall were staff and vendors. The Ct values
for all tests for the 68 individuals included in the analysis, with their designations of acute or
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Fig 1. Illustration of the analysis pipeline. Combined anterior nares and oropharyngeal swabs were tested using a RT-qPCR assay to generate longitudinal Ct
values (“Raw data”; red points) for each person. Using a statistical model (see S6 Fig for a schematic of the model), we estimated Ct trajectories consistent with
the data, represented by the thin lines under the “Model fits” heading. These produced posterior probability distributions for the peak Ct value, the duration of
the proliferation phase (first potential detectability of infection to peak Ct), and the duration of the clearance phase (peak Ct to resolution of acute infection) for
each person. We estimated population means for these quantities (under the heading “Population estimates”). The model fits also allowed us to determine how
frequently a given Ct value or pair of Ct values within a 5-unit window (blue bars, under the heading “Predicting infection from Ct”) was associated with the
proliferation phase, the clearance phase, or a persistent infection. Finally, the model fits allowed us to measure the “effective sensitivity” of a test for predicting
future infectiousness. The schematic illustration titled “Measuring effective sensitivity” depicts the relationship between testing lags and the ability to detect
infectious individuals at a gathering. The illustrated viral trajectory surpasses the infectiousness threshold (dotted line) at the time of the gathering (vertical grey
bar), so unless this individual is screened by a pre-gathering test, he or she would attend the event while infectious. One day prior to the gathering, the
individual’s infection could be detected by either a rapid test or a PCR test. Two days prior to the event, the individual’s infection could be detected by a PCR
test but not by a rapid test. Three days prior to the event, neither test would detect the individual’s infection. Ct, cycle threshold; LOD, limit of detection; RT-
qPCR, quantitative reverse transcription polymerase chain reaction.

https://doi.org/10.1371/journal.pbio.3001333.g001

persistent infection, are depicted in S2-S5 Figs. A schematic diagram of the data collection and
analysis pipeline is given in Fig 1.

Ethics

Residual de-identified viral transport media from anterior nares and oropharyngeal swabs col-

lected from NBA players, staff, and vendors were obtained from Quest Diagnostics or BioRe-

ference Laboratories. In accordance with the guidelines of the Yale Human Investigation
Committee, this work with de-identified samples was approved for research not involving
human subjects by the Yale Institutional Review Board (HIC protocol #2000028599). This
project was designated exempt by the Harvard Institutional Review Board (IRB20-1407).

Statistical analysis

Due to imperfect sampling, persistent viral shedding, and test uncertainty near the limit of
detection, a straightforward analysis of the data would be insufficient to reveal the duration
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and peak magnitude of the viral trajectory. Imperfect sampling would bias estimates of the
peak viral concentration towards lower concentrations/higher Ct values since the moment of
peak viral concentration is unlikely to be captured. Persistent shedding and test uncertainty
would bias estimates of the trajectory duration towards longer durations of infection. To
address these problems, we used a Bayesian statistical model to infer the peak Ct value and the
durations of the proliferation and clearance stages for the 46 acute infections (Fig 1; S1 Text).
We assumed that the viral concentration trajectories consisted of a proliferation phase, with
exponential growth in viral RNA concentration, followed by a clearance phase, characterized
by exponential decay in viral RNA concentration [8]. Since Ct values are roughly proportional
to the negative logarithm of viral concentration [2], this corresponds to a linear decrease in Ct
followed by a linear increase. We therefore constructed a piecewise linear regression model to
estimate the peak Ct value, the time from infection onset to peak (i.e., the duration of the pro-
liferation stage), and the time from peak to infection resolution (i.e., the duration of the clear-
ance stage). This allowed us to separate the viral trajectories into the 3 distinct phases:
proliferation (from the onset of detectability to the peak viral concentration, or f, to t, in S6
Fig), clearance (from the peak viral concentration to the resolution of acute infection, or £, to
t, in S6 Fig), and persistence (lasting indefinitely after the resolution of acute infection, or after
t, in S6 Fig; see also Fig 1). Note that for the 46 individuals with acute infections, the persis-
tence phase is identified using the viral trajectory model, whereas for the 22 other infections,
the entire series of observations was classified as “persistent” due to clinical evidence of a prob-
able infection prior to the start of the study period. We estimated the parameters of the regres-
sion model by fitting to the available data using a Hamiltonian Monte Carlo algorithm [9]
yielding simulated draws from the Bayesian posterior distribution for each parameter. Full
details on the fitting procedure are given in S1 Text. Code is available at https://github.com/
gradlab/CtTrajectories [10].

Inferring stage of infection

Next, we determined whether individual or paired Ct values can reveal whether an individual
is in the proliferation, clearance, or persistent stage of infection. To assess the predictive value
of a single Ct value, we extracted all observed Ct values within a 5-unit window (e.g., between
30.0 and 34.9 Ct) and measured how frequently these values sat within the proliferation stage,
the clearance stage, or the persistent stage. We measured these frequencies across 10,000 poste-
rior parameter draws to account for the fact that Ct values near stage transitions (e.g., near the
end of the clearance stage) could be assigned to different infection stages depending on the
parameter values (see Fig 1, bottom right). We did this for 23 windows with midpoint span-
ning from Ct = 37.5 to Ct = 15.5 in increments of 1 Ct.

To calculate the probability that a Ct value sitting within a 5-unit window corre-
sponded to an acute infection (i.e., either the proliferation or the clearance stage), we
summed the proliferation and clearance frequencies for all samples within that window
and divided by the total number of samples in the window. We similarly calculated the
probability that a Ct sitting within the 5-unit window corresponded to just the prolifera-
tion phase.

To assess the information gained by conducting a second test within 2 days of an initial pos-
itive test, we restricted our attention to all samples that had a subsequent sample taken within
2 days. We repeated the above calculations for (a) consecutive tests with decreasing Ct and (b)
consecutive tests with increasing Ct. That is, we measured the frequency with which a given Ct
value sitting within a 5-unit window, followed by a second test with either a lower or a higher
Ct, sat within with the proliferation, clearance, or persistence stages.
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Measuring the effective sensitivity of screening tests

The sensitivity of a test is defined as the probability that the test correctly identifies an individ-
ual who is positive for some criterion of interest. For clinical diagnostic SARS-CoV-2 tests, the
criterion of interest is current infection with SARS-CoV-2. Alternatively, a common goal is to
predict infectiousness at some point in the future, as in the context of test-based screening
prior to a social gathering. The “effective sensitivity” of a test in this context (i.e., its ability to
predict future infectiousness) may differ substantially from its clinical sensitivity (i.e., its ability
to detect current infection). A test’s effective sensitivity depends on its inherent characteristics,
such as its limit of detection and sampling error rate, as well as the viral dynamics of infected
individuals.

To illustrate this, we estimated the effective sensitivity of (a) a test with a limit of detection
of 40 Ct and a 1% sampling error probability (akin to RT-qPCR) and (b) a test with a limit of
detection of 35 Ct and a 5% sampling error probability (akin to some rapid antigen tests). We
measured the frequency with which such tests would successfully identify an individual who
would be infectious at the time of a gathering when the test was administered between 0 and 3
days prior to the gathering, given viral trajectories informed by the longitudinal testing data
(see schematic in Fig 1). To accomplish this, we drew 1,000 individual-level viral concentration
trajectories from the fitted model, restricting to trajectories with peak viral concentration
above a given infectiousness threshold (any samples with peak viral concentration below the
infectiousness threshold would never be infectious and so would not factor into the sensitivity
calculation). For the main analysis, we assumed that the infectiousness threshold was at 30 Ct
[11]. In a supplemental analysis, we also assessed infectiousness thresholds of 35 and 20 Ct.
We drew onset-of-detectability times (i.e., the onset of the proliferation stage) according to a
random uniform distribution so that each person would have a Ct value exceeding the infec-
tiousness threshold at the time of the gathering. Then, we calculated the fraction of trajectories
that would be successfully identified using a test with (a) a limit of detection of 40 Ct and (b) a
limit of detection of 35 Ct, administered between 0 and 3 days prior to the gathering. Full
details are given in S1 Text and S7A Fig.

Next, we shifted attention from the individual to the gathering. We estimated the number
of individuals who would be expected to arrive at a 1,000-person gathering while infectious
given each testing strategy (40-Ct limit of detection with 1% false negative rate; 35-Ct limit of
detection with 5% false negative rate) assuming a 2% prevalence of PCR-detectable infection
in the population. To do so, we again drew 1,000 individual-level viral concentration trajecto-
ries from the fitted model and drew onset-of-detectability times according to a random uni-
form distribution from the range of possible times that would allow for the person to have
detectable virus (Ct < 40) during the gathering. We counted the number of people who would
have been infectious at the gathering (a) in the absence of testing and (b) given a test adminis-
tered between 0 and 3 days prior to the gathering. As before, we assumed that the infectious-
ness threshold corresponded to a Ct value of 30 for the main analysis and considered
infectiousness thresholds of 35 Ct and 20 Ct in a supplemental analysis. Full details are given
in S1 Text and S7B Fig. To facilitate the exploration of different scenarios, we have generated
an online tool (https://stephenkissler.shinyapps.io/shiny/) where users can input test and pop-
ulation characteristics and calculate the effective sensitivity and expected number of infectious
individuals at a gathering.

Results

Of the 46 individuals with acute infections, 13 reported symptoms at the time of diagnosis; the
timing of the onset of symptoms was not recorded. The median number of positive tests for
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Fig 2. Reported cycle threshold (Ct) values with individual-level piecewise linear fits. Ct values (points) for the 46
acute infections aligned by the date when the minimum Ct was recorded for each individual. Lines depict the best-fit
piecewise linear regression lines for each individual with breakpoint at day 0. Red points/lines represent individuals
who reported symptoms, and blue points/lines represent individuals who did not report symptoms. Five positive tests
were omitted that occurred >20 days prior to the individual’s minimum Ct value, all of which had Ct > 35. The
vertical axis on the right-hand side gives the conversion from Ct values to RNA concentration. Underlying data are
available at https://github.com/gradlab/CtTrajectories/tree/main/figure_data/Fig2 [10].
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the 46 individuals was 3 (IQR 2, 5). The minimum recorded Ct value across the 46 individuals
had mean 26.4 (IQR 23.2, 30.4). The recorded Ct values for the acute infections with individ-
ual-level piecewise linear regressions are depicted in Fig 2.

Based on the viral trajectory model, the mean peak Ct value for symptomatic individuals
was 22.3 (95% credible interval [CI] 19.3, 25.3), the mean duration of the proliferation phase
was 3.4 days (95% CI 2.0, 4.8), and the mean duration of clearance was 10.9 days (95% CI 7.9,
14.4) (Fig 3). This compares with 22.3 Ct (95% CI 20.0, 24.4), 3.5 days (95% CI 2.5, 4.5), and
7.8 days (95% CI 6.1, 9.7), respectively, for individuals who did not report symptoms at the
time of diagnosis (Fig 3). This yielded a slightly longer overall duration of acute infection for
individuals who reported symptoms (14.3 days [95% CI 11.0, 17.7]) versus those who did not
(11.2 days [95% CI 9.4, 13.4]). For all individuals, regardless of symptoms, the mean peak Ct
value, proliferation duration, clearance duration, and duration of acute shedding were 22.3 Ct
(95% CI 20.5, 23.9), 3.3 days (95% CI 2.5, 4.2), 8.5 days (95% CI 6.9, 10.1), and 11.7 days (95%
CI 10.1, 13.6) (S8 Fig). A full list of the model-inferred viral trajectory parameters is reported
in Table 1. There was a substantial amount of individual-level variation in the peak Ct value
and the proliferation and clearance stage durations (S9-S14 Figs).

Using the full dataset of 68 individuals, we estimated the frequency with which a given Ct
value was associated with an acute infection (i.e., the proliferation or clearance phase, but not
the persistence phase) and, if so, the probability that it was associated with the proliferation
stage alone. The probability of an acute infection increased rapidly with decreasing Ct (increas-
ing viral load), with Ct < 30 virtually guaranteeing an acute infection in this dataset (Fig 4A).
However, a single Ct value provided little information about whether an acute infection was in

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001333  July 12, 2021 6/17


https://github.com/gradlab/CtTrajectories/tree/main/figure_data/Fig2
https://doi.org/10.1371/journal.pbio.3001333.g002
https://doi.org/10.1371/journal.pbio.3001333

PLOS BIOLOGY Viral dynamics of acute SARS-CoV-2 infection

A) B)
= =
‘@ ‘@
= =
[0) [0)
a a
18 20 22 24 26 2 3 4 5 6
Mean peak Ct Mean proliferation stage duration (days)
C) D)
= =
‘@ ‘@
[ [
[0 [0
a a
8 12 16 8 12 16 20
Mean clearance stage duration (days) Mean acute infection duration (days)
E)
15
20 .
o
<
o
25 )
s
(@] 60
5
30 2
w
2.
3
35 4
40
0 10

5
Days from peak

— Symptoms reported —— Symptoms not reported

Fig 3. Peak cycle threshold (Ct) value and infection stage duration distributions according to symptoms reported at time of diagnosis.
Posterior distributions obtained from 2,000 simulated draws from the posterior distributions for mean peak Ct value (A), mean duration of the
proliferation stage (first potential infection detectability to peak Ct) (B), mean duration of the clearance stage (peak Ct to resolution of acute
RNA shedding) (C), and total duration of acute shedding (D) across the 46 individuals with an acute infection. The distributions are separated
according to whether the person reported symptoms (red, 13 individuals) or did not report symptoms (blue, 33 individuals). The mean Ct
trajectory corresponding to the mean values for peak Ct, proliferation duration, and clearance duration for symptomatic versus asymptomatic
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individuals is depicted in (E) (solid lines), where shading depicts the 90% credible intervals. Underlying data are available at https://github.
com/gradlab/CtTrajectories/tree/main/output/params_df_split.csv [10].

https://doi.org/10.1371/journal.pbio.3001333.g003

the proliferation or the clearance stage (Fig 4B). This is unsurprising since the viral trajectory
must pass through any given value during both the proliferation and the clearance stage. With
roughly uniform sampling over time, a given Ct value is more likely to correspond to the clear-
ance stage simply because the clearance stage is longer.

We assessed whether a second test within 2 days of the first could improve these predic-
tions. A positive test followed by a second test with lower Ct (higher viral RNA concentration)
was slightly more likely to be associated with an active infection than a positive test alone (Fig
4C), and was much more likely to be associated with the proliferation phase than with the
clearance phase (Fig 4D).

We next estimated how the effective sensitivity of a pre-event screening test declines with
increasing time to the event. For a test with a limit of detection of 40 Ct and a 1% chance of sam-
pling error, the effective sensitivity declines from 99% when the test coincides with the start of the
event to 76% when the test is administered 2 days prior to the event (Fig 5A), assuming a thresh-
old of infectiousness at 30 Ct [11]. This 2-day-ahead sensitivity is slightly lower than the effective
sensitivity of a test with a limit of detection at 35 Ct and a 5% sampling error administered 1 day
before the event (82%), demonstrating that limitations in testing technology can be compensated
for by reducing turnaround time. Using these effective sensitivities, we estimated the number of
infectious individuals who would be expected to arrive at a gathering with 1,000 people given a
pre-gathering screening test and a 2% prevalence of infectiousness in the population. Just as the
effective sensitivity declines with time to the gathering, the predicted number of infectious indi-
viduals rises with time to the gathering (Fig 5B) since longer delays between the screening test
and the gathering make it more likely that an individual’s infection will be undetectable at the
time of testing but the individual will be infectious at the time of the event. Changing the infec-
tiousness threshold modulates the magnitude of the decline in effective sensitivity associated with
longer testing delays; however, the overall pattern is consistent (S18 Fig).

Discussion

We provide to our knowledge the first comprehensive data on the early-infection RT-qPCR Ct
dynamics associated with SARS-CoV-2 infection. We found that viral titers peak quickly,

Table 1. Viral dynamic parameters, overall and separated by reported symptoms.

Parameter

Peak Ct

Peak viral concentration (log RNA copies/ml/day)
Proliferation duration (days)

Proliferation rate (Ct/day)

Proliferation rate (log RNA copies/ml/day)
Clearance duration (days)

Clearance rate (Ct/day)

Clearance rate (log RNA copies/ml/day)

Infection duration (days)

Mean (95% CI)

Symptoms* No symptoms” Overall
22.2(19.1, 25) 22.4 (202, 24.5) 22.4(20.7, 24)
7.6 (6.8, 8.4) 7.5(7,8.1) 7.5(7.1,8)
3.3(1.9,5.1) 3.4 (2.5,4.5) 32(2.4,4.2)
5.6 (3.4,9.3) 5.2(3.8,7.1) 5.6 (4.2,7.3)
1.6 (0.9, 2.6) 1.5 (1.0, 2.0) 1.5(1.2,2)
10.9 (7.8, 14.2) 7.8 (6.1,9.7) 8.5 (6.8,10.2)
1.7 (1.2, 2.4) 2.3(1.7,3) 2.1(1.7,2.6)
0.5(0.3,0.7) 0.6 (0.5,0.8) 0.6 (0.5,0.7)
14.3 (11, 17.8) 11.2 (9.4, 13.3) 11.7 (9.9, 13.5)

CI, credible interval; Ct, cycle threshold. Population sizes for each category are as follows: symptoms, N = 13; no symptoms, N = 33; overall, N = 46.

*Symptom reporting was imperfect as follow-up during the course of the disease was not systematic for all individuals.

https://doi.org/10.1371/journal.pbio.3001333.t001
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https://doi.org/10.1371/journal.pbio.3001333.g004

normally within 3 days of the first possible RT-qPCR detection, regardless of symptoms. Our
findings highlight that repeated PCR tests can be used to infer the stage of a patient’s infection.
While a single test can inform on whether a patient is in the acute or persistent viral RNA
shedding stage, a subsequent test can help identify whether viral RNA concentrations are
increasing or decreasing, thus informing clinical care. For example, patients near the begin-
ning of their infection may need to be isolated for different amounts of time than patients near
the end of their infection. For patients at risk for complications, closer monitoring and more
proactive treatment may be preferred for patients near the start of infection than for those who
are already nearing its resolution. We also show that the effective sensitivity of pre-event
screening tests declines rapidly with test turnaround time due to the rapid progression from
detectability to peak viral titers. Due to the transmission risk posed by large gatherings [12],
the trade-off between test speed and sensitivity must be weighed carefully. Our data offer to
our knowledge the first direct measurements capable of informing such decisions.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001333  July 12, 2021 9/17


https://github.com/gradlab/CtTrajectories/tree/main/figure_data/Fig4
https://github.com/gradlab/CtTrajectories/tree/main/figure_data/Fig4
https://doi.org/10.1371/journal.pbio.3001333.g004
https://doi.org/10.1371/journal.pbio.3001333

PLOS BIOLOGY

Viral dynamics of acute SARS-CoV-2 infection

A)

1.00

o
N
a

Effective sensitivity
g

o
o
a

0.00

=

10.0

7.5

5.0

25

Number infectious at event

0.0
2 1 0 3 2 1 0

Days prior to event Days prior to event

— 40 Ct limit of detection, 1% sampling error — 35 Ct limit of detection, 5% sampling error

Fig 5. Effective sensitivity and expected number of infectious attendees at an event, for tests with varying sensitivity. (A) Effective sensitivity
for a test with limit of detection of 40 Ct and 1% sampling error probability (red) and limit of detection of 35 Ct and 5% sampling error probability
(blue). (B) Number of infectious individuals expected to attend an event of size 1,000 assuming a population prevalence of 2% infectious individuals
for a test with limit of detection of 40 Ct and 1% sampling error probability (red) and limit of detection of 35 Ct and 5% sampling error probability
(blue). Shaded bands represent 90% prediction intervals generated from the quantiles of 1,000 simulated events and capture uncertainty both in the
number of infectious individuals who would arrive at the event in the absence of testing and in the probability that the test successfully identifies
infectious individuals. The dashed line depicts the expected number of infectious individuals who would attend the gathering in the absence of
testing. Underlying data are available at https://github.com/gradlab/CtTrajectories/tree/main/figure_data/Fig5 [10].

https://doi.org/10.1371/journal.pbio.3001333.g005

Our findings on the duration of SARS-CoV-2 viral RNA shedding expand on and agree
with previous studies [13-15] and with observations that peak Ct does not differ substantially
between symptomatic and asymptomatic individuals [3]. While previous studies have largely
relied on serial sampling of admitted hospital patients, our study used prospective sampling of
ambulatory infected individuals to characterize complete viral dynamics for the presymptom-
atic stage and for individuals who did not report symptoms. This allowed us to assess differ-
ences between the viral RNA proliferation and clearance stages for individuals with and
without reported symptoms. The similarity in the early-infection viral RNA dynamics for
symptomatic and asymptomatic individuals underscores the need for SARS-CoV-2 screening
regardless of symptoms. The progression from a negative test to a peak Ct value 2-4 days later
aligns with modeling assumptions made in various studies [5,16] to evaluate the potential
effectiveness of frequent rapid testing programs, strengthening the empirical bases for their
findings. Taken together, the dynamics of viral RNA shedding substantiate the need for fre-
quent population-level SARS-CoV-2 screening and a greater availability of diagnostic tests.

The statistical model we developed to infer the viral trajectory parameters is phenomeno-
logical: It assumes an exponential increase in viral RNA concentration followed by an expo-
nential decay but does not explicitly encode a biological mechanism leading to these
exponential rates and the transition between them. Similar phenomenological models have
been used to study the viral dynamics of HIV [17]. More biologically explicit mechanistic
models have been used to study SARS-CoV-2 [18,19], but these remain in the early stages of
development due to the limited amount of data available to inform such models. Since our pri-
mary interest is in the public health implications of SARS-CoV-2 viral trajectories with differ-
ent magnitudes and durations, a phenomenological model is suitable and has the advantage of
being straightforward to implement. The data presented here could be used to parameterize
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detailed mechanistic models as well, from which further biological insights about SARS-CoV-
2 might be gained.

Our findings are limited for several reasons. The sample size is small, especially with respect
to symptomatic acutely infected individuals. The cohort does not constitute a representative
sample from the population, as it was a predominantly male, healthy, young population inclu-
sive of professional athletes. Viral trajectories may differ for individuals who have been vacci-
nated or who have been infected with different SARS-CoV-2 variants, which we were unable
to assess due to the time frame of our study. Some of the trajectories were sparsely sampled,
limiting the precision of our posterior estimates. Symptom reporting was imperfect, particu-
larly after initial evaluation, as follow-up during the course of the disease was not systematic
for all individuals. As with all predictive tests, the probabilities that link Ct values with infec-
tion stages (Fig 4) pertain to the population from which they were calibrated and do not neces-
sarily generalize to other populations for which the prevalence of infection and testing
protocols may differ. Still, we anticipate that the central patterns will hold across populations:
first, that low Ct values (<30) strongly predict acute infection and, second, that a follow-up
test collected within 2 days of an initial positive test can substantially help to discern whether a
patients are closer to the beginning or the end of their infection. Our study did not test for the
presence of infectious virus, though previous studies have documented a close inverse correla-
tion between Ct values and culturable virus [11]. Our assessment of pre-event testing assumed
that individuals become infectious immediately upon passing a threshold and that this thresh-
old is the same for the proliferation and for the clearance phase. In reality, the threshold for
infectiousness is unlikely to be at a fixed viral concentration for all individuals and may be at a
higher Ct/lower viral concentration during the proliferation stage than during the clearance
stage. Further studies that measure culturable virus during the various stages of infection and
that infer infectiousness based on contact tracing combined with prospective longitudinal test-
ing will help to clarify the relationship between viral concentration and infectiousness.

To manage the spread of SARS-CoV-2, we must develop novel technologies and find new
ways to extract more value from the tools that are already available. Our results suggest that
integrating the quantitative viral RNA trajectory into algorithms for clinical management
could offer benefits. The ability to chart patients’ progress through their infection underpins
our ability to provide appropriate clinical care and to institute effective measures to reduce the
risk of onward transmission. Marginally more sophisticated diagnostic and screening algo-
rithms may greatly enhance our ability to manage the spread of SARS-CoV-2 using tests that
are already available.

Supporting information

S1 Fig. Distribution of intervals between consecutive tests. Histogram of the proportion of
consecutive tests that are within # days of one another up to # = 12 days. Only 12 of 2,343
intervals (0.05%) exceeded 12 days. Underlying data are available at https://github.com/
gradlab/CtTrajectories/tree/main/figure_data/FigS1.

(PDF)

S2 Fig. Observed Ct values from the study participants (1/4). Points depict observed Ct val-
ues, which are connected with lines to better visualize patterns. Individuals with presumed
acute infections are in red. All others are in black. Underlying data are available at https://
github.com/gradlab/CtTrajectories/tree/main/data.

(PDF)
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S3 Fig. Observed Ct values from the study participants (2/4). Points depict observed Ct val-
ues, which are connected with lines to better visualize patterns. Individuals with presumed
acute infections are in red. All others are in black. Underlying data are available at https://
github.com/gradlab/CtTrajectories/tree/main/data.

(PDF)

S4 Fig. Observed Ct values from the study participants (3/4). Points depict observed Ct val-
ues, which are connected with lines to better visualize patterns. Individuals with presumed
acute infections are in red. All others are in black. Underlying data are available at https://
github.com/gradlab/CtTrajectories/tree/main/data.

(PDF)

S5 Fig. Observed Ct values from the study participants (4/4). Points depict observed Ct val-
ues, which are connected with lines to better visualize patterns. Individuals with presumed
acute infections are in red. All others are in black. Underlying data are available at https://
github.com/gradlab/CtTrajectories/tree/main/data.

(PDF)

S6 Fig. A theoretical Ct trajectory. E[Ct] is the expected Ct value on a given day. The Ct
begins at the limit of detection, then declines from the time of infection (t,) to the peak at )
cycles below the limit of detection at time #,. The Ct then rises again to the limit of detection
after ¢, days. The model incorporating these parameter values used to generate this piecewise
curve is given in the equation for E[Ct(t)] in S1 Text (Supplemental Methods, under the head-
ing "Model fitting").

(PDF)

S7 Fig. Schematics illustrating calculations for effective sensitivity for the expected num-
ber of infectious attendees at a gathering, given a pre-gathering test. (A) To calculate the
effective sensitivity of a test intended to screen infectious individuals before a gathering, we
first drew 1,000 viral trajectories as defined by the peak Ct, proliferation time, and clearance
time from the fitted model (step 1, with 3 draws illustrated in red, green, and blue). We
restricted to only individuals with viral concentrations above the infectiousness threshold
(here the threshold is at Ct = 30, requiring us to omit the fourth entry). Then, we assigned
detectability onset times—i.e., the times at which the trajectories could first be detected by
PCR with limit of detection at 40 Ct—according to a standard uniform distribution, ensuring
that the trajectories surpassed the infectiousness threshold at some point during the gathering
(step 2). The onset times are depicted as colored dots. Finally, for a test administered some
span of time prior to the event, we calculated the fraction of these infections the test would
detect—this is the effective sensitivity (step 3). For a test administered at the time marked by
the vertical black bar, the green trajectory would be detected by both PCR and a rapid test, the
red trajectory would be detected by PCR but not a rapid test, and the blue trajectory would not
be detected by either test. (B) To calculate the number of people who would arrive at a gather-
ing while infectious, we performed a similar procedure. First, given a gathering size N and
prevalence of PCR-detectable individuals p, we drew n trajectories from the fitted model
where 1 ~ Binomial(N, p). Three such draws are depicted in step 1; note that, here, the only
requirement was that the individuals were detectable (not necessarily infectious) at the time of
the gathering, and so the previously omitted value could now be chosen. Then, as before,
detectability onset times (colored dots) were drawn from a uniform distribution ensuring that
the individuals were PCR-detectable at the time of the gathering (2). Finally, in step 3, the
number of infectious individuals who would attend the gathering in the absence of a pre-gath-
ering test were counted (in this case just the blue trajectory) as well as the number of

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001333  July 12, 2021 12/17


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001333.s007
https://github.com/gradlab/CtTrajectories/tree/main/data
https://github.com/gradlab/CtTrajectories/tree/main/data
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001333.s004
https://github.com/gradlab/CtTrajectories/tree/main/data
https://github.com/gradlab/CtTrajectories/tree/main/data
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001333.s005
https://github.com/gradlab/CtTrajectories/tree/main/data
https://github.com/gradlab/CtTrajectories/tree/main/data
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001333.s006
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001333.s007
https://doi.org/10.1371/journal.pbio.3001333

PLOS BIOLOGY

Viral dynamics of acute SARS-CoV-2 infection

individuals who would attend the event given a pre-gathering test. Here, the blue trajectory
would be detected by a PCR test but not a rapid test at the test time depicted by the vertical
black bar. The purple trajectory would be detected by both a rapid test and a PCR test, yet it
would not have been infectious at the gathering (in fact, this trajectory never surpasses the
infectiousness threshold depicted here). The green trajectory would not be detected by either
test but also would not have arrived at the gathering while infectious since it has a relatively
late onset time. Repeating this procedure for many simulated gatherings gives an estimate of
the expected number of infectious people who would arrive at a gathering given a pre-gather-
ing testing protocol.

(PDF)

S8 Fig. Mean peak Ct value and distributions of the proliferation stage, clearance stage,
and acute infection duration for individuals with acute infections. Posterior distributions
obtained from 10,000 posterior draws from the distributions for peak Ct value (A), duration of
the proliferation stage (infection detection to peak Ct) (B), duration of the clearance stage
(peak Ct to resolution of acute RNA shedding) (C), and total duration of acute shedding (D)
across the 46 individuals with a verified infection. The mean Ct trajectory corresponding to
the mean values for peak Ct, proliferation duration, and clearance duration is depicted in (E)
(solid lines), where shading depicts the 90% credible interval. Underlying data are available at
https://github.com/gradlab/CtTrajectories/tree/main/output/params_df_combined.csv.

(PDF)

S9 Fig. Posterior peak Ct value distributions for the 46 individuals with acute infections.
Underlying data are available at https://github.com/gradlab/CtTrajectories/tree/main/output/
params_df_split.csv.

(PDF)

S10 Fig. Posterior distributions for the duration of the proliferation stage for 46 individu-
als with acute infections. Underlying data are available at https://github.com/gradlab/
CtTrajectories/tree/main/output/params_df_split.csv.

(PDF)

S11 Fig. Posterior distributions for the clearance stage duration for 46 individuals with
acute infections. Underlying data are available at https://github.com/gradlab/CtTrajectories/
tree/main/output/params_df_split.csv.

(PDF)

S12 Fig. Best-fit Ct trajectories for the 46 individuals with acute infections. Thin grey lines
depict 500 sampled trajectories. Points represent the observed data, with symptomatic individ-
uals represented in red and asymptomatic individuals in blue. Underlying data are available at
https://github.com/gradlab/CtTrajectories/tree/main/output/params_df_split.csv (lines) and
https://github.com/gradlab/CtTrajectories/tree/main/data (points).

(PDF)

$13 Fig. Individual-level peak Ct value and distribution of the proliferation stage, clear-
ance stage, and acute infection duration. Histograms (grey bars) of 10,000 posterior draws
from the distributions for peak Ct value (A), time from onset to peak (B), time from peak to
recovery (C), and total duration of infection (D) across the 46 individuals with an acute infec-
tion. Grey curves are kernel density estimators to more clearly exhibit the shape of the histo-
gram. Black curves represent the best-fit normal (A) or gamma (B-D) distributions to the
histograms. The duration of infection is the sum of the time from onset to peak and the time
from peak to recovery. The best-fit normal distribution to the posterior peak Ct value
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distribution had mean 22.3 and standard deviation 4.2. The best-fit gamma distribution to the
proliferation stage duration had shape parameter 2.3 and inverse scale parameter 0.7. The
best-fit gamma distribution to the clearance stage duration had shape parameter 2.4 and
inverse scale parameter 0.3. The best-fit gamma distribution to the total duration of infection
had shape parameter 4.3 and inverse scale parameter 0.4. Alternatively, the proliferation, clear-
ance, and total duration of infection distributions can be summarized as log-normal distribu-
tions. The best-fit log-normal distribution to the proliferation stage duration had location
parameter p = 0.93 and scale parameter o = 0.82. The best-fit log-normal distribution to the
clearance stage duration had location parameter p = 1.9 and scale parameter ¢ = 0.83. The
best-fit log-normal distribution to the total duration of infection had location parameter p =
2.3 and scale parameter o = 0.53. Underlying data are available at https://github.com/gradlab/
CtTrajectories/tree/main/output/params_df_split.csv.

(PDF)

S14 Fig. Peak viral concentration and overall posterior viral concentration trajectories in
terms of genome equivalents per milliliter. Posterior peak viral concentration distribution
for symptomatic (red) and asymptomatic (blue) individuals (A) and for all individuals com-
bined (B). Underlying data are available at https://github.com/gradlab/CtTrajectories/tree/
main/output/params_df_split.csv (A) and https://github.com/gradlab/CtTrajectories/tree/
main/output/params_df_combined.csv (B).

(PDF)

S$15 Fig. Ct values from the Yale and Florida labs. Points depict the Ct values for SARS-CoV-
2 nasal swab samples that were tested in both the Florida and Yale labs. Ct values from Florida
represent Target 1 (ORF1ab) on the Roche cobas system, and Ct values from Yale represent
N1 in the Yale multiplex assay. The solid black line depicts the best-fit linear regression (inter-
cept = —6.25, slope = 1.34, R* = 0.86). The dashed black line marks the 1-1 line where the
points would be expected to fall if the 2 labs produced identical results. Underlying data are
available at https://github.com/gradlab/CtTrajectories/tree/main/figure_data/FigS15.

(PDF)

S16 Fig. Residuals from the Yale/Florida Ct regression. Points depict the residual after
removing the best-fit linear trend in the relationship between the Yale and Florida Ct values.
Underlying data are available at https://github.com/gradlab/CtTrajectories/tree/main/figure_
data/FigS16.

(PDF)

$17 Fig. Quantile-quantile plot of the residuals from the Yale/Florida Ct regression. The
residuals were standardized (by subtracting the mean of all residuals from each residual and
then dividing each residual by the standard deviation of all residuals) before being compared
with the theoretical quantiles of a normal distribution with mean 0 and standard deviation 1.
The points depict the empirical quantiles of the data points, and the line depicts where the
points would be expected to fall if they were drawn from a standard normal distribution.
Underlying data are available at https://github.com/gradlab/CtTrajectories/tree/main/figure_
data/FigS17.

(PDF)

S18 Fig. Effective sensitivity and expected number of infectious attendees at a gathering,
given a pre-gathering test and varying infectiousness thresholds. (A and C) Effective sensi-
tivity and (B and D) number of infectious individuals expected to attend a gathering of size
1,000 assuming a population prevalence of 2% infectious individuals and a test with limit of
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detection of 40 Ct and 1% sampling error probability (red) and a test with limit of detection of
35 Ct and 5% sampling error probability (blue) administered between 0 and 3 days before the
gathering. For (A) and (B) individuals are assumed to be infectious when their Ct value is
below 35. For (C) and (D) individuals are assumed to be infectious when their Ct value is
below 20. Shaded bands represent 90% prediction intervals generated from the quantiles of
1,000 simulated events and capture uncertainty both in the number of infectious individuals
who would arrive at the event in the absence of testing and in the probability that the test suc-
cessfully identifies infectious individuals. The dashed lines in (B) and (D) depict the expected
number of infectious individuals who would attend the gathering in the absence of testing. Set-
ting the infectiousness threshold at higher viral concentration (20 Ct versus 35 Ct) makes it
less likely that an individual will become infectious at all during the course of their acute infec-
tion, leading to the lower expected number of infectious individuals at the gathering in (D)
versus (B). Underlying data are available at https://github.com/gradlab/CtTrajectories/tree/
main/figure_data/FigS18.

(PDF)

S19 Fig. Illustration of why effective sensitivity declines more sharply with testing delays
for high versus low infectiousness thresholds. For a given viral trajectory conditioned on
infectiousness during a gathering, there is a wider range of possible proliferation onset times
when the infectiousness threshold is low (blue) versus when the infectiousness threshold is high
(red). Additionally, the range of possible onset times for the low infectiousness threshold versus
the high infectiousness threshold is skewed to the left since the clearance time is longer than the
proliferation time. Because of this, a low infectiousness threshold makes it easier for a pre-gather-
ing test to pick up a trajectory that would be infectious at the time of the gathering. Conversely, a
high infectiousness threshold shortens the window of possible onset times that guarantee infec-
tiousness during the gathering, making it more difficult for a pre-gathering test to detect the tra-
jectory. This is reflected in the steeper decline in the effective sensitivity for a high infectiousness
threshold (Ct = 20) than for a low infectiousness threshold (Ct = 35) (see S18A and S18C Fig).
(PDF)

S§1 Table. Standard curve relationship between genome equivalents and Ct values. Synthetic
T7 RNA transcripts corresponding to a 1,363-base-pair segment of the SARS-CoV-2 nucleo-
capsid gene were serially diluted from 10° to 10° and evaluated in duplicate with RT-qPCR.
The best-fit linear regression of the average Ct on the logl0-transformed standard values had
slope —3.60971 and intercept 40.93733 (R* = 0.99).

(PDF)

$2 Table. Viral dynamic parameters for sensitivity analysis 1, omitting person 3047.
(PDF)

S3 Table. Viral dynamic parameters for sensitivity analysis 2, assuming 95% PCR sensitiv-
ity or a 5% probability of false negative.
(PDF)

$4 Table. Viral dynamic parameters for sensitivity analysis 3, removing the upper bounds
for the proliferation and clearance times.
(PDF)

S5 Table. Viral dynamic parameters for sensitivity analysis 4, using “low” priors for the
proliferation and clearance times (mean 3.5 and 7.5 days, respectively).
(PDF)
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S6 Table. Viral dynamic parameters for sensitivity analysis 5, using “high” priors for the
proliferation and clearance times (mean 10.5 days and 22.5 days, respectively).
(PDF)

$1 Text. Supplemental methods.
(PDF)
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Estimating infectiousness throughout
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INTRODUCTION: Although post facto studies have
revealed the importance of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2)
transmission from presymptomatic, asymptomatic,
and mildly symptomatic (PAMS) cases, the virolog-
ical basis of their infectiousness remains largely
unquantified. The reasons for the rapid spread of
variant lineages of concern, such as B.1.1.7, have
yet to be fully determined.

RATIONALE: Viral load (viral RNA concentration)
in patient samples and the rate of isolation suc-
cess of virus from clinical specimens in cell cul-
ture are the clinical parameters most directly
relevant to infectiousness and hence to trans-
mission. To increase our understanding of the
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infectiousness of SARS-CoV-2, especially in PAMS
cases and those infected with the B.1.1.7 variant,
we analyzed viral load data from 25,381 German
cases, including 9519 hospitalized patients, 6110
PAMS cases from walk-in test centers, 1533 B.1.1.7
variant infections, and the viral load time series
of 4434 (mainly hospitalized) patients. Viral load
results were then combined with estimated cell
culture isolation probabilities, producing a clin-
ical proxy estimate of infectiousness.

RESULTS: PAMS subjects had, at the first posi-
tive test, viral loads and estimated infectious-
ness only slightly less than hospitalized patients.
Similarly, children were found to have mean
viral loads only slightly lower (0.5 log;, units
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Viral load and cell culture infectivity in 25,381 SARS-CoV-2 infections. (A) Viral loads in presymptomatic,
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(B) Expected first-positive viral load and cell culture isolation probability, colored as in (A). (C) Temporal
estimation with lines representing patients, colored as in (A). (D) As in (C), but colored by age.
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or less) than those of adults and ~78% of the
adult peak cell culture isolation probability.
Eight percent of first-positive viral loads were
10° copies per swab or higher, across a wide
age range (mean 37.6 years, standard devia-
tion 13.4 years), representing a likely highly
infectious minority, one-third of whom were
PAMS. Relative to non-B.1.1.7 cases, patients
with the B.1.1.7 variant had viral loads that were
higher by a factor of 10 and estimated cell cul-
ture infectivity that was higher by a factor of
2.6. Similar ranges of viral loads from B.1.1.7
and B.1.177 samples were shown to be capable
of causing infection in Caco-2 cell culture. A
time-course analysis estimates that a peak viral
load of 105! copies per swab is reached 4.3 days
after onset of shedding and shows that, across
the course of infection, hospitalized patients
have slightly higher viral loads than nonhos-
pitalized cases, who in turn have viral loads
slightly higher than PAMS cases. Higher viral
loads are observed in first-positive tests of
PAMS subjects, likely as a result of systematic
earlier testing. Mean culture isolation proba-
bility declines to 0.5 at 5 days after peak viral
load and to 0.3 at 10 days after peak viral load.
We estimate a rate of viral load decline of 0.17
logyo units per day, which, combined with re-
ported estimates of incubation time and time to
loss of successful cell culture isolation, suggests
that viral load peaks 1 to 3 days before onset of
symptoms (in symptomatic cases).

CONCLUSION: PAMS subjects who test positive
at walk-in test centers can be expected to be
approximately as infectious as hospitalized pa-
tients. The level of expected infectious viral
shedding of PAMS people is of high importance
because they are circulating in the community
at the time of detection of infection. Although
viral load and cell culture infectivity cannot be
translated directly to transmission probability, it
is likely that the rapid spread of the B.1.1.7 var-
iant is partly attributable to higher viral load in
these cases. Easily measured virological param-
eters can be used, for example, to estimate trans-
mission risk from different groups (by age, gender,
clinical status, etc.), to quantify variance, to show
differences in virus variants, to highlight and
quantify overdispersion, and to inform quaran-
tine, containment, and elimination strategies.
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Two elementary parameters for quantifying viral infection and shedding are viral load and whether
samples yield a replicating virus isolate in cell culture. We examined 25,381 cases of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in Germany, including 6110 from test centers
attended by presymptomatic, asymptomatic, and mildly symptomatic (PAMS) subjects, 9519 who were
hospitalized, and 1533 B.1.1.7 lineage infections. The viral load of the youngest subjects was lower
than that of the older subjects by 0.5 (or fewer) log;o units, and they displayed an estimated ~78% of
the peak cell culture replication probability; in part this was due to smaller swab sizes and unlikely to
be clinically relevant. Viral loads above 10° copies per swab were found in 8% of subjects, one-third
of whom were PAMS, with a mean age of 37.6 years. We estimate 4.3 days from onset of shedding to
peak viral load (108 RNA copies per swab) and peak cell culture isolation probability (0.75). B.1.1.7
subjects had mean logyg viral load 1.05 higher than that of non-B.1.1.7 subjects, and the estimated cell
culture replication probability of B.1.1.7 subjects was higher by a factor of 2.6.

espiratory disease transmission is highly

context-dependent and difficult to quan-

tify or predict at the individual level. This

is especially the case when transmission

from presymptomatic, asymptomatic, and
mildly symptomatic (PAMS) subjects is frequent,
as with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (I-8). Transmission
is therefore typically inferred from population-
level information and summarized as a single
overall average, known as the basic reproductive
number, R,. Although R, is an essential and
critical parameter for understanding and man-
aging population-level disease dynamics, it is a
resultant, downstream characterization of trans-
mission. With regard to SARS-CoV-2, many finer-
grained upstream questions regarding infectiousness
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remain unresolved or unaddressed. Three cat-
egories of uncertainty are (i) differences in in-
fectiousness among individuals or groups such
as PAMS subjects, according to age, gender,
vaccination status, etc.; (i) timing and degree
of peak infectiousness, timing of loss of in-
fectiousness, rates of infectiousness increase
and decrease, and how these relate to onset of
symptoms (when present); and (iii) differences
in infectiousness due to inherent properties of
virus variants.

These interrelated issues can all be addressed
through the combined study of two clinical
virological parameters: the viral load (viral RNA
concentration) in patient samples, and virus
isolation success in cell culture trials. Viral load
and cell culture infectivity cannot be translated
directly to in vivo infectiousness, and the im-
pact of social context and behavior on transmis-
sion is very high; nonetheless, these quantifiable
parameters can generally be expected to be those
most closely associated with transmission
likelihood. A strong relationship between
SARS-CoV-2 viral load and transmission has
been reported (9), comparing favorably with
the situation with influenza virus, where the
association is less clear (10, I11).

The emergence of more transmissible SARS-
CoV-2 variants, such as the B.1.1.7 lineage (UK
Variant of Concern 202012/01), emphasizes
the importance of correlates of shedding and
transmission. The scarcity of viral load data in
people with recent variants, and in PAMS
subjects of all ages (12), is a blind spot of key
importance because many outbreaks have clearly
been triggered and fueled by these subjects

(2, 13-17). Viral load data from PAMS cases
are rarely available, greatly reducing the num-
ber of studies with information from both
symptomatic and PAMS subjects and that
span the course of infections (72, 18). Making
matters worse, it is not possible to place posi-
tive reverse transcription polymerase chain
reaction (RT-PCR) results from asymptomatic
subjects in time relative to a nonexistent day
of symptom onset, so these cases cannot be
included in studies focused on incubation period.
Additionally, viral load time courses relative to
the day of symptom onset rely on patient re-
call, a suboptimal measure that is subject to
human error and that overlooks infections from
presymptomatic or asymptomatic contacts (12).
An alternative and more fundamental param-
eter, the day of peak viral load, can be estimated
from dated viral load time-series data, drawn
from the entire period of viral load rise and fall
and the full range of symptomatic statuses.

To better understand SARS-CoV-2 infec-
tiousness, we analyzed viral load, cell culture
isolation, and genome sequencing data from
a diagnostic laboratory in Berlin (Charité-
Universitdtsmedizin Berlin Institute of Virol-
ogy and Labor Berlin). We first address a set of
questions regarding infectiousness at the moment
of disease detection, especially in PAMS subjects
whose infections were detected at walk-in com-
munity test centers. Because these people are
circulating in the general community before
their infections are detected, and are healthy
enough to present themselves at such centers,
their prevalence and shedding are of key im-
portance to the understanding and prevention
of transmission. In addition to PAMS subjects,
we consider the infectiousness suggested by
first-positive tests from hospitalized patients,
including differences according to age, virus
variant, and gender. A further set of temporal
questions are then addressed by studying how
infectiousness changes during the infection
course. Using viral load measurements from
patients with at least three RT-PCR tests, we
estimate the onset of infectious viral shedding,
peak viral load, and the rates of viral load in-
crease and decline. Knowledge of these pa-
rameters enables fundamental comparisons
between groups of subjects and between virus
strains, and highlights the misleading impres-
sion created by viral loads from first-positive
RT-PCR tests if the time of testing in the infec-
tion course is not considered.

Study composition

We examined 936,423 SARS-CoV-2 routine di-
agnostic RT-PCR results from 415,935 subjects
aged 0 to 100 years from 24 February 2020 to
2 April 2021. Samples were collected at test
centers and medical practices mostly in and
around Berlin, Germany, and analyzed with
LightCycler 480 and cobas 6800/8800 systems
from Roche. Of all tested subjects, 25,381 (6.1%)
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Table 1. Age stratification of first-positive RT-PCR tests and viral load for 25,381 positive cases.

N, number of subjects with a positive test result; Pos. %, percentage of positive subjects; Load (SD), mean
logyp(viral load) and standard deviation; =3 tests, number of subjects with at least three RT-PCR test
results, as used in the viral load time course analysis. Age ranges (in years) are open-closed intervals.

All cases PAMS cases Hospitalized cases
Age N Pos.% Load (SD) 23tests N Pos.% Load(SD) N Pos.% Load (SD)
0-5 330 18 59(L84) 16 36 51 66(87) 32 09 56(222)
5-10 185 18 6.0 (1.73) 12 39 62 61(183) 18 14 58(197)
10-15 227 22 6.0(76) 8 51 69 64192 22 14 6.0 (2.02)
15-20 643 30 63(187) 39 192 51 67@077) 121 25  6.1(195)
20-25 1637 32 65(189) 110 696 40 69(186) 246 27 59 (192)
25-35 4452 30 66(90) 320 1988 39 7.0(183) 614 22 6.0(188)
35-45 3393 27 64(184) 323 1277 35 69(79) 576 20 6.0 (1.90)
45-55 3341 31 64(18) 401 1012 34 69(183) 733 23 59(L77)
55-65 3322 27 63(178) 623 674 30 68(1.82) 1039 21 59 (180)
>65 7851 3.0 64(179) 2492 145 58 68(1.87) 3434 23 6.2(L86)

had at least one positive RT-PCR test (Table 1).
Positive subjects had a mean age of 51.7 years
with high standard deviation (SD) of 22.7 years,
and a mean of 4.5 RT-PCR tests (SD 5.7), of
which 1.7 (SD 1.4) were positive. Of the positive
subjects, 4344 had tests on at least 3 days (with
at least two tests positive) and were included in
a time-series analysis.

We divided the 25,381 positive subjects into
three groups (Fig. 1). The Hospitalized group
(9519 subjects, 37.5%) included all those who
tested positive in an in-patient hospitalized
context at any point in their infection. The
PAMS group (6110 subjects, 24.1%) included
people whose first positive sample was obtained
in any of 24 Berlin COVID-19 walk-in commu-
nity test centers, provided they were not in the
Hospitalized category. The Other group (9752
subjects, 38.4%) included everyone not in the
first two categories (table S1). As Fig. 1 shows,
there were relatively low numbers of young
subjects in all three groups, and very few elderly
PAMS subjects. The validity of the PAMS classi-
fication is supported by the fact that of the
overall 6159 infections detected at walk-in test
centers, only 49 subjects (0.8%) were later hos-
pitalized. Subjects testing positive at these cen-
ters are almost certainly receiving their first
positive test because they are instructed to im-
mediately self-isolate, and our data confirm
that such subjects are rarely retested: Only
4.6% of people with at least three test results
had their first test at a walk-in test center. Of
the 9519 subjects who were ever hospitalized,
6835 were already in hospital at the time of
their first positive test. PAMS subjects had a
mean age of 38.0 years (SD 13.7), typically
younger than Other subjects (mean 49.1 years,
SD 23.5), with Hospitalized the oldest group
(mean 63.2 years, SD 20.7). Typing RT-PCR
indicated that 1533 subjects were infected with
a strain belonging to the B.1.1.7 lineagge, as con-

Jones et al., Science 373, eabi5273 (2021) 9 July 2021

firmed by full genomes from next-generation
sequencing (see materials and methods).

First-positive viral load

Across all subjects, the mean viral load [given
as log;o(RNA copies per swab)] in the first
positive-testing sample was 6.39 (SD 1.83). The
PAMS subjects had viral loads higher than
those of the Hospitalized subjects for ages up
to 70 years, as exemplified by a 6.9 mean for
PAMS compared to a 6.0 mean in Hospitalized
adult subjects of 20 to 65 years. Crude com-
parisons of viral loads in age groups showed
no substantial difference in first-positive viral
load between groups of people older than
20 years (Table 1). Children and adolescents
had mean first-positive viral load differences
ranging between -0.49 (-0.69, -0.29) and -0.16
(-0.31, -0.01) relative to adults aged 20 to 65
(Table 2). Here and below, parameter differ-
ences between age groups show the younger
value minus the older, so a negative difference
indicates a lower value in the younger group.
Ranges given in parentheses are 90% credible
intervals.

We used a Bayesian thin-plate spline re-
gression to estimate the relationship among
age, clinical status, and viral load from the first
positive RT-PCR of each subject, adjusting for
gender, type of test center, and PCR system
used. The Bayesian model well represents the
observed data (Fig. 1B, Table 2, and fig. S1). The
raw data and the Bayesian estimation (Fig. 2A)
suggest consideration of subjects in three age
categories: young (ages 0 to 20 years, grouped
into 5-year brackets), adult (20 to 65 years), and
elderly (over 65 years). We estimated an average
first-positive viral load of 6.40 (6.37, 6.42) for
adults and a similar mean of 6.35 (6.32, 6.39) for
the elderly (Fig. 2A). Younger age groups had
lower mean viral loads than adults, with the
difference falling steadily from -0.50 (-0.62,

-0.37) for the very youngest (0 to 5 years) to
-0.18 (-0.23, -0.12) for older adolescents (15 to
20 years) (Table 2). Young age groups of PAMS
subjects had lower estimated viral loads than
older PAMS subjects, with differences ranging
from -0.18 (-0.29, -0.07) to -0.63 (-0.96, -0.32).
Among Hospitalized subjects these differences
were smaller, ranging from -0.18 (-0.45, 0.07)
to -0.11 (-0.22, 0.01) (Table 2 and Fig. 2B). Viral
loads of subjects younger than 65 years were
~0.75 higher for PAMS subjects than for Hos-
pitalized subjects (Fig. 2A), likely because of a
systematic difference in RT-PCR test timing,
discussed below.

Associating viral load with cell
culture infectivity

‘We estimated the association between viral load
and successful cell culture isolation probability
(hereafter “culture probability”) by combining
the viral load estimated from the Bayesian re-
gression with cell culture isolation data from our
own laboratory (19) and from Perera et al. (20)
(Fig. 2C). Across all ages, the average estimated
culture probability at the time of first positive
RT-PCR was 0.35 (0.01, 0.94). The mean cul-
ture probability for PAMS cases, 0.44 (0.01,
0.98), was higher than for Hospitalized cases,
0.32 (0.00, 0.92) (Fig. 2D). Comparing PAMS
cases, we found differences, in particular for
children aged O to 5 compared to adults aged
20 to 65, with average culture probabilities of
0.329 (0.003, 0.950) and 0.441 (0.008, 0.981)
respectively, and a difference of -0.112 (-0.279,
-0.003). Age group differences in Hospitalized
cases ranged from -0.028 (-0.104, 0.009) to
-0.018 (-0.055, 0) (Table 2).

First-positive viral loads are weakly bimodally
distributed (Figs. 1A and 2A), which is not
reflected in age-specific means. The resultant
distribution includes a majority of subjects
with relatively low culture probability and a
minority with very high culture probability
(Fig. 2E and fig. S2). The highly infectious sub-
set includes 2228 of 25,381 positive subjects
(8.78%) with a first-positive viral load of at least
9.0, corresponding to an estimated culture
probability of ~0.92 to 1.0. Of these 2228 sub-
jects, 804 (36.09%) were PAMS at the time of
testing, with a mean (median) age of 37.6
(34.0) and SD of 13.4 years. PAMS subjects
are overrepresented in this highly infectious
group among people aged 20 to 80 years, and
Hospitalized subjects are overrepresented in
people aged 80 to 100 years (fig. S3).

Estimating B.1.1.7 infectiousness at
first-positive test

The 1533 subjects infected with a B.1.1.7 virus
in our dataset had an observed mean first-
positive viral load of 7.38 (SD 1.54), which is
1.05 higher (0.97, 1.13) than non-B.1.1.7 sub-
jects in the full dataset. To increase speci-
ficity, we compared 1453 B.1.1.7 cases with
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Fig. 1. Distribution of age and first-positive viral load in PAMS, Hospita-
lized, and Other subjects. (A) Distribution of observed first-positive viral
loads for 25,381 subjects according to clinical status (6110 PAMS, 9519
Hospitalized, 9752 Other) and age group. (B) Age-viral load association.
Observed viral loads are shown as circles (circle size indicates subject count)
with vertical lines denoting confidence intervals; model-predicted viral loads

are shown as a black, roughly horizontal line, with gray shading denoting
credible intervals. (C) Stacked age histograms according to subject clinical
status. Because inclusion in the study required a positive RT-PCR test result,
and because testing is in many cases symptom-dependent, the study may
have a proportion of PAMS cases that differs from the proportion in the
general population.

977 non-B.1.1.7 cases using viral loads only
from centers with B.1.1.7 and non-B.1.1.7 cases,
and only from the same day or 1 day before
or after the B.1.1.7 sample was taken. This
analysis adjusted for clinical status, gender,
RT-PCR system, and subject age, and also
modeled random test center effects. The results
show that B.1.1.7 cases are associated with a
1.0 (0.9, 1.1) higher viral load (Fig. 3 and table
S2). This results in a mean estimated B.1.1.7
subject culture probability of 0.50 (0.03, 0.97),
considerably higher than the overall figure of
0.31 (0.00, 0.94) for the non-B.1.1.7 subjects in
the comparison, corresponding to a median

Jones et al., Science 373, eabi5273 (2021) 9 July 2021

factor of 2.6 (50% credible interval: 1.4, 5.1)
higher culture probability for samples from
B.1.17 cases. To investigate whether there might
be a difference in cell culture infectivity due to a
factor other than viral load, we isolated virus
from 105 samples (22 B.1.1.7, 83 B.1.177) in
Caco-2 cells from a collection of 223 samples
with matched viral loads. Although no statis-
tical difference was seen in the distribution of
viral loads that resulted in successful isolation
(fig. S4), uncertainty attributable to the routine
diagnostic laboratory context—including un-
controlled preanalytical parameters such as
transportation time and temperature, togeth-

er with the small isolation-positive sample
sizes—are insufficient to support a conclu-
sion that the distributions do not differ (see
materials and methods).

Estimating infectiousness over time

To investigate viral load over the course of the
infection, we estimated the slopes of a model
of linear increase and then decline of log;,
viral load using a Bayesian hierarchical model.
The analysis used the time series of the 4344
subjects who had RT-PCR results on at least
3 days (with at least two tests being positive).
The number of subjects with multiple test
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Table 2. Pairwise age comparisons of first-positive RT-PCR viral load and estimated culture probability calculated from spline regression or raw
data. Only the spline-based regression adjusts for effects of the test center and RT-PCR system. Differences are mean differences, with 90% credible intervals
or confidence intervals from null-hypothesis significance testing given in parentheses. P values are from Mann-Whitney U tests (96).

Spline-based regression (adjusted)

Raw data (unadjusted)

Sample Comparison Culture probability difference logyo(load difference) logyo(load difference) P
All 0-5 vs. 20-65 -0.067 (-0.167, -0.002) -0.50 (-0.62, -0.37) -0.49 (-0.69, -0.29) <0.001
Al 5-10 vs. 20-65 -0.054 (-0.132, -0.002) -0.40 (-0.50, -0.30) -0.38 (-0.64, -0.13) 0.004
Al 10-15 vs. 20-65 -0.045 (-0.111, -0.002) -0.30 (-0.39, -0.22) -0.42 (-0.65, -0.18) <0.001
All 15-20 vs. 20-65 -0.033 (-0.076, -0.001) -0.18 (-0.23, -0.12) -0.16 (-0.31, -0.01) 0.033
PAMS 0-5 vs. 20-65 -0.067 (-0.167, -0.002) -0.50 (-0.62, -0.37) -0.49 (-0.69, -0.29) <0.001
PAMS 5-10 vs. 20-65 -0.112 (-0.279, -0.003) -0.63 (-0.96, -0.32) -0.37 (-1.00, 0.26) 0.213
PAMS 10-15 vs. 20-65 -0.092 (-0.228, -0.003) -0.51 (-0.77, -0.26) -0.86 (-1.46, -0.26) 0.004
PAMS 15-20 vs. 20-65 -0.064 (-0.162, -0.002) -0.35 (-0.54, -0.17) -0.56 (-1.10, -0.02) 0.034
Hospitalized 0-5 vs. 20-65 -0.033 (-0.087, -0.001) -0.18 (-0.29, -0.07) -0.26 (-0.52, -0.01) 0.046
Hospitalized 5-10 vs. 20-65 -0.028 (-0.104, 0.009) -0.18 (-0.45, 0.07) -0.36 (-1.10, 0.37) 0.115
Hospitalized 10-15 vs. 20-65 -0.025 (-0.084, 0.003) -0.16 (-0.36, 0.03) -0.48 (-1.38, 0.43) 0172
Hospitalized 15-20 vs. 20-65 -0.022 (-0.071, 0.001) -0.14 (-0.29, 0.02) -0.11 (-0.97, 0.74) 0.625
Other 0-5 vs. 20-65 -0.018 (-0.055, 0.000) -0.11 (-0.22, 0.01) 0.00 (-0.33, 0.33) 0.845
Other 5-10 vs. 20-65 -0.058 (-0.148, -0.001) -0.36 (-0.51, -0.20) -0.33 (-0.55, -0.10) 0.004
Other 10-15 vs. 20-65 -0.044 (-0.110, -0.001) -0.27 (-0.39, -0.15) -0.10 (-0.40, 0.20) 0.586
Other 15-20 vs. 20-65 -0.026 (-0.072, -0.001) -0.16 (-0.27, -0.06) -0.31 (-0.58, -0.04) 0.045

results skews heavily toward older subjects, | (fig. S9 and table S3). No differences according | Discussion

with very few below the age of 20 meeting | to gender were seen. Viral load time courses | Limitations

the criterion (Fig. 4A). We estimated time
from onset of shedding to peak viral load of
4.31 (4.04, 4.60) days, mean peak viral load
of 8.1 (8.0, 8.3), and mean decreasing viral
load slope of -0.168 (-0.171, -0.165) per day
(fig. S5). Figure S6 shows that while Hospi-
talized patients are estimated to be uniformly
highly infectious at peak viral load, the infec-
tiousness of PAMS subjects at peak load is
more variable.

The temporal placement of the full 18,136
RT-PCR results from these 4344 subjects (80%
of whom were hospitalized with COVID-19 at
some point in their infections) is shown in fig.
S7. Per-subject trajectories can differ consider-
ably from that described by the mean param-
eters (Fig. 4B and fig. S8). Across all subjects,
PAMS cases were on average detected 5.1 (4.5,
5.7) days after peak load, 2.4 (1.7, 3.0) days
before non-PAMS cases, which were on average
detected 7.4 (7.2, 7.6) days after peak load. We
estimate that 962 (914, 1010) of the 4344 sub-
jects [22.14% (21.04, 23.25)] had a first positive
test before the time of their peak viral load,
with a mean of 1.4 (1.3, 1.5) days before reaching
peak viral load. Among the infections detected
after peak viral load, the timing of the first
positive RT-PCR test is estimated at 9.8 (9.6,
10.0) days after peak viral load, with SD of 6.9
(6.8, 7.0) days, reflecting a broad time range of
infection detection. Estimated peak viral loads
were higher in Hospitalized subjects than in
Other subjects, and higher in Other subjects
than in PAMS subjects, with differences of 0.68
(0.83, 0.52) and 0.96 (0.33, 1.53) respectively

Jones et al., Science 373, eabi5273 (2021) 9 July 2021

were similar across age groups, although younger
subjects had lower peak viral load than adults
aged 45 to 55 (Fig. 5, A and C, fig. S10, and table
S4). Model parameters suggest a slightly longer
time to peak, a higher peak, and a more rapid
decline in viral load when the analysis is re-
stricted to subjects with successively higher num-
bers of RT-PCR results (fig. S11 and table S5), with
an increasing percentage of hospitalized subjects.
Differences in model parameters according to the
number of tests in subjects may reflect increased
parameter accuracy due to additional data, al-
though other factors associated with being tested
more frequently may be responsible. The
Bayesian estimation of the model agrees well
with a separate second implementation based
on simulated annealing (fig. S12, table S5, and
supplementary text).

We estimate that the rise from near-zero to
peak culture probability takes 1.8 (1.3, 2.6) days,
with a mean peak culture probability of 0.74
(0.61, 0.85). Mean culture probability then de-
clines to 0.52 (0.40, 0.64) at 5 days and to 0.29
(0.19, 0.40) at 10 days after peak viral load.
Subject-level time courses can deviate substan-
tially from these mean estimates (Fig. 4C). Peak
culture probabilities for age groups range from
a low of 0.54 (0.39, 0.71) for O- to 5-year-olds to
0.80 (0.67, 0.90) for subjects more than 65 years
old. The least infectious youngest children have
78% (61, 94)) of the peak culture probability of
adults aged 45 to 55 (Fig. 5, B and D, and table
S4). An insufficient amount of data precludes a
reliable B.1.1.7 viral load time-series analysis at
this point.

Our analysis attempted to account for the ef-
fects of gender, PCR system, and test center
type. Although we could not incorporate inter-
run variability or the variability in the sample
preanalytic (such as type of swab or initial
sample volume) in our conversion of RT-PCR
cycle threshold values to log;y(viral load) val-
ues, these variabilities apply to all age groups
and do not affect the interpretation of data
for the purpose of our study. If the proportion
of subjects with a certain clinical status dif-
fers between age groups in the study sample,
this could lead to over- or underestimation of
differences in viral load between age groups.
However, as our study compares viral load
between age groups stratified by clinical status,
it appears unlikely that differential testing biases
our results.

Interpreting first-positive viral loads

Viral loads and their differences are not easy
to interpret without knowledge of when in the
disease course the samples were taken, and of
the correspondence between viral load and
shedding. The higher first-positive viral loads
in PAMS subjects than in Hospitalized subjects
are likely due to time of detection. This is sug-
gested in the first place by the estimated dif-
ference of 2.4 (1.7, 3.0) days in test timing, which
would produce a viral load difference of ~0.4:
using the -0.168 daily viral load decline gradient
from the (mainly hospitalized) time-series sub-
jects. Additionally, from the time series of
PAMS, Other, and Hospitalized subjects, we
can estimate that throughout the infection
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Fig. 2. Estimated viral load and culture probability at time of first positive
RT-PCR test. Shaded regions denote 90% credible intervals in all panels. To
indicate change within each 90% region, shading decreases in intensity from a
narrow 50% credibility interval level to the full 90%. (A) Estimated mean viral
load in first-positive RT-PCR tests according to age and status. The stacked
histogram (right) shows the observed viral load distribution. Because the shaded
region shows the 90% credible interval for the mean, it does not include the
higher values shown in the histogram on the right. (B) Differences in estimated
first-positive viral load according to age and status. Each colored line is specific to
a particular subset of subjects (PAMS, Hospitalized, Other). Each line shows
how viral load differs by age for subjects of the corresponding status from
that of 50-year-old (rounded age) subjects of the same status. The comparison
against 50-year-olds avoids comparing any subset of the subjects against a value
(such as the overall mean) that is computed in part on the basis of that subset,
thereby partially comparing data to the same data. The mean first-positive viral loads
for 50-year-old PAMS and Hospitalized subjects are 7.2 and 6.2, respectively,
allowing relative y-axis differences to be translated to approximate viral loads.

(C) Estimation of the association between viral load and cell culture isolation success
rate based on data from our own laboratory (19) and Perera et al. (20). Viral load
differences in the logio range ~6 to ~9 have a large impact on culture probability,
whereas the impact is negligible for differences outside that range. The vertical lines
indicate the observed mean first-positive viral loads for different subject groups;
the horizontal lines show the corresponding expected probabilities of a positive
culture. (D) Estimated culture probability at time of first-positive RT-PCR according
to age and status, obtained by combining the results in (A) and (C). Culture
probability is calculated from posterior predictions [i.e., the posterior means shown
in (A) plus error variance]. The histogram at right shows that mean culture
probabilities calculated from observed viral loads are not well matched by credible
intervals, which do not include the most probable estimated culture probabilities.
(E) Culture probability with highest—posterior density regions, which do include
the most probable estimated culture probabilities and match the histograms in

(D) well. The y axis is the same as in (D). (F) Differences of estimated expected
culture probability at time of first-positive RT-PCR for age groups, with plot elements
as described for (B).

course, the Hospitalized group has higher
viral loads than the Other group, whose viral
loads are in turn higher than those of the PAMS
group (fig. S9 and table S3). This relationship
holds across age groups (fig. S13) and also in

Jones et al., Science 373, eabi5273 (2021) 9 July 2021

a fine-grained split of test centers by clinical
severity (fig. S14). Similarly, the lower first-
positive viral loads in elderly PAMS subjects
may be due to these subjects being less likely
to be tested as early because they are more

likely to be house-bound, less likely to be em-
ployed, less mobile, more cautious (therefore
disinclined to get tested with only mild symp-
toms), etc. The impact on infectiousness of
differences in viral load must be informed by
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A B where the viral loads fall on the viral load-
B B117 culture probability curve. In our data, the viral
> B ron-B1a7 loads involved in the difference between means
a2 in children and adults and the difference be-
3 tween means in B.1.1.7 and non-B.1.1.7 subjects
.é result in quite different corresponding culture
% probabilities (see below).
= —lp— A highly infectious minority and overdispersion
6.0 65 7.0 75 0.50 0.75 1.00 1.25 1.50 The bimodal distribution of culture probabil-
log4 viral load log4g viral load B.1.1.7 - non-B.1.1.7 ities (Fig. 2, D and E) shows a small group of
C D 8.78% of highly infectious subjects. This quali-
tatively agrees with a model (21) and a study
= (22) concluding that 10% and 15% of index
2 cases, respectively, may be responsible for 80%
g of transmission. Other studies reported that
2 8 to 9% of individuals harbored 90% of total
% viral load (23), and that in cases from India
& (24) and Hong Kong (6) ~70% of index cases
e had no secondary cases. PAMS subjects can be
0.00 0.25 050 - 0.75 1.00 0.0 0.2 0.4 construed to pose a risk for several reasons:
Culture probability Culture prob. B.1.1.7 -non-8.1.1.7 36.1% of the highly infectious subjects in our
study were PAMS at the time of the detection of
Fig. 3. Posterior distributions of estimated viral loads and culture probabilities for B.1.1.7 and non-B.1.1.7 their infection, their mean age was 37.6 years
subjects, and their differences. Viral loads and estimated culture probabilities of 1387 B.1.1.7 subjects and with a high standard deviation of 13.4 years (figs.
977 non-B.1.1.7 subjects are represented. To select a comparable subset of non-B.1.1.7 viral loads for the S2 and S3), and we estimate that infectiousness
comparison, we included only non-B.1.1.7 subjects from test centers that had detected a B.1.1.7 variant as peaks 1 to 3 days before onset of symptoms
well as at least one non-B.1.1.7 subject, and only if the non-B.1.1.7 infection was detected on the same day as | (if any).
a B.1.1.7 infection was detected, plus or minus 1 day. Similar differences exist when viral loads from larger,
less restrictive, subsets of non-B.1.1.7 subjects are used in the comparison (table S2; see materials and Comparison with influenza virus
methods). (A) Posterior distribution of viral load. (B) Posterior distribution of difference of average viral load | Without direct knowledge from a large num-
between B.1.1.7 and non-B.1.1.7 cases. (C) Posterior distribution of the estimated culture probability. See ber of SARS-CoV-2 transmission events, we could
also fig. S2. (D) Difference of mean culture probability between B.1.1.7 and non-B.1.1.7 cases. Horizontal lines | try to draw conclusions regarding infectiousness
indicate 90% credible intervals in (A), (B), and (D) and the highest posterior density intervals in (C). from studies of other respiratory viruses, such
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Fig. 4. Viral load and estimated infectious virus shedding time series.

Of 25,381 positive subjects, 4344 had three or more RT-PCR test results available,
and these were used in a viral load time-series analysis. Subjects with only one
result cannot be placed in time because of inherent ambiguity (given that the
model has both an increasing and a decreasing phase), and those with only two
test results are excluded from the time-series analysis because of insufficient
data for temporal placement (their number of data points is less than the
number of model parameters being estimated). (A) Number of subjects with
three or more RT-PCR test results available, at least two of which were positive,
according to age. (B) Estimated time course of viral load for 18,136 RT-PCR
results from the 4344 subjects with at least three RT-PCR results. Blue lines are

Jones et al., Science 373, eabi5273 (2021) 9 July 2021

expected complete time courses for individual cases. The sample mean is shown
in red, with its 90% credible interval as a shaded area. The histogram at right
shows the distribution of all observed viral loads. The histogram values at zero
correspond to the initial and trailing negative tests in subject timelines. Figure S8
shows raw viral load time series, per subject and split by number of RT-PCR

tests. (C) Estimated time course of positive cell culture probability, calculated by
applying the results shown in Fig. 2C to the estimated viral load time courses in (B).
Blue lines are expected time courses for individual subjects. The sample average is
shown in red, with its 90% credible interval as a shaded area. The histogram at
right shows the distribution of culture probabilities in the sample and was obtained
by applying the curve in Fig. 2C to the data in the histogram in (B).
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Fig. 5. Estimated expected viral A
load and culture probability

for age groups by time.

(A) Change in estimated viral load
over time according to age group
for 4344 subjects with at least
three RT-PCR tests, at least two of
which were positive. Shading
indicates the 90% credible inter-
val of the mean. (B) Change in
estimated culture probability over
time according to age. Age
groups, coloring, and shading are
as in (A). (C) Estimated age group
differences in mean peak viral
load, corresponding to the values
at day zero in (A). (D) Estimated
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as influenza. However, it has become clear that
there are important differences and uncertain-
ties that would cast doubt on such a compar-
ison. Influenza may have later onset of viral
shedding; shedding finishes earlier; there may
be a lower secondary attack rate; viral loads are
much lower; there is variation between virus
subtypes; the role of asymptomatic subjects
in transmission is uncertain or thought to be
reduced; and the frequency of asymptomatic
infections is uncertain, especially in children
(10, 11, 25-29). Age-specific behavioral differ-
ences do, however, make a large contribution
to the established higher shedding of children
relative to adults in influenza. This should be
an important consideration for SARS-CoV-2,
as shown by studies indicating higher trans-
mission between children of similar ages (6, 24)
and high transmission heterogeneity (22). De-
spite many decades of close study of influenza
virus, the relationship between viral load and
transmission is unclear (10, 11). The situation
with respiratory syncytial virus is even less
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clear (30). Understanding SARS-CoV-2 trans-
mission will likely be at least as challenging,
given the high frequency of transmission from
PAMS subjects (I-8). This suggests an important
role for clinical parameters, given the apparently
strong association between viral load and trans-
mission, independent of symptoms (9).

Estimated infectiousness in the young

The differences we observe in first-positive
RT-PCR viral load between groups based on
age are minor, as in other studies (31-35), and
the viral loads in question—in the range of 5.9
to 6.6 (Table 1)—are in a region of the viral load-
culture probability association where changes in
viral load have relatively little impact on esti-
mated culture probability (Fig. 2C). Compar-
isons between adult viral loads and those of
children, and the relative infectious risks they
pose, are impeded by the likely influence of
nonviral factors. Nasopharyngeal swab samples,
which often carry higher viral loads, are rarely
taken from young children because they can

25 50

Age

75 100

be painful, and the sample volume carried by
smaller pediatric swab devices is lower than in
larger swabs used for adults (36). Infections in
mildly symptomatic children may be initially
missed and only detected later (37), resulting
in lower first-positive viral loads. Our results of
similar viral load trajectories for children and
adults (Fig. 5), and the numeric range of the
viral load values in question (Fig. 2C), suggest
that viral load differences between children
and adults are too small to be solely respon-
sible for large differences in infectiousness.
The impact on transmission of general age-
related physiological differences, such as differ-
ent innate immune responses (38), may be
small relative to the impact of large differences
in frequency of close contacts and transmis-
sion opportunities.

Timing of estimated peak infectiousness relative
to onset of symptoms

We estimated the time from onset of shedding
to peak viral load at 4.3 days. Previous studies
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and reviews of COVID-19 report mean incu-
bation times of 4.8 to 6.7 days (4, 39-44),
which suggests that, on average, a period of
high infectivity can start several days before
the onset of symptoms. Viral load rise may
vary between individuals, and limitations of
the available data suggest that our analysis
may underestimate interindividual variation
in viral load increase. The failure to isolate
virus in cell culture beyond 10 days from
symptom onset (19, 20, 35, 45, 46), together
with our estimated slope of viral load decline,
also suggest that peak viral load occurs 1 to
3 days before symptom onset (supplementary
text). Data from 171 hospitalized patients from
a Charité-Universititsmedizin cohort suggest a
figure of 4.3 days (fig. S15 and supplementary text).

Estimated infectiousness of the B.1.1.7 variant

We found that people infected with a B.1.1.7
virus had a first-positive viral load that was
~1 higher than in people infected with a wild-
type virus. The scale of the viral load difference,
and its presence in the comparison between
B.1.1.7-infected and non-B.1.1.7-infected subjects
drawn from the same test centers at the same
times, argue that the difference is not due to
a systematic difference in time of sampling.
The higher B.1.1.7 viral load can be compared
to the findings of two large and closely con-
trolled UK studies, a mortality study (47) and
a vaccine trial (48), which imply higher B.1.1.7
viral loads by a factor of 5 to 10 (based on RT-
PCR cycle threshold differences of 2.3 and ~3,
respectively). Several other studies also appear
to point to a higher B.1.1.7 viral load (49-52)
(supplementary text).

The mean B.1.1.7 viral load value in our study
falls in a region of the viral load-culture prob-
ability curve with a steep gradient (Fig. 2C),
resulting in an estimated culture probability
considerably higher than for non-B.1.1.7 subjects.
Although a strong correlation has been observed
between SARS-CoV-2 viral load and transmission
(9), here we are estimating infectivity probability
from cell culture trials. Any impact of a change
in viral load on transmission will be highly
dependent on context, so the large difference
in estimated culture probability in our data is
only a proxy indication of potentially higher
transmissibility of the B.1.1.7 strain. We estimate
that B.1.1.7-infected subjects’ mean culture prob-
ability is higher than that of non-B.1.1.7-infected
subjects by a factor of 2.6. This can be compared
to a UK study that found a factor of 1.3 relative
increase in secondary attack rates for B.1.1.7
index cases in ~60,000 household contacts (53),
a UK study estimating a factor of 1.7 to 1.8 in-
crease in transmission (54), and an estimate of
a43% to 90% higher reproductive number (55).

Summary

Our results indicate that PAMS subjects in
apparently healthy groups can be expected to
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be as infectious as hospitalized patients at the
time of detection. The relative levels of expected
infectious virus shedding of PAMS subjects
(including children) is of high importance be-
cause these people are circulating in the
community and it is clear that they can trigger
and fuel outbreaks (56). The results from our
time-series analysis, and their generally good
agreement with results from studies based on
other metrics (often epidemiological), show
that accurate estimations can be directly ob-
tained from two easily measured virological
parameters, viral load and sample cell culture
infectivity. Such results can be put to many uses:
to estimate transmission risk from different
groups (by age, gender, clinical status, etc.), to
quantify variance, to show differences in virus
variants, to highlight and quantify overdisper-
sion, and to inform quarantine, containment,
and elimination strategies. Our understanding
of the timing and magnitude of change in viral
load and infectiousness, including the impact
of influencing factors, will continue to improve
as data from large studies accumulate and are
analyzed. A major ongoing challenge is to con-
nect what we learn about estimated infectious-
ness from these clinical parameters to highly
context-dependent in vivo transmission. On
the basis of our estimates of infectiousness of
PAMS subjects and the higher viral load found
in subjects infected with the B.1.1.7 variant, we
can safely assume that nonpharmaceutical in-
terventions such as social distancing and mask
wearing have been key in preventing many
additional outbreaks. Such measures should
be used in all social settings and across all age
groups wherever the virus is present.

Materials and methods

Age ranges

Age categories for the analysis of the first-
positive test results mentioned in the text in-
dicate mathematically open-closed ranges of
years (e.g., 0-5 signifies (0-5] years). We group
subjects up to 20 years old into age categories
spanning 5 years, subjects from 20 to 65 years
into an adult group, and elderly subjects into a
65+ category. This categorization is motivated
by the observed data and the Bayesian estima-
tion of viral load differences between children
of different ages and adults. The age groupings
used in the viral load time-series analysis are
broader in the younger categories to increase
the cardinality of those groups, because few
young people have at least three RT-PCR tests
(Fig. 4A).

Viral loads

Viral load is semiquantitative, estimating RNA
copies per entire swab sample, whereas only a
fraction of the volume can reach the test tube.
The quantification is based on a standard
preparation tested in multiple diluted repli-
cates to generate a standard curve and derive a

formula in which RT-PCR cycle threshold values
are converted to viral loads. This approach does
not reflect inter-run variability or the variability
in the sample preanalytic, such as type of swab or
initial sample volume (varying between 2.0 and
4.3 ml). However, these variabilities apply to all
age groups and do not affect the interpretation of
data for the purpose of the present study.

Viral load figures are given as the logarithm
base 10. Viral load is estimated from the cycle
threshold (Ct) value using the empirical formu-
lae 14.159 - (Ct x 0.297) for the Roche Light
Cycler 480 system and 15.043 - (Ct x 0.296) for
the Roche cobas 6800/8800 systems. The
formulae are derived from testing standard curves
and cannot be transferred to calculate viral load in
other laboratory settings. Calibration of the sys-
tems and chemistries in actual use is required.

B.1.1.7 viral load analysis

No analysis regarding symptomatic status was
made for B.1.1.7 subjects because of uncertain-
ties regarding exact operational protocols at
outbreak hospitals. B.1.1.7 assignment to sam-
ples was initially made according to typing
RT-PCR tests that detect the N501Y and 69/70
deletion in the amino acid sequence of the
virus spike protein. Examination of the com-
plete viral genome of 49 samples confirmed
that the subjects were in fact infected with the
B.1.1.7 variant, with all variant-defining sub-
stitutions and deletions (57) found in all cases.
No consistent additional mutations or deletions/
insertions were found in the sequences.

Sequencing read mapping was performed
with Bowtie, with alignment using MAFFT
and visual inspection using Geneious Prime
(all version numbers given below). For the
statistical comparison of B.1.1.7 and non-B.1.1.7
subjects, we identified test centers (hospital
departments or wards, or organizations outside
hospitals) that reported B.1.1.7 cases, and chose
as comparison groups non-B.1.1.7 cases that
were detected in these test centers on the
same day or 1 day earlier or later. By modeling
random effects for test centers, we estimate the
expected viral load difference as the average of
the within-test center differences. The consistent
effect of B.1.1.7 throughout a range of comparison
scenarios is shown in table S2.

Sample type

An estimated 3% of our samples were from the
lower respiratory tract. These were not removed
from the dataset because of their low frequency
and the fact that the first samples for patients
are almost universally swab samples. Samples
from the lower respiratory tract are generally
taken from patients only after intubation, by
which point viral loads have typically fallen.

PAMS status

Metadata needed to discriminate patients into
subcohorts on the basis of underlying diseases,
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outcome, or indications for diagnostic test ap-
plication, including symptomatic status, were
not always available. In the absence of subject-
level data, we inferred PAMS status using the
type of submitting test center as an indicator,
classifying subjects as PAMS at the time of
testing if their first-positive sample was taken
from a walk-in COVID-19 test center and the
subject had no later RT-PCR test done in a
hospitalized context (e.g., in a ward or an in-
tensive care unit). The correspondence between
viral load and PAMS status derived herein may
therefore be less accurate than in studies with
subject-level symptom data. However, we make
no formal claims regarding symptomatic status,
and instead emphasize the fact that these PAMS
subjects were healthy enough to be presenting
at walk-in COVID-19 test centers, and were
therefore capable to some extent, at that time,
of circulating in the general community.

Bayesian analysis of age-viral load associations

We estimated associations of viral load and age
with a thin-plate spline regression using the
brms package (58, 59) in R (60). Spline coeffi-
cients were allowed to vary between groups
determined by the clinical status (PAMS, Hos-
pitalized, or Other), and random intercepts cap-
tured effects of test centers. To reduce the
impact of outliers, we used Student ¢-distributed
error terms. The analysis additionally accounted
for baseline differences between subject groups,
B.1.1.7 status, gender, and for the effect of the
RT-PCR system. We also estimated the associ-
ation between viral load and culture proba-
bility in order to calculate the expected culture
probability at different age levels. This analysis
used weakly informative priors and was esti-
mated using four chains with 1000 warm-up
samples and 2000 post-warm-up samples. Con-
vergence of MCMC chains was examined by
checking that potential scale reduction factors
(R-hat) values were below 1.1. All calculations
of age averages and group differences are based
on posterior predictions generated from esti-
mated model parameters. Expected probabi-
lities of positive cultures (and their differences)
were calculated by applying the posterior dis-
tribution of model parameters from the culture
probability model to posterior predictions from
the age association model.

Combining culture probability data

To estimate the association between viral load
and culture probability, we used data previ-
ously described by Wolfel (19) and Perera (20).
Four other datasets could not be included
because Ct values were not converted to viral
loads (35, 46, 61, 62). The data from the study
by van Kampen et al. (63) were not included
because they differed (by viral load of ~1.0)
from the data used for the current analysis
(97); this is likely due to a combination of fac-
tors including many patients who were in crit-
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ical or immunocompromised condition, a high
proportion of samples obtained from the lower
respiratory tract (including late in the infectious
course), and likely differences in cell culture
trials. It is unsurprising that these data result
in a shifted viral load/culture probability curve,
and we excluded them because our focus was
largely on first positive RT-PCR results from the
upper respiratory tract, including from many
subjects who were PAMS. [See (97) for a figure
comparing the plot of the van Kampen dataset
to the two we used.] To calculate the expected
culture probability, by age (as in Fig. 2D) or by
day from peak viral load (as in Fig. 4C), we
combined the estimated viral loads (Figs. 2A
and 4B) with the results of the regression of
culture probability shown in Fig. 2C. We used
posterior predictions from the age regression
model, which reflect the variation of viral load
within age groups, to estimate culture proba-
bilities by age. For instance, to obtain the cul-
ture probability for a specific age and group,
we look up the estimated (expected) viral load
for that group, add an error term according to
the estimated error variance, and, using the
association shown in Fig. 2C, determine the
expected culture probability. We used expected
time courses (i.e., the model’s best guess for
a time course) to estimate culture probability
time courses.

B.1.1.7 isolation data

The Institute of Virology at Charité-Universitits-
medizin Berlin routinely receives SARS-CoV-2-
positive samples for confirmatory testing and
sequencing. For this study we used anonymized
remainder samples from a large laboratory in
northern Germany, which were all stored in
phosphate-buffered saline (PBS) and therefore
suitable for cell culture isolation trials. Sample
transport to the originating lab and later to
Berlin was unrefrigerated, via road. As part of
the routine testing, these samples were classi-
fied by typing RT-PCR and complete genome
sequencing (64); 113 B.1.1.7 lineage samples
and 110 B.1.177 lineage samples were selected,
with approximately matched (pre-inoculation)
SARS-CoV-2 RNA concentrations. Caco-2 (hu-
man colon carcinoma) cell cultures (65) were
inoculated twice from each sample, once with
undiluted material and once with a 1:10 dilu-
tion. The diluted inoculant was used to reduce
the probability of culturing failure due to the
possible presence of host immune factors (anti-
bodies, cytokines, etc.) that might have a nega-
tive impact on isolation success, and to reduce
the possibility of other unrelated agents (bacteria,
fungi, etc.) resulting in cytopathic effect in the
culture system. For cell culture isolation trials,
1.6 x 10° cells were seeded per well in a 24-well
plate. Cells were inoculated with swab suspen-
sions for 1 hour at 37°C, subsequently rinsed
with PBS, and fed with 1 ml of fresh Dulbecco’s
modified Eagle’s minimum essential medium

(DMEM; ThermokFisher Scientific) supplemented
with 2% fetal bovine serum (FBS; Gibco),
penicillin and streptomycin (P/S; 100 U/ml and
100 ug/ml, respectively; ThermoFisher Scien-
tific), and amphotericin B (2.5 pug/ml; Biomol),
then incubated for 5 days before harvesting
supernatant for RT-PCR testing. Positive cell
culture isolation was defined by a minimum 10x
higher SARS-CoV-2 RNA load in the supernatant
compared to the inoculant and signs of a typical
SARS-CoV-2 cytopathic effect. Culture isolation
was successful for 22 B.1.1.7 and 61 B.1.177 sam-
ples. Because of uncertainty regarding sample
handling before arrival at the originating
diagnostic laboratory and the unrefrigerated
transport, it was not possible to determine
whether isolation failures were due to samples
containing no infectious particles (due to sam-
ple degradation) or for other reasons. Such
reasons could include systematic handling dif-
ferences according to variant type or a difference
in virion stability and durability regarding en-
vironmental factors such as temperature. There-
fore, samples with negative isolation outcome
were excluded from analysis. The strong
likelihood of many cases of complete sample
degradation is evident from the isolation failure
of many samples with high pre-inoculation viral
load, with the viral load in these cases merely
indicating the presence of noninfectious SARS-
CoV-2 RNA (fig. S4). Given this context, we
were reduced to questioning whether there
might be a difference in the range of viral
loads that were able to result in isolation
between B.1.1.7 and non-B.1.1.7 variants. Such a
difference could result from a difference in
the ratio of viral RNA to infectious particles
produced by the variants, or from a difference
other than viral load in the variants. We ex-
amined the distribution of pre-inoculation viral
loads from isolation-positive samples from both
variants for a difference. No statistically signif-
icant difference was found, but in the converse,
the isolation-positive sample sizes are too low
to support the assertion that the distributions
do not differ.

Estimating viral load time course

Each RT-PCR test in our dataset has a date,
but no information regarding the suspected
date of subject infection or onset of symptoms
(if any). Although determining the day of peak
viral load for a single person based on a series
of dated RT-PCR results would not in general
be feasible because of individual variation,
data from a large enough set of people would
enable the inference of a clear and consistent
model of viral load change over time with very
few assumptions.

We included a single leading and/or trailing
negative RT-PCR result, if dated within 7 days
of the closest positive RT-PCR. To produce a
model of typical viral load decline on a rea-
sonable single-infection time scale, we excluded
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subjects whose full time series contains posi-
tive RT-PCRs spread over a period exceeding
30 days. Such time series may be attributable
to contamination, to later swabbing that picks
up residual RNA fragments in tonsillar tissue
(66), or to re-infection (67-69), or they may
represent atypical infection courses (such as in
immunocompromised or severely ill elderly
patients) (70). We excluded data from subjects
with an infection delimited by both an initial
and a trailing negative test when there was only
a single positive RT-PCR result between them.

We estimated the slopes for a model of
linear increase and then decline of log;o(viral
load). To compensate for the absence of infor-
mation regarding time of infection, we also
estimated the number of days from infection
to the first positive test for each participant, so
as to position the observed time series relative
to the day of peak viral load. The analysis was
implemented in two ways. Initially, simulated
annealing was used to find an optimized fit of
the parameters, minimizing a least-squares
error function. Second, a Bayesian hierarchical
model estimated subject-specific time courses,
imputed the viral load assigned to each initial
or trailing negative test, and captured effects
of age, gender, clinical status, and RT-PCR sys-
tem with model parameters. We tested both
methods on data subsets ranging from subjects
with at least three to at least nine RT-PCR results.
The two methods produced results that were in
generally good agreement (table S5). The finer-
grained Bayesian approach appears more sensi-
tive than the simulated annealing; its results, for
subjects with at least three RT-PCR results, are
those described in the main text.

Stmulated annealing approach: A simulated
annealing optimization algorithm (77) was used
to adjust the time series for each subject slightly
earlier or later in time, by amounts drawn from
a normal distribution with mean 0.0 and stan-
dard deviation 0.1 days. The error function was
the sum of squares of distances of each viral
load from a viral load decline line whose slope
was also adjusted as part of the annealing
process. In the error calculation, negative test
results were assigned a viral load of 2.0, in
accordance with our SARS-CoV-2 assay limit
of detection and sample dilution (79). The ini-
tial slope of the decline line was set to -2.0 and
was varied using N(0, 0.01). A second, op-
tional, increase line initialized with a slope of
2.0, adjusted using an N(0, 0.01) random var-
iable, was included in the error computation if
the day of a RT-PCR test was moved earlier
than day zero (the modeled day of peak viral
load). The height of the intercept (i.e., the es-
timated peak viral load) between the increase
line (if any) and the decline line was also
allowed to vary randomly [starting value 10.0,
varied using N(0, 0.1)]. The full time series for
each subject was initialized with the first posi-
tive result positioned at day 2 + N(0.0, 0.5)
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after peak viral load. The random-move step of
the simulated annealing modified either of
the two slopes or the intercept, each with
probability 0.01, otherwise (with probability
0.97) one subject’s time series was randomly
chosen to be adjusted earlier or later in time.
After the simulated annealing stage, each time
series was adjusted to an improved fit (when
possible) based on the optimized increase and
decline lines. Linear regression lines were then
fitted through the results occurring before and
after the peak viral load (x = 0) and compared
to the lines with slopes optimized by the sim-
ulated annealing alone. This final step helped
to fine-tune the simulated annealing, in par-
ticular sometimes placing a time series much
earlier or much later in time after it had
stochastically moved initially in a direction
that later (when the increase and decline line
slopes had converged) proved to be suboptimal.
The slopes of the lines fitted via linear re-
gression after this final step were in all cases
very similar (generally +0.1) to those produced
by the initial simulated annealing step. The
final adjustments can be regarded as a last
step in the optimization, using a steepest-
descent movement operator instead of an
uninformed random one. A representative
optimization run for subjects with at least three
RT-PCR results is shown in fig. S12.

Bayesian approach: The Bayesian analysis
of viral load time course implements the same
basic model, and additionally estimates asso-
ciations of model parameters with covariates
age, gender, B.1.1.7 status, and clinical status,
estimates subject-level parameters (slope of
log; viral load increase, peak viral load, slope
of log;, viral load decrease) as random effects,
and accounts for effects of PCR system and
test center types with random effects. To esti-
mate the number of days from infection to the
first test (henceforth “shift”), we constrained the
possible shift values from -10 to 20 days and
used a uniform prior on the support. In contrast
to the other subject-level parameters, we esti-
mated subject-level shifts independently (i.e.,
without a hierarchical structure). Figure S7
shows the placement in time of individual
viral loads after shifting for subjects with
RT-PCR results from at least 3 days. Model
parameters changed gradually when subsets
of subjects with an increasing minimum num-
ber of RT-PCR results, from three to nine, were
examined (fig. S11 and table S5). The viral load
assigned to negative test results (which may
include viral loads below the level of detec-
tion) is estimated with a uniform prior on the
support from -Inf to 3 (see also the caption of
fig. S7). Using prior predictive simulations, we
specified (weakly) informative priors for this
analysis. This analysis was implemented in
Stan (72), as described in (97).

Checking convergence of the model param-
eters showed that although 99.3% of all pa-

rameters converged with an R-hat value below
1.1, some subject-level parameters of 118 sub-
jects (among 4344 subjects with at least three
RT-PCR results) showed R-hat values between
1.1 and 1.74. Inspection of these parameters
showed that these convergence difficulties were
due to observed time courses that could arguably
be placed equally well at the beginning or a later
stage of the infection. Figure S16 shows a set of
81 randomly selected posterior predictions, to
give an impression of time-series placement;
fig. S17 shows the 49 participants with the pa-
rameters with the highest R-hat values. Although
the high R-hat values could be removed by using
a mixture approach to model shift for these
participants, in light of their low frequency we
retained the simpler model to avoid additional
complexity. Alternatively, constraining the shift
parameter to negative numbers would also
improve R-hat values for these subjects, at the
cost of the additional assumption that infec-
tions are generally not detected weeks after
infection.

Sensitivity analysis: In addition to exam-
ining the viral load time series of subjects with
RT-PCR results on at least 3 days, we tested
both approaches on data from subjects with
results from a minimum of 4 to 9 days. Given
the degree of temporal viral load variation seen
in other studies (I8-20, 35, 41, 46, 63, 73, 74)
and in our own data, our expectation was that a
relatively high minimum number of results
might be required before reliable parameter
estimates with small variance would be ob-
tained, but this proved not to be the case. The
simulated annealing approach was tested with
a wide range of initial slopes and intercept
heights as well as seven different methods for
the initial placement of time series. In general,
maximum viral load and decline slopes were
robust to data subset and initial time-series
location, although there was variation in the
length of the time to peak viral load, depend-
ing on how early in time the time series were
initially positioned, the initial slopes of the
increase and decrease lines and height of the
maximum viral load. This is as expected, as
the settings of these parameters can be used
to bias the probability that a time series is
initially positioned early or late in time and
how difficult it is for it to subsequently move
to the other side of the peak viral load at day
zero. Table S5 shows parameter values for
both approaches on the various data subsets.

Onset of shedding: We define the onset of
shedding as the time point at which the in-
creasing viral load crosses zero of the log;,
y axis—that is, when just one viral particle
was estimated to be present. Because the es-
timated time of infection depends on the esti-
mated peak viral load and the slope with
which viral load increases, the data should
optimally include multiple pre-peak viral load
test results for each individual. If, as in the
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current dataset, only a subset of subjects have
test results from pre-peak viral load, a hier-
archical modeling approach still allows calcu-
lating subject-level estimates. Intuitively, this
approach uses data from all subjects to calcu-
late an average slope parameter for increasing
viral load. In addition, it models subject-level
parameters as varying around the group-level
parameter. To further refine the estimation of
slope parameters, the model also uses the age
(see fig. S10), gender, and clinical status as co-
variates. Because negative test results could be
false negatives, viral loads for these tests are
imputed (with an upper bound of 3). Subject-
level peak viral load and declining slope are
modeled with the same approach. More gen-
erally, using a hierarchical model and shrink-
age priors for the effects of covariates results
in more accurate predictions in terms of ex-
pected squared error (75) compared to analyz-
ing each subject in isolation, but the overall
improvement introduces a slight bias toward
the group mean, resulting in an underesti-
mation of the true variability of subject-level
parameters. This is especially the case if, as in
the current dataset, subject-level data are sparse.

Onset of symptoms: The 317 onset-of-symptoms
dates for hospitalized patients were collected
as part of the Pa-COVID-19 study, a prospec-
tive observational cohort study at Charité-
Universitdtsmedizin Berlin (76, 77), approved
by the local ethics committee (EA2/066/20),
conducted according to the Declaration of
Helsinki and Good Clinical Practice principles
(ICH 1996), and registered in the German and
WHO international clinical trials registry
(DRKS00021688).

Software

The following Python (version 3.8.2) software
packages were used in the data analysis and
in the production of figures: Scipy (version
14.1) (78), pandas (version 1.0.3) (79), statsmodels
(version 0.11.1) (80), matplotlib (version 3.2.1)
(81), numpy (1.18.3) (82), seaborn_sinaplot (83),
simanneal (version 0.5.0) (7), and seaborn
(version 0.10.1) (84). Sequence analysis used
Bowtie2 (2.4.1) (85), beftools and samtools (1.9)
(86, 87), Geneious Prime (2021.0.3) (88), ivar
(1.2.2) (89), and MAFFT (4.475) (90). Analyses
in R (4.0.2) (60) were conducted using the fol-
lowing main packages: brms (2.13.9) (58, 59),
rstanarm (2.21.1) (91), rstan (2.21.2) (92), data.
table (1.13.3) (93), and ggplot2 (3.3.2) (94).
Bayesian analysis in R was based on Stan
(2.25) (72). Parallel execution was performed
with GNU Parallel [20201122 (‘Biden’) (95)].

Data curation and anonymization

Research clearance for the use of routine data
from anonymized subjects is provided under
paragraph 25 of the Berlin Landeskranken-
hausgesetz. All data are anonymized before
processing to ensure that it is not possible to
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infer patient identity from any processing re-
sult. All patient information is securely com-
bined into a token that is then replaced with a
value from a strong one-way hash function
prior to the distribution of data for analysis.
Viral loads are calculated from RT-PCR cycle
threshold values that have only one decimal
place of precision.
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26  Objectives

27 Highly effective vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have
28 been developed but variants of concerns (VOCs) with mutations in the spike protein are worrisome,
29  especially B.1.617.2 (Delta) which has rapidly spread across the world. We aim to study if vaccination

30  alters virological and serological kinetics in breakthrough infections.

31 Methods

32  We conducted a multi-centre retrospective cohort study of patients in Singapore who had received a
33  licensed mRNA vaccine and been admitted to hospital with B.1.617.2 SARS-CoV-2 infection. We
34  compared the clinical features, virological and serological kinetics (anti-nucleocapsid, anti-spike and

35  surrogate virus neutralization titres) between fully vaccinated and unvaccinated individuals.

36 Results

37  Of 218 individuals with B.1.617.2 infection, 84 had received a mRNA vaccine of which 71 were fully
38  vaccinated, 130 were unvaccinated and 4 received a non-mRNA. Despite significantly older age in
39  the vaccine breakthrough group, the odds of severe COVID-19 requiring oxygen supplementation
40  was significantly lower following vaccination (adjusted odds ratio 0.07 95%Cl: 0.015-0.335, p=0.001).
41  PCR cycle threshold (Ct) values were similar between both vaccinated and unvaccinated groups at
42  diagnosis, but viral loads decreased faster in vaccinated individuals. Early, robust boosting of anti-
43  spike protein antibodies was observed in vaccinated patients, however, these titers were

44  significantly lower against B.1.617.2 as compared with the wildtype vaccine strain.

45 Conclusion

46  The mRNA vaccines are highly effective at preventing symptomatic and severe COVID-19 associated
47  with B.1.617.2 infection. Vaccination is associated with faster decline in viral RNA load and a robust

48 serological response. Vaccination remains a key strategy for control of COVID-19 pandemic.

49
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50 Background

51  Availability of effective vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
52 2) within one year of the first report of coronavirus disease 2019 (COVID-19) is remarkable. Phase 3
53  clinical trials of messenger RNA (mRNA) vaccines have demonstrated 92-95% efficacy in preventing
54  symptomatic infection and severe disease [1-4] and intensive vaccination programs have reduced

55  infection and mortality rates in multiple settings [5-7].

56 Emerging variants of concern (VOCs), such as B.1.1.7 (Alpha in the World Health Organization
57  classification), B.1.351 (Beta), P.1 (Gamma), and B.1.617.2 (Delta) exhibit varied sequence changes
58  and alteration of amino acid sequences of the spike protein. This has led to concerns of viral immune
59  evasion and decreased vaccine effectiveness. Furthermore, these VOCs have been shown to be more
60  transmissible [8-10], and B.1.1.7 and B.1.617.2 has been associated with increased disease severity
61 and hospitalization [11, 12]. B.1.617.2 has rapidly spread outside India, becoming the most
62  frequently sequenced lineage worldwide by end of June 2021 [13]. Case series of vaccine-

63  breakthrough infections have reported an over-representation by these VOCs [14, 15].

64 Understanding vaccine effectiveness in the context of VOCs requires granular data: which vaccines
65 were administered, at what time point prior to infection, number of doses, and particularly which
66  VOC has caused the infection. Important VOC-specific vaccination outcomes include severity of

67 infection and vaccine effects on transmission.

68  The COVID-19 vaccination program was initiated in Singapore on 30 December 2020, with free
69  vaccinations provided to all Singapore residents in phases, beginning with the elderly and those in
70  high-risk occupations such as healthcare workers. Vaccines used are mRNA vaccines,
71 Pfizer/BioNTech BNT162b2 and Moderna mRNA-1273. As of 19 July 2021, 6,837,200 vaccine doses
72 had been administered and ~2,792,430 individuals (47% of the total population) had completed the
73 vaccination course [16]. In May 2021, B.1.617.2 became the dominant circulating variant based on

74 local sequencing data.
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75 In this multi-center cohort study, we characterize the clinical features, virological and serological
76  kinetics of patients with vaccine-breakthrough PCR-confirmed B.1.617.2 infection and compared

77  them with unvaccinated patients.

78  Methods

79 Patient Recruitment

80  Adults aged >18 years with COVID-19 confirmed by positive SARS-CoV-2 PCR and admitted to any of
81  the five study sites from 1 April to 14 June 2021 were screened. Patients with B.1.617.2 infection
82 (identification methods delineated below) were included in this analysis. Vaccine-breakthrough
83  infection was defined as PCR-confirmed COVID-19 with symptom onset or first positive PCR
84 (whichever was earlier) 214 days following a second dose of BNT162b2 or mRNA-1273 vaccine.
85 Incomplete vaccination was defined as receipt of one dose of these vaccines >14 days prior to
86  symptom onset or first positive PCR. Patients who received non-mRNA vaccines or developed
87 infection within 14 days after the first dose were excluded from this analysis. B.1.617.2 vaccine-
88  breakthrough infections were compared with a retrospective cohort of unvaccinated patients with

89 B.1.617.2 infection admitted to one study site.

90 Data Collection

91  Clinical and laboratory data were collected from electronic medical records using a standardized
92  data-collection form [17]. Laboratory data including cycle threshold (Ct) values from SARS-CoV-2 RT-
93 PCR assays and serological results from Elecsys® (Roche, Basel, Switzerland) Anti-SARS-CoV-2
94  chemiluminescent immunoassays [anti-nucleocapsid (anti-N) and anti-spike protein (anti-S)] and
95  surrogate virologic neutralization test (sVNT) cPass™ (Genscript, NJ, USA) were recorded. cPass™
96  detects total neutralizing antibodies targeting the viral spike protein receptor-binding domain [18].

97  These tests were performed as part of routine clinical care.

98  Additional Serologic testing
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99  Serum samples from a subset of vaccine-breakthrough patients who had separately consented for
100  specimen collection were additionally tested with a newly developed multiplex-sVNT assay using the

101  Luminex platform. Further details can be found in the supplementary information.

102  Viral RNA sequencing and VOC determination

103  SARS-CoV-2 PCR was performed using various commercially available assays in different clinical
104  laboratories. As part of active genomic surveillance, whole genome sequencing (WGS) by National
105 Public Health Laboratory is performed for all patients in Singapore with SARS-CoV-2 detected by RT-
106 PCR with a Ct value less than 30. Pangolin COVID-19 Lineage Assigner and CoVsurver were used to
107  assign lineage to each sequence. For individuals with PCR confirmed infection without available
108  sequencing results, lineage was inferred based on epidemiological investigations by the Singapore
109 Ministry of Health (MOH), and likely B.1.617.2 infections were included (i.e., clear epidemiologic link

110  with patients with sequencing confirmed B.1.617.2 infection).

111 Clinical Management

112 Allindividuals with confirmed COVID-19 (including asymptomatic cases) in Singapore are admitted to
113 hospital for inpatient evaluation and isolation. Individuals with pneumonia requiring supplemental
114  oxygen are treated with intravenous remdesivir, while dexamethasone and other agents were
115  reserved for progressive infections per national guidelines [19]. Disease severity was stratified into
116  asymptomatic, mild (no pneumonia on chest radiography), moderate (presence of pneumonia on
117  chest radiography), severe (requiring supplemental oxygen), or critical (requiring intensive care unit
118 [ICU] admission or mechanical ventilation). Collection of clinical data was censored on discharge

119  from hospital.

120  Statistical Analysis

121  For descriptive analysis, data were presented as median (interquartile range (IQR)) for continuous

122 parameters and frequency (percentage) for categorical variables. Chi-square and Fisher’s exact tests
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123 were used to compared categorical variables, while for continuous variables, t-test was used for
124  normal data and Mann-Whitney U test for non-normal data. For asymptomatic patients, the day of
125  confirmatory COVID-19 diagnosis was denoted as day one of illness. For symptomatic patients, the
126  day of symptom onset or the day of confirmatory COVID-19 diagnosis, whichever earlier, was

127 denoted as day one of illness.

128 Previously reported risk factors for disease severity [20] were evaluated and included in a
129 multivariate logistic regression model [21]. For serial Ct values, we fitted a generalized additive
130  mixed model (GAMM) with a random intercept by patient. To investigate the effect of vaccination
131  status on rate of increase of Ct value, we included fixed factors of vaccination status and day of
132 illness with smoothing terms and interaction between these two fixed factors. We plotted Ct values
133  with marginal effect of day of illness by vaccination status and 95% confidence intervals (Cl) from the

134 GAMM.

135 For analysis of cPass™ and anti-S titres we fitted a GAMM to serial titres with random intercept by
136  patient in addition to fixed factor of day of illness with smoothing terms, separately for vaccine-
137  breakthrough and unvaccinated patients infected with Delta variant. We plotted cPass™/anti-S titres
138  with marginal effect of day of illness and 95%ClI from GAMM for each group of vaccine-breakthrough

139  and unvaccinated patients.

140  P-values less than 0.05 were considered statistically significant, and all tests were 2-tailed. Data
141 analyses were performed using Stata Release 15 (StataCorp, College Station, TX) and R version 3.6.2

142 (R Foundation for Statistical Computing, Vienna, Austria).

143 Ethical approval

144  Written informed consent was obtained from study participants of the multi-centre study approved

145 by National Healthcare Group Domain Specific Review Board (NHG-DSRB) (Study Reference
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146 2012/00917). Informed consent for retrospective data collection at National Centre for Infectious

147 Diseases (NCID) was waived (NHG-DSRB reference number 2020/01122).

148  Results

149 218 B.1.617.2 infections were identified across the five study sites (Supplementary Figure S1). Of
150 these, 71 met the definition for vaccine-breakthrough. An additional 13 only received one dose 214
151  days prior to disease onset or received both doses but within 14 days of disease onset, while four
152  had received a non-mRNA vaccine overseas. Majority of participants meeting study definition for

153  vaccine-breakthrough had received two doses of BNT162b2 (n=66, 93%).

154 Clinical Features

155 In line with Singapore’s national vaccination strategy wherein older adults were prioritized for
156  vaccination, our vaccine-breakthrough cohort was of significantly older age; median age of 56 years

157  (IQR:39-64) versus 39.5 (IQR:30-58) (p<0.001) (Table 1). Other baseline demographics were similar.

158  Vaccine-breakthrough patients were significantly more likely to be asymptomatic (28.2% versus
159  9.2%, p<0.001); and if symptomatic, had fewer number of symptoms (Table 1). Unvaccinated
160 individuals had worse levels of known biomarkers associated with increased COVID-19 severity
161 including lymphocyte count, C-reactive protein [CRP], lactate dehydrogenase [LDH] and alanine
162  transferase [ALT]. Correspondingly, a higher proportion of the unvaccinated cohort had pneumonia,
163 required supplementary oxygen and ICU admission compared with the vaccinated cohort. A broader
164  analysis comparing unvaccinated versus those who had received at least one dose of vaccine (i.e.
165 both vaccine-breakthrough and incomplete vaccination) demonstrated similar findings

166  (Supplementary Table T1).

167  Multivariate logistic regression analysis for development of severe COVID-19 (defined by
168  supplementary oxygen requirement) demonstrated that vaccination was protective with an adjusted

169  odds ratio (aOR) of 0.073 (95% confidence interval [CI]):0.016-0.343) (p=0.001) (Table 2). Analysis
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170  comparing unvaccinated versus those who had received at least one dose of vaccine demonstrated
171  similar findings (Supplementary Table T2). Multivariate logistic regression analysis for development
172 of moderately severe COVID-19 (defined by development of pneumonia) also demonstrated that
173  vaccination was protective with aOR of 0.069 (95%Cl|:0.027-0.180) (p<0.001) (Supplementary Table

174  T3).

175  Virologic kinetics

176  Serial Ct values of individuals were analyzed as a surrogate marker for the viral load. The initial
177 median initial Ct value did not differ between unvaccinated and fully vaccinated patients
178  (unvaccinated median Ct 18.8 (14.9-22.7), vaccinated 19.2 (15.2-22.2), p=0.929). However, fully
179  vaccinated patients had a faster rate of increase in Ct value over time compared with unvaccinated
180  individuals, suggesting faster viral load decline (coefficient estimates for interaction terms ranged
181  from 9.12 (standard error 3.75) to 12.06 (standard error 3.03); p-value <0.05 for each interaction

182  terms) (Figure 1).

183  Serologic data

184 69 fully vaccinated individuals and 45 unvaccinated had serologic data available on record. 66/66
185  (100%) of vaccinated individuals had detectable S antibodies in week 1 of iliness, while 7/45 (16%) of
186  unvaccinated individuals did (Supplementary Figure S2). There was no difference in the proportion
187  of individuals who seroconverted with the anti-N assay in week 1 (vaccinated 7/68 (10%) vs

188  unvaccinated 11/107 (10%)) or week 2 (vaccinated 2/11 (18%), unvaccinated 4/20 (20%).

189 Analysis of sVNT with cPass indicated very high inhibition among vaccinated individuals in week 1 of
190 illness (median 98.3% (IQR:91.0-99.4%)) which increased to 99.6% (IQR 99.3-99.9%) in week 2
191  (Figure 2A, 2B). Among unvaccinated individuals, median inhibition was below the 20% threshold at

192  both week 1 and week 2. Among the 37 vaccinated individuals with a serum sample available for
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193  testing by the multiplex sVNT assay, titres were significantly higher against wildtype virus compared

194  with B.1.617.2 and other VOCs (Figure 3). sVNT titres were lowest against B.1.617.2 and P.1 VOCs.

195 Discussion

196  In this study, we found that fully vaccinated patients had significantly lower odds of moderate or
197  severe outcomes following infection by the SARS-CoV-2 VOC B.1.617.2. Vaccination was associated
198  with lower peak measures of systemic inflammation, fewer symptoms, including more asymptomatic
199 infection, and better clinical outcomes. Notably, in contrast to existing studies that showed lower
200  viral load in vaccinated patients [22], initial viral load indicated by PCR Ct values was similar between
201  vaccinated and unvaccinated patients with B.1.617.2. However, vaccinated patients appeared to
202  clear viral load at a faster rate. Our serologic data suggest an early rapid rise in neutralizing and
203  binding antibodies indicated by C-Pass and Roche anti-S antibodies, which may be evidence of
204  memory immunity to COVID-19 vaccination on challenge with a breakthrough infection with

205 B.1.617.2.

206  As part of active case finding and surveillance in Singapore, all patients with fever or respiratory
207 symptoms, close contacts of confirmed cases, and newly arrived travelers are screened for COVID-19
208 using PCR. Additionally, high-risk individuals in frontline occupations or congregate settings are
209  tested as part of routine surveillance. All confirmed COVID-19 cases are reported to MOH and
210  admitted to a hospital for initial evaluation. As such, our hospitalized cohort uniquely captures the
211  entire spectrum of disease severity of COVID-19 infection and provides granular data even for mild
212 and asymptomatic vaccine-breakthrough infections, giving us the opportunity to analyze virologic

213 and serologic kinetics of these patients.

214 The finding of diminished severity with B.1.617.2 infection in vaccinated individuals is reassuring and
215 corroborates emerging data from the United Kingdom which have found that mRNA vaccination
216 remains protective against symptomatic and severe disease[12, 23]. An observational cohort study

217 conducted in Scotland suggested that >14 days after the second dose, BNT162b2 vaccine offered
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218 92% vaccine effectiveness against presumptive non-B.1.617.2 infection and 79% protection against
219  presumptive B.1.617.2 [24]. Protection associated with the ChAdOx1 nCoV-19 vaccine was 73% and
220 60% respectively. Although vaccine-breakthrough infections are increasingly reported, with the
221 largest series to date in the United States reporting 10,262 breakthrough infections, a majority of
222  these were mild (27% asymptomatic, 10% hospitalization, 2% mortality)[25]. Vaccine-breakthrough
223 infections will continue to be observed, especially with genetic drift and selection pressures resulting
224 in emergence of newer VOCs; however, it is likely that there will be a shift toward milder disease

225 spectrum with more widespread implementation of vaccination programs.

226  To our knowledge, we provide the first data characterizing impact of vaccination on virologic kinetics
227 by the B.1.617.2 variant. While initial Ct values were similar; the effect of vaccination with a more
228  rapid decline in viral load (and hence shorter duration of viral shedding) has implications on
229  transmissibility and infection control policy. A shorter duration of infectivity may allow a shorter
230 duration of isolation for vaccinated individuals. Based on our data, it seems likely that vaccination
231  reduces secondary transmission, though this needs to be further studied in larger community
232 surveillance studies. Other studies found similar impact of vaccination on other variants. Pritchard
233 and colleagues found that vaccinated individuals had higher Ct values compared with unvaccinated
234  individuals in B.1.1.7 infections [7], while Levine-Tiefenbaum and colleagues similarly found a

235  reduction in viral loads after BNT162b2 vaccine, though no data was provided on variant type [26].

236  There are several limitations to our study. Firstly, we only compared vaccine-breakthrough infections
237  with unvaccinated COVID-19 patients. We did not study vaccinated individuals who had similar
238  exposure risk but did not develop COVID-19 infection. We thus could not evaluate vaccine efficacy
239  against asymptomatic infection. We also did not have detailed epidemiologic data to study the effect

240 of vaccination on preventing secondary transmission.

241 Secondly, we could only obtain serologic tests after infection since patients were recruited after

242 confirmation of infection. While active contact tracing and case finding in Singapore resulted in early
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243 identification of most COVID-19 cases, the first available serologic result was at a median of 2 (IQR:1-
244 3)days of iliness and antibody levels are likely to already have been boosted by natural infection. We
245  thus could not evaluate the underlying immunologic mechanisms behind vaccine-breakthrough
246 infection, e.g., diminished neutralizing antibody level or impaired cellular immunity. Further study
247  should compare similarly exposed vaccinated individuals who develop breakthrough infection with
248  those who do not, to elucidate the underlying drivers of susceptibility, which may enlighten us on

249 how to optimize protection (e.g., through enhanced/boosted dosing schedules).

250  Thirdly, PCR testing was not standardized in a centralized laboratory, and instead conducted at each
251  centre using different validated commercial assays. Ct values are only a surrogate measure of viral
252  load and shedding. We did not evaluate viability of shed virus via viral culture. In addition, we only
253  evaluated participants with mRNA vaccination, and thus our findings are restricted to mRNA

254 vaccines and not all COVID-19 vaccines.

255 Conclusion

256 mRNA vaccines against COVID-19 are protective against symptomatic infection and severe disease
257 by the B.1.617.2 variant. Vaccinated individuals had a more rapid decline in viral load, which has
258 implications on secondary transmission and public health policy. Rapid and widespread
259 implementation of vaccination programs remains a key strategy for control of COVID-19 pandemic.
260  Further studies should elucidate immunologic features driving vaccine-breakthrough infection to

261  improve vaccine-induced protection.
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287
288
Unvaccinated Vaccinated
n =130 n=71 p-value
Median age (IQR), years (35;)9—.558) (395_24) <0.001
Male (%) (5?55) é;) 0.067
Median Charlson Comorbidity Index (IQR) (O(—)l) (0(_)0) 0.125
Diabetes mellitus (%) 28 (21.5) 5(7.0) 0.008
Hypertension (%) 28 (21.5) 14 (19.7) 0.762
Hyperlipidaemia (%) 32 (24.6) 18 (25.4) 0.908
Median Ct value on diagnosis (IQR)* (14_198_'282'7) (15‘129_'222.2) 0.929
Asymptomatic 12 20 <0.001
(9.2) (28.2)
Symptom onset after Diagnosis (%) 11 11 0.030
(9.3) (21.6)
Median day of illness symptoms start (IQR) 2 3 0.715
(2-3) (2-3)
Median Ct values for Symptom Onset After 21.87 19.2 0.279
(IQR) (18.8-31.2) (16.6-21.5)
Median Sum of Symptoms Reported (IQR) 2 1 <0.001
(1-3) (0-2)
Fever (%) 96 29 <0.001
(73.9) (40.9)
Cough (%) 79 27 0.002
(60.8) (38)
Shortness of Breath (%) 17 1 0.004
(13.1) (1.4)
Runny Nose (%) 31 27 0.034
(23.9) (38)
Sore Throat (%) 43 18 0.255
(33.1) (25.4)
Diarrhoea (%) 8 0 0.052
(6.2)
Median highest Neutrophil (IQR) x 10°/L 4.50 4.33 0.117
(3.07-5.92) (3.52-5.43)
Median lowest Lymphocyte (IQR) x 10°/L 0.95 1.36 <0.001
(0.65-1.50) (1.02-1.87)
Median highest C-Reactive Protein (IQR), mg/L 24.7 12.6 <0.001
(6.9-84.8) (6.5-22.5)
Median highest Lactate Dehydrogenase (IQR), 486 373 0.062
u/L (365-672) (314-421)
Median highest Alanine Transferase (IQR), U/L 35 19 <0.001
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(18-74) (13-34)
Disease Outcome
Pneumonia (%) (5291) (2197) <0.001
. 27 2
Supplementary 02 required (%) (20.8) (2.8) <0.001
7
ICU admission required (%) (5.4) 0 0.053
Median days of ICU admission required (IQR) (3‘_19) - ;
Intubation (%) (125) 0 0.541
. . 7
Median days of Intubation (IQR) (3-11) - -
e 39 5
COVID-19 specific treatment (%) (30) ) <0.001
Mortality 2 (1.54) 0 0.541

Table 1: Baseline characteristics and disease outcome between unvaccinated and completed mRNA

vaccination COVID-19 B1.617.2 infected patients
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292
Univariable model Multivariable model
Crude OR (95% Cl) | p-value Adjusted OR (95% Cl) p-value
. 0.111 0.073
Vaccinated (0.025-0.480) 0.003 (0.016-0.343) 0.001
Age group
<45 years old 1 - 1 -
6.19 8.29
45-64 years old (1.90-20.2) 0.003 (2.29-30.0) 0.001
13 135
>64 years old (3.90-42.9) <0.001 (2.66-68.8) 0.002
0.913 1.09
Male (0.414-2.01) 0.821 (0.418-2.85) 0.857
. 6.18 2.24
Diabetes (2.59-14.7) <0.001 (0.785-6.41) 0.132
. 4.8 1.62
Hypertension (2.09-11.0) <0.001 (0.509-5.18) 0.413
Presence of other 3.96 0.897
comorbidities, if any (1.66-9.44) 0.002 (0.262-3.07) 0.862
293

294  Table 2: Odds ratio of candidate risk factors for development of severe COVID-19 for completed
295 mRNA vaccination COVID-19 B1.617.2 infected patients. Cl, confidence interval; OR, odds ratio

296

297
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299  Figure 1: Scatterplot of Ct values and marginal effect of day of illness of COVID-19 B1.617.2 infected
300 patients with 95% confidence intervals from generalized additive mixed model with interaction term

301  between vaccination status and day of illness
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309

310  Figure 2: (A) Spaghetti plot of surrogate virus neutralisation (sVNT} inhibition % as measured by
311 cPass; (B) Scatterplot of sVNT inhibition % and marginal effect of day of illness by vaccine-

312 breakthrough and unvaccinated groups of COVID-19 B1.617.2 infected patients with 95% confidence
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313 intervals from generalized additive mixed models. For both plots, n=127; vaccine-breakthrough = 67,

314 unvaccinated = 60
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318 Figure 3: Violin plots of of surrogate virus neutralisation (sVNT) inhibition % against wildtype SARS-
319 CoV-2 and the B.1.617.2 variant for 36 patients with vaccine-breakthrough infection (median day of
320  sample collection from infection onset 6 days (inter-quartile range (IQR) 3-7). Titres against the four
321  variants were significantly lower than against wildtype SARS-CoV-2 [median sVNT, B.1.1.7 98.5%
322 (IQR: 96.3-99.5); B.1.351 98.2% (IQR: 95.3-99.5); B.1.617.2 96.0% (IQR: 90.9-99.3); P.1 95.5% (IQR:
323 91.3-98.9); Wildtype 99.4% (IQR: 98.5-99.7), Kruskal-Walis p-value = 0.00055, Post-hoc pairwise

324  comparison (Conover) Wildtype versus each variant p<0.05]
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