Journal of Infection 81 (2020) 847-856

Contents lists available at ScienceDirect

Journal of Infection

journal homepage: www.elsevier.com/locate/jinf

Review

The duration of infectiousness of individuals infected with SARS-CoV-2 m

Check for
updates

Kieran A. Walsh®'*# Susan Spillane®!, Laura Comber?, Karen Cardwell*",
Patricia Harrington?, Jeff Connell€, Conor Teljeur?, Natasha Broderick?, Cillian F. de
Gascun®, Susan M. Smith®, Mairin Ryan®%2, Michelle O’Neill*2

2 Health Information and Quality Authority, Smithfield, Dublin 7, Ireland

b Health Research Board Centre for Primary Care Research, Department of General Practice, Royal College of Surgeons in Ireland, 123 St. Stephens Green,
Dublin 2, Ireland

©National Virus Reference Laboratory, University College Dublin, Belfield, Dublin 4, Ireland

d Department of Pharmacology & Therapeutics, Trinity College Dublin, Trinity Health Sciences, James Street, Dublin 8, Ireland

ARTICLE INFO SUMMARY

Article history:
Accepted 7 October 2020
Available online 10 October 2020

Objectives: To summarise the evidence on the duration of infectiousness of individuals in whom SARS-
CoV-2 ribonucleic acid is detected.

Methods: A rapid review was undertaken in PubMed, Europe PubMed Central and EMBASE from 1 Jan-
uary 2020 to 26 August 2020.

I;Z}}/{ng)éii}_z Results: We identified 15 relevant studies, including 13 virus culture and 2 contact tracing studies. For 5
COVID-19 virus culture studies, the last day on which SARS-CoV-2 was isolated occurred within 10 days of symptom
Isolation onset. For another 5 studies, SARS-CoV-2 was isolated beyond day 10 for approximately 3% of included
Infectiousness patients. The remaining 3 virus culture studies included patients with severe or critical disease; SARS-
Review ) CoV-2 was isolated up to day 32 in one study. Two studies identified immunocompromised patients from
El‘z‘f“a‘”ms whom SARS-CoV-2 was isolated for up to 20 days. Both contact tracing studies, when close contacts were

first exposed greater than 5 days after symptom onset in the index case, found no evidence of laboratory-
confirmed onward transmission of SARS-CoV-2.
Conclusion: COVID-19 patients with mild-to-moderate illness are highly unlikely to be infectious beyond
10 days of symptoms. However, evidence from a limited number of studies indicates that patients with
severe-to-critical illness or who are immunocompromised, may shed infectious virus for longer.

© 2020 The British Infection Association. Published by Elsevier Ltd. All rights reserved.

Virus culture
Contact tracing

Introduction vaccine, the rapid diagnosis, contact tracing, and isolation of sus-
pected COVID-19 cases are of critical importance in the control of
this pandemic.’

Isolation is defined as separating those with symptoms of, or

Severe acute respiratory syndrome coronavirus, type 2 (SARS-
CoV-2) is a highly infectious virus that is responsible for tens of

millions of cases of coronavirus disease 2019 (COVID-19) world-
wide.! SARS-CoV-2 constitutes a significant public health concern
due to its high basic reproduction rate (Ry of 4-5 in the un-
mitigated setting), the absence of immunity in the human popu-
lation, the lack of effective treatment or vaccination approaches,
the high SARS-CoV-2 viral loads detectable in respiratory samples,
and the occurrence of transmission early in the disease course,
often pre-symptomatically, or by those asymptomatic or pauci-
symptomatic.>”” Due to the lack of effective antiviral therapy or a
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diagnosed with, COVID-19, from people who are not infected.® This
is distinct from quarantine, which is defined as separating and re-
stricting the movements of people who were exposed or poten-
tially exposed to COVID-19, as a precautionary measure to pre-
vent transmission should they later become infected.® In circum-
stances in which cases are confirmed, isolation should continue
until a patient is no longer expected to be infectious. However,
recommendations regarding the appropriate duration of isolation
for those who test positive for SARS-CoV-2 ribonucleic acid (RNA)
have evolved since the emergence of the virus in China in Decem-
ber 2019, and vary across jurisdictions, generally ranging from 7
days® to 14 days.'”

SARS-CoV-2 infection is primarily diagnosed based on detect-
ing the presence of viral RNA by molecular testing, usually by re-
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verse transcription polymerase chain reaction (RT-PCR) in a spec-
imen from an individual’s respiratory tract. However, detection of
viral RNA does not necessarily mean that a person is infectious,
i.e. that they are capable of transmitting the virus to another per-
son.? Several factors determine viral transmission risk: these in-
clude whether a virus is still replication-competent (or viable); the
amount of replicative virus; the presence of symptoms, such as a
cough which can spread infectious droplets; the individual’s local
mucosal immune response to the virus; and the behavioural and
environmental factors associated with the infected individual and
their contacts.!’ Determination of the presence of viable virus may
be accomplished by monitoring the ability of SARS-CoV-2 to repli-
cate in laboratory-based cell culture. Such virus culture serves as a
marker of potential viral infectivity.'> Therefore, for the purpose
of determining the infectiousness of a patient, and the duration
of isolation required to minimise the risk of onward transmission,
virus culture is significantly more informative than simple detec-
tion of viral RNA which could reflect non-replicative virus.'!-13-15
It is important to note that cells used to culture SARS-CoV-2 in
the laboratory have been developed to be susceptible to, and en-
hance replication, of a wide range of viruses and therefore do not
necessarily “mimic” the susceptibility of cells in a patient.' In ad-
dition, virus culture is usually used to identify the causative agent
of an infection, and not to infer the infectivity of the individual
from whom the sample was collected.'? Therefore, the culture of
SARS-CoV-2 derived from a patient’s clinical sample does not nec-
essarily prove that the patient is infectious at the time of sampling,
but rather that they were potentially infectious due to the pres-
ence of viable virus. Evidence from epidemiological investigations
can supplement the knowledge gained from virus culture studies
by describing the transmission dynamics between index cases and
their close contacts. Together, virus culture studies and epidemio-
logical investigations (i.e., contact tracing studies) provide a more
complete understanding of the duration of infectiousness.!”

The aim of this rapid review was to summarise the evidence
on the potential duration of patient infectiousness, as derived from
virus culture and contact tracing studies, for those individuals in
whom SARS-CoV-2 RNA is detected, and hence inform guidance on
the duration of isolation.

Materials and methods

We conducted a rapid review to answer the following re-
search question: What is the duration of infectiousness in those in
whom SARS-CoV-2 RNA is detectable? This rapid review followed
a standardised protocol,'” in keeping with Cochrane rapid review
methodology guidance.'® We searched PubMed, Europe PubMed
Central and EMBASE from 1 January 2020 to 26 August 2020.
The search combined terms for COVID-19 and SARS-CoV-2 with
terms for infectiousness, virus culture, and contact tracing. Refer-
ence lists of systematic reviews were also screened. No language
restrictions were applied. Only articles including human subjects
were included. The search strategy is provided in the supplemen-
tary material (Appendix 1).

All potentially eligible papers, including non-peer-reviewed pre-
prints, were exported to Covidence'® and screened for relevance.
Any study that addressed the research question and met the in-
clusion criteria was included (Table 1). Primary research studies
presenting empirical data on duration of infectiousness of SARS-
CoV-2 in human populations were included. Specifically, the in-
cluded studies were laboratory studies where virus culture was
performed, and contact tracing studies with case-contact pairs.

For each included study, data on the study design, participant
demographics and relevant outcomes were extracted. For virus cul-
ture studies, outcomes included the days post symptom onset on
which virus culture was attempted, the days on which SARS-CoV-
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2 culture was positive, and the viral load of the original samples
(where reported). Where graphical distributions were presented to
model the probability of a positive culture on each day post symp-
tom onset, data from curves were extracted using WebPlotDigitzer,
version 4.3.20 In order to present the data specifically for the time
period following symptom onset (as opposed to pre-symptomatic
culture positivity), and to allow for visual comparison of curves us-
ing common axes, extracted data derived from individual studies
were plotted on a common chart. Plotting of data was performed
using RStudio version 1.1.442.

For contact tracing studies, outcomes included the number of
days post symptom onset in the infector at which infection in
contacts was observed to have occurred, and the secondary at-
tack rate. As studies were predominantly case series or case re-
ports in design, a de novo tool, adapted from related tools, was
used for quality appraisal.'” Screening, data extraction, and qual-
ity appraisal were undertaken by single reviewers, however stud-
ies excluded at full-text screening stage, extracted data, and quality
appraisal judgments were double-checked for accuracy by another
reviewer.'® Given the inconsistent presentation of data across the
studies, and the heterogeneity of methods used to culture SARS-
CoV-2, a quantitative synthesis of results could not be reliably per-
formed. However, a narrative synthesis, including graphical repre-
sentation of findings, is presented.

Results
Search results

Of 4226 studies screened after duplicate removal, 15 were
included (Fig. 1)."%2'-34 In addition, unpublished data linked
to 1 of the included studies?® were also included.?® Thirteen
of these studies attempted to culture SARS-CoV-2 (Appendix
2),14:21-23,25-33 3pd 2 studies conducted contact tracing of case-
contact pairs (Appendix 3).2434 All 15 studies reported results in
relation to time since symptom onset. No studies were found that
reported duration of infectiousness in asymptomatic individuals
(i.e. patients that never develop symptoms).

Population characteristics of included studies

Two studies each were conducted in the United States (US),2!28
Taiwan,243? the United Kingdom (UK)*':>* and Germany;>-33
while 1 study each was conducted in Switzerland,?? Australia,??
Canada,?® Spain,2® South Korea,?” Hong Kong,'* and the Nether-
lands.??

Of the 13 SARS-CoV-2 virus culture studies, 11 were case
series!421-23,26-29.31-33 3pnqd 2 were case reports.”>> The con-
tact tracing studies were both described as prospective, case-
ascertained studies.2*34 Across all 13 virus culture studies, SARS-
CoV-2 culture was attempted from samples collected from at least
808 COVID-19 patients, with SARS-CoV-2 isolated in at least 206
of these patients. A total of at least 1652 samples had SARS-CoV-
2 culture attempted and at least 413 of these were positive. Five
studies did not clearly provide information on the number of sam-
ples and/or patients included.?2-%3.26.30.33

Twelve studies included COVID-19 patients only after on-
set of symptoms.!'422.23,.25-30,32-34 Three studies additionally in-
cluded patients before they become symptomatic (i.e., pre-
symptomatic).?!-?431 The earliest SARS-CoV-2 virus culture at-
tempt was 13 days before symptom onset,>' whereas the latest
SARS-CoV-2 culture attempt was 67 days after symptom onset.'*
The contact tracing study by Cheng et al. included contacts who
had their first day of exposure to the index case between day 4 be-
fore and up to day 26 after symptom onset in the index case. Con-
tacts were subsequently followed for 14 days after the last expo-
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Table 1
Inclusion and exclusion criteria.
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Inclusion Criteria Exclusion criteria

Primary studies presenting
empirical data on duration of

Animal studies
Non-primary research (e.g. editorials/opinion

infectiousness of SARS-CoV-2 in pieces/guidance documents/reviews)

human populations, including: e Studies which do not report data on duration of
Contact tracing studies involving infectiousness (e.g. no time since first positive or

case-contact pairs symptom onset reported)

Laboratory studies where virus

Studies reporting solely on pre-symptomatic

culture was performed. durations, incubation periods, serial intervals, or on
results based on statistical modelling

Laboratory studies where virus culturing was not

undertaken

Studies where virus presence was confirmed only by

culturing of non-respiratory samples (e.g. blood,
faecal)

Virus culture studies where the virus was only

isolated for the purpose of whole genome sequencing

)
c
.0
E Records identified through Additional records identified
% database searching through other sources
5 (N=4,585) (N=7)
3
\—
A 4 4
)
Records after duplicates removed
w (N=4,226)
£
c
o
o
™
Q
. v
Records screened Records excluded
S— (N=4,226) i (N=4,122)
—
v
Z
S Full-text articles assessed Full-text articles excluded,
= for eligibility with reasons
- (N=104) (N=89)
Contact tracing study without
matching pairs (N=23)
— v Timing not provided (N=20)
o No serial sampling or virus
Studies included culture undertaken (MN=19)
(N=15) Modelling studies (N=10)
?, Not primary research (N=6)
'g Virus isolation solely for whole
o genome sequencing (N=4)
£ Animal models (N=4)
Pre-symptomatic time period
only (N=2)
) Duplicate study (N=1)

Fig. 1. PRISMA diagram indicating the flow of inclusion of studies for review.

sure to the index case.?* The contact tracing study by Lopez Bernal
et al. included household contacts who were exposed to the index
case at any time between symptom onset and 14 days thereafter.>*
Follow-up of the contacts was limited to 14 days from onset of
symptoms in the index case.?*
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Asymptomatic patients were included in 3 studies; however, no
information was provided from these studies that could be used
to inform the potential duration of infectiousness of asymptomatic
patients. Results from serial sampling and attempted virus culture
in asymptomatic patients were not reported,?’-3! and in 1 of the
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Days since symptom onset
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Bars indicate range of days over which positive samples (blue, patterned) and any samples (grey)
occurred. Darker shaded colour indicates minimum and maximum days of culturing success (blue)
and attempts (grey). Sampling did not occur on all days shaded.

-13-12-11-10 -9 -8 -7 -6 -5 -4 -3 -2 -1
Legend:
Study
N positive culture samples First -> last +culture X
\/ N patients in whom culture attempted First -> last attempt
Folgueira First -> last +culture
49 /105 Mild symptoms (18 / 50) 10
Severe symptoms (31 / 56)
First -> last attempt
Decker
2/1 First -> last +culture
First -> last attempt
van Kampen
62 /129 First -> last +culture
First -> last attempt
Basile
56 / 195 First -> last +culture
First -> last attempt
Liu
Unknown / 1 First -> last +culture (min unknown)
First -> last attempt (min unknown)
Jeong
35 First -> last +culture
First -> last attempt
Arons
32/43 First -> last +culture

All symptoms

Fever, cough, shortness of breath

First -> last attempt

Singanayagam
133/253 First -> last +culture
First -> last attempt

Walfel
9/9 First -> last +culture
First -> last attempt.
Kujawski
13/9 First -> last +culture

First -> last attempt
(Unpublished CDC) First -> last +culture

First -> last attempt

*Unknown / 14

Bullard
26 / Unknown First -> last +culture
First -> last attempt

Perera

16/35 First -> last +culture 7
First -> last attempt

L'Huillier

12/23 First -> last +culture 5

First -> last attempt

*Unpublished data from CDC website (Midgley et al.); Kujawski et al. comprises a subset of these data.

12

32
(max unknown)

Basile et al.: Only one patient
had a culture positive sample
after day 10.

18

18
(max unknown)

13 Arons et al.: Only one sample was
positive beyond day 10.

Singanayagam et al.: Only two samples were positive

beyond day 10. (max day = 60)

(max day = 67)

Fig. 2. Days since symptom onset at which SARS-CoV-2 virus culture was attempted (blue, patterned) and successful virus culturing (grey) took place in each study, displayed

in descending order of last day of successful virus culturing.

contact tracing studies it was reported that no onward transmis-
sion occurred from the 9 asymptomatic patients included, despite
91 close contacts being identified for these patients.?*

Virus culture study findings
Days post symptom onset on which SARS-CoV-2 could be cultured

Fig. 2 presents, for each individual study, the first and last days,
post symptom onset, on which SARS-CoV-2 culture was attempted,
and the first and last days on which SARS-CoV-2 culture was suc-
cessful. These values are also listed in Table 2 alongside additional
details of the studies.

For 5 of the 13 studies (with culture attempted in at least
76 patients), the last day on which SARS-CoV-2 could be cul-
tured occurred within the first 10 days since onset of symp-
toms.!4:23.28.29.33 However, 1 of these studies, the sole study in-
cluding only children, did not appear to attempt virus culture be-
yond day 5.2 For the most part, the clinical severity of patients
was mild-to-moderate in these 5 studies, though Perera et al.
noted that 3 of the 35 patients in the study had been critically
ill, while the remainder had mild disease or had been asymp-
tomatic.'*

In 2 studies, (with culture attempted in 296 patients) the last
day on which SARS-CoV-2 culture was reported occurred between
10 and 14 days post onset of symptoms.2!:3! Singanayagam (with
133 SARS-CoV-2 culture positive samples from 253 patients) ob-
tained only 2 culture positive samples between days 10 and 14 (1
on each of days 11 and 12). The authors also noted that more than
half of the samples had been collected at least 8 days from symp-
tom onset, and that 21% of these samples yielded SARS-CoV-2 in
culture, the majority of which (25 of 27) was positive between
8 and 10 days after symptom onset. None of these late culture-
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positive samples included patients who were immunosuppressed
or severely ill.>' In Arons et al., 1 of 53 samples (for which the
date of symptom onset was known) from 43 patients yielded SARS-
CoV-2 on day 13; SARS-CoV-2 was not observed in other samples
collected after day 10, though no virus culture was attempted be-
yond day 13.2' There was also some uncertainty with regards to
symptom onset in this study, with the longest time between the
onset of typical COVID-19 symptoms (i.e., fever, cough or shortness
of breath) and detection of SARS-CoV-2 culture positive recorded
at 9 days, but 13 days after onset of less typical COVID-19 symp-
toms (i.e., chills, malaise, increased confusion, rhinorrhoea, nasal
congestion, sore throat, myalgia, dizziness, headache, nausea or di-
arrhoea).

The remaining 6 studies, comprising 2 case reports and 4 case
series (with culture attempted in 436 patients), reported success-
ful SARS-CoV-2 culture between days 15 and 32 post symptom on-
set.22:25-27.30.32 Three of the 4 case series included samples from
over 100 patients.?226:32 Two of these studies included patients
with severe disease.?®-3? Folgueira et al. (N=105 patients) pre-
sented the maximum day on which SARS-CoV-2 was cultured for
patients with mild symptoms (max day: 10) and severe symptoms
(max day: 32).26 Van Kampen et al. (N=129 patients) reported
SARS-CoV-2 culture results up until day 20. This study notably in-
cluded only severely or critically ill patients, and included a large
proportion of patients (23%) who were immunocompromised.>?
The third large case series, Basile et al. (N=195), reported that
the latest day on which a SARS-CoV-2 was cultured was day 10
for all but 1 patient (maximum day: 18).2> The fourth case series,
Jeong et al. (N=9) reported positive cultures for 2 patients; the
patient with SARS-CoV-2 cultured in saliva on day 15 was noted
to be critically ill at the time of sampling.?’ Both of the case re-
ports which identified SARS-CoV-2 in culture beyond day 14 were
of hospitalised patients with mild disease,?>-3? although 1 of the
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Table 2
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Details of numbers of samples and patients for SARS-CoV-2 cultivation (positive cultures/attempted) and days on which culturing attempted and successful.

Numbers of samples and patients (culture positive/attempted) and

Days since symptom onset on
which virus cultivation

Days since symptom onset on

associated sample incubation duration attempted which virus culture positive
N culture positive N patients culture Last day
samples/ N samples positive | N patients Duration (days) for attempted (or
where culture in whose samples which cultured cells First day further
attempted culture was attempted incubated attempted information) Minimum Maximum
Studies including symptomatic period only
Basile 56/234 (23.9%) NR/195 5 0 29 0 18
Bullard 26/90 (28.9%) NR 4 0 21 0 7
Decker 2/2 (100%) 1/1 (100.0%) NR Only attempted 18 21
on days 18 and
21.
Folgueira 49/106 (46.2%) NR/105 5 1 At least day 32 1
Mild: 18/50 Mild: NR/50 10 (mild)
Severe: 31/56 Severe: NR/55 32 (severe)
Jeong 3/9 (33.3%) (respiratory 2[5 (40.0%) 4 8 30 11 15
samples)
Kujawski 13/17 (76.5%) 9/9 (100.0%) NR 0 8 0 8
respiratory samples)
CDC unpublished Unclear from Figure Unclear|14' NR 0 30 0] 8
(Midgley et al.,
Kujawski group)
L'Huillier 12/23 (52.2%) 12/23 (52.5%) 6 0 5 1
Liu NR/NR 1/1 (100%) NR NR >18 days (exact NR 18
days not
reported)
Perera 16/68 (23.5%) 16/35 (45.7%) 6 days (72 h followed 0 67 0 7
by an additional 72 h)
van Kampen 62/690 (9.0%) 23/129 (17.8%) 7 days 0 39 0 20
Wolfel 9/34 (26.5%) NR/9 6 days 3 13 3 8
respiratory (43 samples
in total)*
Studies including pre-symptomatic and symptomatic period
Arons 32/55 (58%) 31/43 (72.1%) NR -7 13 -6 13 (where all
symptoms
considered) 9
(fever, cough,
shortness of
breath only)
Singanayagam 133/324 (41%) 111/253 (44%) Up to 14 days -13 60 -13 12

NR: Not reported.

* Note that these figures are estimated from the number of markers displayed on Fig. 1d in Wolfel et al.; it is possible that the numbers are underestimated due to

potential overlay of markers.

T CDC unpublished data by Midgley et al. includes all patients included in Kujawski et al. plus 5 additional patients.

case reports described an immunocompromised patient who had
recently had a heart transplantation.?®

Viral load and duration of infectiousness

The assays used to detect SARS-CoV-2 RNA could be regarded
as semi-quantitative, using the cycle threshold (Ct) value as a sur-
rogate marker of the SARS-CoV-2 viral load. For each study, those
samples collected on the maximum day on which SARS-CoV-2 was
isolated in culture are outlined in Appendix 2. Of note, lower Ct
values indicate a higher viral load.

Of the 6 included studies that examined the relationship be-
tween viral load and culture of SARS-CoV-2, all 6 found an inverse
correlation,'422:23.31-33 Singanayagam et al. (N=324 samples) es-
timated that the probability of successfully culturing SARS-CoV-2
from samples with a Ct value greater than 35 was 8.3% (95% CI:
2.8%-18.4%).3! Basile et al. (N=234 samples) concluded that any
clinical sample with a Ct value of >37 was not indicative of replica-
tive (or potentially transmissible) virus.?? Bullard et al. (N=90
samples) estimated that for every 1 unit increase in Ct value, the
odds of culturing SARS-CoV-2 decreased by 32%.2> While Folgueira
et al. reported culturing SARS-CoV-2 on day 32 post symptom on-
set in a patient with severe COVID-19, they observed a very low
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viral load, with a Ct value of 39.1.26 Hence it is probable (assuming
the Ct value accurately reflects the amount of virus in the patient’s
respiratory tract) albeit not impossible, that the patient was not
highly infectious at this particular time.

Summary estimates, including probability of culturing SARS-CoV-2

Three studies presented graphical estimates of the probability
of culturing SARS-CoV-2 versus the number of days since symp-
tom onset.>1=33 These probability distributions are reproduced in
Fig. 3 in an amended form (data for days O to 20 presented only)
with overlay of curves to allow visual comparison of the proba-
bility results. Van Kampen et al.3? and Wélfel et al.> both pre-
sented probit (dose-response) distributions for this outcome and
estimated the day post symptom onset on which the probability of
culturing SARS-CoV-2 culture fell below 5%. These results were as
follows: van Kampen et al., 15.2 days (95% CI 13.4-17.2);2 Wélfel
et al., 9.8 days (95% CI 8.5-21.8). Singanayagam et al.>' presented
the results of a mixed effects logistic regression analysis (to ac-
count for the clustering of samples within patients); estimates of
the percentage of samples with replicative SARS-CoV-2 were pre-
sented for each of days 7 to 15 post symptom onset, and are repro-
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100%

80%

60%

40%

Percentage culture positive

20%

0%

= Singanayagam et al.
Van Kampen et al.
=— Wolfel et al.

Days since symptom onset

Fig. 3. Probability curves presented in 3 studies (Singanayagam et al., van Kampen et al., Wolfel et al.) which attempted to model the probability of successful virus culture
versus duration of days of symptoms.>'~*> Curves are presented with adaptation from the original presentation in the respective manuscripts in order to provide information for
the first 20 days post symptom onset and to permit visual comparison of curves via overlay on a single plot. Lines (solid, dashed or dotted) depict estimated probability of positive
virus culture versus days post symptom onset, while shaded areas depict 95% confidence intervals around these estimates.

Table 3

Estimated percentage of samples with infectious SARS-CoV-2 for days 7-15 after symptom onset (adapted from Singanayagam et al.).

Day post symptom onset  Estimated% culture positive (95% CI)

Observed number of samples culture positive

Observed number of samples tested

7 40.1 (22.8 - 60.4) 10
8 25.8 (11.0 - 49.4) 9
9 13.7 (3.7 - 39.6) 10
10 6.0 (0.9 - 31.2) 6
11 2.2 (0.2 - 23.9) 1
12 0.7 (0.0 - 17.9) 1
13 0.2 (0.0 - 13.1) 0
14 0.03 (0.0 - 9.4) 0
15 0.006 (0.0 - 6.7) 0
Total:

37

Total: 121

duced in Table 3. At 10 days post symptom onset, the probability
of a sample with replicative SARS-CoV-2 was 6% (95% CI 0.9-31.2);
however, these data carry a high degree of uncertainty, as shown
by the wide confidence intervals.

While unpublished, Midgley et al. additionally presented a
Kaplan-Meier analysis of time to a negative culture SARS-CoV-
2 following illness onset.>> This analysis represents an expanded
analysis of the results reported by Kujawski et al.*® including a
greater number of patients from the same setting (n=14 ver-
sus n=12 (9 of whom had samples collected for virus culture)),
though the total number of samples tested is not known. Midgley
et al. reported that the probability of successful SARS-CoV-2 cul-
ture fell from 50% at day 4 after illness onset, to 20% at day 8, and
approached 0% after day 9.

Analysis and interpretation of virus culture study findings
Data for maximum day that SARS-CoV-2 was cultured
Several jurisdictions suggest a period of isolation for COVID-

19 patients of a minimum of 10 days since the onset of symp-
toms.!-15:36 As such, day 10 represents a relevant reference time-
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point when considering the results of the SARS-CoV-2 culture stud-
ies included within this review.

While 8 of the 13 studies successfully cultured SARS-CoV-2 on
days beyond day 10 post symptom onset, these results require con-
textualisation. Important aspects to consider include the number of
samples and patients in whom this outcome occurred with respect
to the overall number of samples and patients tested, and the pa-
tient populations included.

In total, these 8 studies included at least 337 SARS-CoV-2
culture-positive samples obtained from 732 patients.22:25-27,30-32
In 4 of the 8 studies, only 1 patient was SARS-CoV-2 culture-
positive beyond day 10,21:22:25.30 and a further study identified
only 2 samples (of 133 positive samples) yielding SARS-CoV-2 cul-
ture beyond day 10.3' These 5 studies included at least 223 SARS-
CoV-2 culture positive samples from 493 patients in whom culture
was attempted (Table 2).21:22.25.30.31 They reported a maximum of
6 patients who were SARS-CoV-2 culture-positive beyond day 10
(assuming conservatively that the 2 positive samples beyond day
10 in Singanayagam et al. arose from 2 unique patients).?!

While these 5 studies in total reported a maximum of
6 patients from whom SARS-CoV-2 was cultured beyond day
10,21:22.25.30.31 the total number of patients with positive sam-
ples is unknown (Table 2). However, amongst these 5 studies,
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the proportion of patients from whom SARS-CoV-2 was cultured
ranged from 44%3! to 100%2°30 (the latter representing case re-
ports) (Table 2). Applying a worst-case scenario by adopting the
lower proportion, i.e., assuming a positivity rate amongst patients
of 44%, this results in an estimated minimum of 217 patients across
these 5 studies. As such, 6 patients amongst 217 patients (maxi-
mum proportion of approximately 3%) are estimated to have had
samples containing replicative SARS-CoV-2 in vitro beyond day 10
post symptom onset.

Within the remaining 3 studies (with culture attempted in 239
patients), wherein the latest day of successful culture exceeded day
10, it is less clear how many patients contributed to the samples
resulting in this outcome.?6:27:32 Folgueira et al.?® and Van Kam-
pen et al.32 noted that patients from whom SARS-CoV-2 could be
isolated were severely or critically ill at the time of sampling. The
remaining study, Jeong et al, included 2 patients with this out-
come, 1 of whom was critically ill at the time of sampling (day
15), and the other of whom was severely ill, but recovering at the
time of sampling (day 11).27 As such, patients with severe and crit-
ical illness may represent a relevant subgroup within the data.

Probability estimate data

Two of the included studies (with culture attempted in 262 pa-
tients) which largely included patients with mild-to-moderate dis-
ease,>!33 and additional unpublished estimates associated with 1
of the included studies,?®:3> estimated that the probability of cul-
turing SARS-CoV-2 falls below 6% at day 10 (Fig. 3). A third study
(with culture attempted in 129 patients) which modelled the prob-
ability of virus culturing versus time, suggested that the probability
of a SARS-CoV-2 positive culture would fall below 5% at day 1532
(Fig. 3). However, this latter study uniquely included only hospi-
talised patients with severe or critical illness.

Singanayagam et al., the virus culture study in our review with
the greatest number of patients (N=253 patients in whom cul-
ture was attempted), and which predominantly included patients
with mild-to-moderate disease, reported numerical estimates of
the probability of a sample producing a SARS-CoV-2 positive cul-
ture at each day from day 7 onwards (Table 3).3! These data carry a
high degree of uncertainty, as shown by wide confidence intervals,
but showed a steep decline in the probability of culturing SARS-
CoV-2 over time. For example, the estimated percentage of samples
culture-positive on day 8 stood at 25.8% (95% CI 11.0-49.3) while
the corresponding figure for day 10 was 6.0% (95% CI 0.9-31.2).

Contact tracing study findings

Two of the 15 included studies were contact tracing stud-
ies.”*34 Cheng et al.?* undertook a contact tracing study of 100
confirmed COVID-19 cases (ranging from asymptomatic to critical
disease) in Taiwan. Amongst the 2761 close contacts of the 100
COVID-19 cases, there were 22 paired index-secondary cases. This
study found that the overall secondary clinical attack rate was 0.7%
(22 cases from 2761 contacts; 95% CI, 0.4%—1.0%). The attack rate
was higher amongst the 1818 close contacts whose exposure to
index cases started within 5 days of index case symptom onset
(22 cases from 1818 contacts; 1.0%; 95% CI, 0.6%—1.6%) compared
with those who were exposed later (0 cases from 852 contacts;
0%; 95% CI, 0%—0.4%). The 299 close contacts with exclusively pre-
symptomatic exposure (up to 4 days before symptom onset in the
index case) were also found to be at risk of infection (2 cases from
299 contacts; 0.7%; 95% CI, 0.2%—2.4%). The authors of this study
concluded that there is a relatively short period of infectiousness
of SARS-CoV-2, with higher transmissibility from 4 days before and
up until 5 days after symptom onset. Based on the lack of onward
transmission when close contacts were first exposed more than 5
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days after symptom onset in the index case, the authors deduce
that there is a lower transmission risk at the later stage of the dis-
ease.”*

Lopez Bernal et al.>* undertook a contact tracing study of 269
lab-confirmed COVID-19 cases in the UK, who lived with at least
1 other person. Local health protection teams contacted household
contacts of these patients daily for 14 days after onset of symptoms
in the index case. In total, 472 household contacts were identified.
Of these 472 contacts, 65 (13.8%) had a laboratory-confirmed di-
agnosis of COVID-19 using RT-PCR testing, and another 96 (20.3%)
had probable COVID-19 based on the onset of symptoms of fever,
anosmia (i.e., loss of smell) or respiratory symptoms. The remain-
ing 311 contacts were classified as non-cases as they did not ex-
perience any symptoms suggestive of COVID-19 within 14 days of
symptom onset in the index case. The household secondary at-
tack rate was found to be 37% (95% CI, 31%—43%) including both
laboratory-confirmed and probable secondary cases.

Of the 161 laboratory-confirmed or probable secondary cases,
41 had a point source exposure (i.e., a maximum exposure win-
dow of 1 day) to an index case and data available to allow analy-
sis of timing of exposure. Laboratory-confirmed and probable sec-
ondary cases considered together (N=41) were exposed a mean
of 2.37 days (standard deviation (SD) 3.36) and a median of 1 day
(interquartile range (IQR) 0-4) after symptom onset in the index
case; exposure ranged from 0 days to the maximum follow up of
14 days. As identification of contacts was limited to 14 days from
onset of symptoms in the index case, no information was provided
regarding secondary cases in household contacts outside this ex-
posure window. Similarly, of the contacts identified in the 14-day
window, follow-up was truncated at 14 days from symptom onset
in the index case, so no information was provided regarding symp-
toms that may have arisen after this follow-up period.

Restricting to lab-confirmed secondary cases only (N=12), ex-
posure occurred a mean of 1.33 days (SD 1.61) and a median of 1
day (IQR 0-1.25) after symptom onset in the index case, ranging
from O to 5 days. In contrast, non-cases were exposed a mean of
2.71 days (SD 2.74) and a median of 2 days (IQR 0-5) after symp-
tom onset in the index case, ranging from 0 to 9 days. No analysis
was undertaken in this study to determine whether these time dif-
ferences were statistically significant.4

Methodological quality of included studies

There are some important methodological limitations associ-
ated with all of the included studies. All 13 SARS-CoV-2 cultur-
ing studies were retrospective in nature and were either case se-
ries!421-23,26-29.31-33 or case reports,>>-3Y where patients do not
appear to have been selected or sampled systematically. How-
ever, the contact tracing study by Cheng et al. was generally well-
conducted due to its prospective nature, the systematic pairing of
index cases and close contacts over time, and the follow up of
contacts for 14 days after last exposure to the index case to as-
sess for symptom onset.”* Hence, the majority of evidence in this
review comes from studies of low quality design. Importantly, it
would appear that most studies did not specifically set out to iden-
tify the temporal relationship between time post symptom onset
and presence of infectious virus, but rather reported culture pos-
itivity based on samples collected for other purposes.?3:26-29.31.33
Thereby, some uncertainty remains regarding the true duration of
patient infectiousness, as the upper limit of outliers may not have
been fully clarified. Recall bias is another issue which may have
important implications on outcomes across all studies, as patients
may not have been able to accurately determine when symptoms
began, particularly if they were quite mild and non-specific.’

There are some concerns regarding the inconsistent approaches
used for cell culture amongst studies, and the interpretation of
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findings by the study authors. If, as noted in some studies,'*?° a
second passage of the sample is required to observe a cytopathic
effect (CPE), and thereby to confirm culture positivity, this suggests
a very low replicative viral load in the original sample and may
reflect that the individual from whom the sample was collected
is unlikely to have been infectious at the time of sampling.®® Fur-
thermore, given that longer periods for a CPE to develop are in-
dicative of a lower viral replicative titre in the original sample,!®
where studies incubate the cell lines for prolonged periods, and
only observe a CPE towards the end of this period, this may also
lead to overestimation of the clinical significance of the findings.?!

A de novo tool was also used to quality appraise case reports
and case series.>? This tool identified additional concerns regard-
ing the limited reporting of demographic information,22.23.30.31,33
the unclear criteria for selection of cases,#23:26:27.32.33 the non-
consecutive inclusion of cases,'#-22:23.26.27.32,33 yncertainty regard-
ing the appropriateness of statistical analysis'#27-31-33 and the in-
consistent use of RT-PCR testing for diagnosis.>* Four of the stud-
ies included in this review are published as pre-prints, so have not
yet been formally peer-reviewed, raising additional concerns about
overall quality and the potential for results to change prior to for-
mal publication.?2:26.32.34

Discussion

Thirteen SARS-CoV-2 virus culture studies of various quality
and size, and 2 large contact tracing studies, were included in
this rapid review. The evidence to date from virus culture stud-
ies would appear to suggest that COVID-19 patients with mild-
to-moderate illness are highly unlikely to be infectious beyond
10 days from symptom onset. Evidence from large contact trac-
ing studies?*34 appears to support this finding. However, evidence
from a limited number of studies indicates that patients with
severe-to-critical illness, and or those who are immunocompro-
mised, may be infectious for a prolonged period, possibly for 20
days or more.2>:26.32 Virus culture studies suggested a steady de-
cline in the probability of culturing SARS-CoV-2 in the first 10 days
following symptom onset; the largest included study estimated the
probability as falling from 40% on day 7 to 26% on day 8, 14% on
day 9 and 6% by day 10. However, these results were subject to
considerable uncertainty, and the clinical significance of these find-
ings is unknown given potentially prolonged incubation of cultured
cells.>! Notably, there are important methodological limitations as-
sociated with all of the included studies. The number of studies
for consideration remains few in number and sample sizes are of-
ten small; hence it is essential that the findings from these studies
are interpreted in light of these caveats. Furthermore, virus culture
studies determine if a sample contains replicative competent SARS-
CoV-2; while a positive virus culture indicates potential infectious-
ness of the individual from whom the sample was collected, risk of
transmission (i.e., clinical infectivity) is also influenced by the vi-
ral load, local immune response to SARS-CoV-2, clinical symptoms
and environmental factors, and behaviour of the infected individ-
ual and their contacts.

One of the notable findings from 2 of the included studies was
that patients who were found to be SARS-CoV-2 culture-positive
for a prolonged period were immunosuppressed.>>-3? In particular,
1 of the case reports describes a mild clinical course of COVID-
19 in a heart transplant recipient on immunosuppressant therapies
(mycophenolate mofetil, ciclosporin and prednisone) from whom
SARS-CoV-2 was cultured 21 days after symptom onset.2> Although
the evidence pertaining to prolonged infectiousness in immuno-
suppressed populations is very limited, these findings do raise im-
portant research and policy questions. Immunosuppressant thera-
pies have been observed to delay the clearance of SARS-CoV-2 vi-
ral RNA in previous studies.**! However, some of these agents
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are also being investigated as treatments for severe and criti-
cal COVID-19 to modulate the hyperinflammatory response (e.g.,
tocilizumab).#2:43 Little is known regarding the presentation and
course of disease in patients who are immunocompromised; it is
unknown whether all patients who are in an immunocompromised
state necessarily present with severe COVID-19 disease, or how im-
portant the degree of immunosuppression is for clearance of the
virus.*> More evidence is required to understand the relationship
between immunosuppression and the illness severity and duration
of infectiousness of SARS-CoV-2. However, in these individuals it is
very likely that any molecular investigations would indicate a sig-
nificant SARS-CoV-2 viral load.

Only 1 study provided information on SARS-CoV-2 culture
specifically in children.?? However, as virus culture was only at-
tempted once per patient, to a maximum of 5 days post symptom
onset, this study provides insufficient information to inform policy
decisions surrounding isolation requirements specifically for chil-
dren testing positive for SARS-CoV-2 RNA. Children have generally
been under-represented in COVID-19 studies to-date, although this
may be a function of testing practices which initially typically pri-
oritised those with more severe symptoms, healthcare workers and
those residing in long term care settings. Given reports of milder
symptoms in children, during the earlier stages of the pandemic
they were less likely to be tested and diagnosed.** As children re-
turn to school en masse, increased testing and cases may occur in
these settings, thus more data may emerge regarding the potential
duration of infectiousness in this population.

The two included contact tracing studies both provide epidemi-
ological evidence to support the findings from the virus culture
studies.?*34 Notably, there were substantial differences in the ob-
served secondary attack rates between the 2 contact tracing stud-
ies (0.7% vs. 37%). These differences are likely to be explained by
the different exposure settings at play; the study by Lopez Bernal
et al. focused on transmission amongst household contacts,>* a set-
ting in which SARS-CoV-2 is known to be highly transmissible,*>
whereas Cheng et al. included all possible modes of transmission.2*
Differences in case or contact definitions and general approaches
within the different public health systems may also explain this
substantial disparity.>*3* Despite these differences, both studies
reported that when close contacts were first exposed greater than
5 days after symptom onset in the index case, there was no evi-
dence of laboratory-confirmed onward transmission of SARS-CoV-
2.

The findings from our rapid review are largely in agreement
with 4 previous reviews conducted in this general area.>46-48 All
of these reviews concluded that infectiousness generally declines
7-10 days after symptom onset, and point to uncommon outlier
cases where this duration is exceeded. Another common finding
across 3 of these reviews was the prolonged duration of SARS-
CoV-2 RNA detection, sometimes for 2-3 months after onset of
symptoms, along with cases of repeat SARS-CoV-2 RNA detection
after a patient has clinically recovered.>“6-48 Hence, patients are
unlikely to be infectious for the entire duration of viral RNA detec-
tion as the presence of viral RNA may not represent transmissible
or replication-competent virus.> Our rapid review is the first to at-
tempt to quantify the proportion of COVID-19 patients that are po-
tentially infectious beyond day 10 post symptom onset, and draws
on more recent evidence, including both virus culture and contact-
ing tracing studies. Hence, our rapid review adds greater clarity to
this complex issue.

Evidence from our rapid review has directly informed the de-
cision to reduce the duration of isolation in individuals who
test positive for SARS-CoV-2 RNA in Ireland, from 14 to 10 days
(with the additional clinical requirement of being fever-free for 5
days).*9-°0 Though guidance still varies on this topic globally, sev-
eral public health agencies have updated their recommendations
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in recent times in light of the growing evidence of this rapid re-
duction in infectiousness post symptom onset, and a greater un-
derstanding of the prolonged shedding of non-transmissible SARS-
CoV-2 RNA.“’15'36’5]

The World Health Organization (WHO) currently recommends
that a COVID-19 patient (regardless of symptom severity) can end
isolation, without requiring re-testing, 10 days after symptom on-
set and at least 3 additional days without symptoms.'! Previously,
WHO recommendations published in January 2020 stated that
COVID-19 patients could only be released from isolation if they
were clinically recovered and received 2 negative RT-PCR results
on sequential samples taken at least 24 h apart.!! In contrast, the
European Centre for Disease Prevention and Control (ECDC) issued
a recommendation in April 2020, in the context of widespread
community transmission, that COVID-19 patients in the commu-
nity with mild or asymptomatic illness can end isolation 8 days
after the onset of symptoms.”' This recommendation is conditional
on resolution of fever and clinical improvement of other symp-
toms for at least 3 days.’! Previous recommendations issued by
ECDC in March 2020 advised that mild cases of COVID-19 could be
discharged from hospital, if clinically appropriate, with a further
14 days of isolation post-discharge.’> The Centers for Disease Con-
trol and Prevention (CDC) in the United States (US) recommended
in July 2020 that isolation can generally be discontinued (in pa-
tients with mild-to-moderate illness) 10 days after symptom on-
set and resolution of fever for at least 24 h (without the use of
fever-reducing medications) and with improvement of other symp-
toms.>> This may be contrasted with the previously recommended
period of isolation of 14 days. However, the CDC also now rec-
ommends that isolation may be required for up to 20 days after
symptom onset in a limited number of severe cases, and recom-
mend that for patients who are severely immunocompromised, a
test-based strategy (using RT-PCR) may be considered to discon-
tinue isolation, in consultation with infectious diseases experts.!®
For all other patients, the CDC no longer recommend a test-based
strategy to discontinue isolation.”> The CDC also points to the lack
of equivalent data from children and infants and the need for more
data regarding immunocompromised individuals. As new evidence
emerges for these subgroups of interest, recommendations regard-
ing the duration of isolation in these populations may change.

It is important to note that the majority of evidence in this re-
view is derived from studies of low quality design, where deter-
mining the duration of infectiousness may not have been the pri-
mary objective and SARS-CoV-2 culturing methods were not con-
sistent. Furthermore, the inconsistent reporting of data precluded
any meaningful quantitative synthesis. Notably, virus culture stud-
ies are inherently fraught with challenges,>® but the requirement
for biosafety level 3 (BSL-3) facilities is a particular barrier to re-
search. Further work is required to develop standardised methods
to optimise culturing of SARS-CoV-2.

Future research should ideally be prospective in design, follow-
ing a large cohort of COVID-19 patients with a broad spectrum of
disease and inclusive of subgroups of interest (such as children,
asymptomatic and immunosuppressed patients). Patients should
be regularly and systematically sampled and SARS-CoV-2 virus cul-
turing attempted using standardised methods, until virus can no
longer be successfully isolated.*” The time between sample inocu-
lation and the detection of viral growth should be reported for all
studies, as this is a reflection of the viral load of infectious virus
in the original sample. The findings of such virus culture stud-
ies should be supplemented with epidemiological evidence of on-
ward transmission at different time points, as derived from well-
conducted, large and prospective contact tracing studies. A core
outcome set should be measured and reported, stratified by dif-
ferent subgroups, thus enabling better synthesis by systematic re-
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viewers to better facilitate interpretation and decision-making by
policy-makers.>®

Conclusion

The evidence to date suggests that COVID-19 patients with
mild-to-moderate illness are highly unlikely to be infectious be-
yond 10 days from symptom onset. However, evidence from a very
limited number of studies indicates that patients with severe-to-
critical illness or those who are immunocompromised, may shed
infectious virus for longer than 10 days. Future research is required
to confirm these findings and to provide information on the dura-
tion of infectiousness in subgroups such as children, and asymp-
tomatic and immunosuppressed patients.
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