& frontiers | Frontiers in Medicine

‘ @ Check for updates

OPEN ACCESS

Marc Jean Struelens,
Université Libre de Bruxelles, Belgium

Keun Hwa Lee,

Hanyang University, South Korea
Susanta Kumar Ghosh,

National Institute of Malaria Research
(ICMR), India

Aaron T. Irving,

Zhejiang University-University

of Edinburgh Institute, China

Sung-Han Kim
kimsunghanmd@hotmail.com
Man-Seong Park
manseong.park@gmail.com

TThese authors have contributed
equally to this work and share first
authorship

#These authors have contributed
equally to this work and share last
authorship

This article was submitted to
Infectious Diseases — Surveillance,
Prevention and Treatment,

a section of the journal

Frontiers in Medicine

18 April 2022
26 September 2022
19 October 2022

Bae S, Park H, Kim JVY, Park S, Lim SY,
Bae J-Y, Kim J, Jung J, Kim MJ,
Chong YP, Lee S-O, Choi S-H, Kim YS,
Park M-S and Kim S-H (2022) Daily,
self-test rapid antigen test to assess
SARS-CoV-2 viability in de-isolation
of patients with COVID-19.

Front. Med. 9:922431.

doi: 10.3389/fmed.2022.922431

© 2022 Bae, Park, Kim, Park, Lim, Bae,

Kim, Jung, Kim, Chong, Lee, Choi, Kim,

Park and Kim. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Medicine

Original Research
19 October 2022
10.3389/fmed.2022.922431

Daily, self-test rapid antigen test
to assess SARS-CoV-2 viability in
de-isolation of patients with
COVID-19

Seongman Bae!f, Heedo Park23t, Ji Yeun Kim1t,

Sunghee Park?, So Yun Lim?, Joon-Yong Bae3,

Jeonghun Kim23, Jiwon Jung?!, Min Jae Kim?,

Yong Pil Chong?, Sang-Oh Leet?, Sang-Ho Choi?,

Yang Soo Kim?!, Man-Seong Park23* and Sung-Han Kim*

tDepartment of Infectious Diseases, Asan Medical Center, University of Ulsan College of Medicine,
Seoul, South Korea, 2BK21 Graduate Program, Department of Biomedical Sciences, Korea University
College of Medicine, Seoul, South Korea, *Department of Microbiology, Biosafety Center, College
of Medicine, Institute for Viral Diseases, Korea University, Seoul, South Korea

Background: Isolation of COVID-19 patients is a crucial infection control
measure to prevent further SARS-CoV-2 transmission, but determining an
appropriate timing to end the COVID-19 isolation is a challenging. We
evaluated the performance of the self-test rapid antigen test (RAT) as a
potential proxy to terminate the isolation of COVID-19 patients.

Materials and methods: Symptomatic COVID-19 patients were enrolled who
were admitted to a regional community treatment center (CTC) in Seoul
(South Korea). Self-test RAT and the collection of saliva samples were
performed by the patients, on a daily basis, until patient discharge. Cell culture
and subgenomic RNA detection were performed on saliva samples.

Results: A total of 138 pairs of saliva samples and corresponding RAT results
were collected from 34 COVID-19 patients. Positivity of RAT and cell culture
was 27% (37/138) and 12% (16/138), respectively. Of the 16 culture-positive
saliva samples, seven (43.8%) corresponding RAT results were positive. Using
cell culture as the reference standard, the overall percent agreement, percent
positive agreement, and percent negative agreement of RAT were 71% (95%
Cl, 63-78), 26% (95% Cl, 12—-42), and 82% (95% Cl, 76—-87), respectively. The
sensitivity, specificity, positive predictive value, and negative predictive value
of the RAT for predicting culture results were 44% (95% Cl, 20-70), 75% (95%
Cl, 66-82), 18% (95% ClI, 8—34), and 91% (95% ClI, 84-96), respectively.

Conclusion: About half of the patients who were SARS-CoV-2 positive based
upon cell culture results gave negative RAT results. However, the remaining
positive culture cases were detected by RAT, and RAT showed relatively high
negative predictive value for viable viral shedding.

COVID-19, rapid antigen test, isolation, de-isolation, cell culture
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Introduction

Despite the introduction of COVID-19 vaccines, a large
number of new patients worldwide are still being infected with
SARS-CoV-2 due to the emergence of virus variants or vaccine
shortages (1). Along with the rapid distribution of vaccines,
proactive testing, contact tracing, and isolation of confirmed
COVID-19 patients are still key elements of infection control
measures. Many countries, including South Korea, are adopting
symptom-based isolation strategies that require isolating
COVID-19 patients with mild to moderate symptoms, but
without immunocompromising conditions, for at least 10 days
after symptom onset until clinical improvement is achieved (2).
However, uniform application of the symptom-based isolation
strategy entails social costs since some individuals lose their
infectivity before 10 days (3). Furthermore, due to the recent
emergence of the Omicron variant, the isolation period has
been further curtailed from 10 to 5 days in patients with
asymptomatic or mild COVID-19 (4). Since there are concerns
about the residual infectivity associated with early de-isolation,
a rapid antigen test (RAT)-based de-isolation strategy has
been endorsed by CDC and European CDC guidelines (4, 5).
Despite lower sensitivity of RAT for diagnosing acute SARS-
CoV-2 infection compared to nucleic acid amplification testing
(NAAT) such as RT-PCR, positive RAT results correlated well
with high viral load samples (6). Therefore, positive RAT results
were also expected to correlate with positive viral culture, which
have been considered a proxy for infectivity (7). However, there
are limited studies comparing the results of serially performed
RATs during infection with tests for infectivity, such as virus
culture (8, 9). In this study, the results of serially performed, self-
test RAT were compared with those of virus culture, genomic
RNA, and subgenomic RNA tests on saliva samples collected
from COVID-19 patients in South Korea.

Materials and methods

Study population and setting

In South Korea, in 2021, asymptomatic or mild symptomatic
patients, who were newly diagnosed with COVID-19, were
admitted to a community treatment center (CTC) to prevent
further spread of SARS-CoV-2, and to monitor the clinical
course of COVID-19 (10, 11). Patients who were at high risk
of progressing to severe COVID-19, such as the elderly (over
70 years old) and immunocompromised patients, were admitted
to a dedicated hospital facility rather than a CTC. According
to the government guidelines for COVID-19 patients, all new
SARS-CoV-2 patients should be isolated in a CTC or hospital
facilities for at least 10 days if symptoms have resolved. During
admission to a CTC, patients were asked to self-check their vital
signs (body temperature, oxygen saturation, blood pressure,
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etc.) using portable medical devices and report these data, along
with any COVID-19 related symptoms, to the medical staff twice
a day. Patients who reported respiratory distress, intractable
fever, or desaturation were transported to the hospital as they
were considered at risk of progression to severe COVID-19.

This observational study enrolled patients infected with
SARS-CoV-2 who were admitted to the University of Seoul CTC
(Seoul, South Korea) from June 21, 2021 to August 21, 2021.
COVID-19 was confirmed by RT-PCR in all enrolled patients.
All patients participated voluntarily and provided written
informed consent prior to enrollment. Participants were asked
to perform a self-test RAT and collect saliva on a daily basis.
The presence of SARS-CoV-2 in saliva samples was detected
using RT-PCR (based on both genomic and subgenomic RNA
sequences of SARS-CoV-2) and cell culture. The results of tests
performed on saliva samples were then compared with the RAT
results. The study protocol was approved by the institutional
review committee of Asan Medical Center (IRB no. 2020-0336),
which oversees the operation of the CTC.

Rapid antigen testing

In this study, the Humasis COVID-Ag Home Test kit
(Humasis Co., South Korea) was used for serial self-RAT testing.
This RAT is a lateral flow immunochromatographic assay for
the qualitative detection of nucleocapsid protein and receptor
binding domain (RBD) antigens of SARS-CoV-2. This assay was
approved as a screening test for COVID-19 by the Ministry of
Food and Drug Safety in South Korea. Tests were performed by
patients, according to the manufacturer’s protocol; briefly, self-
collected nasal swabs from both nares were placed in extraction
solution, swirled ten times, and squeezed against the collection
tube wall. Extracted sample was applied to a cassette, and an
appropriate time was allowed for a monoclonal anti-SARS-CoV-
2 antibody reaction. Test results were interpreted after 15 min.
There are two lines on the cassette: a colored control line
(C) should always appear after adding an appropriate sample
volume. A positive result was defined as a colored band at the
T-test mark on the cassette, regardless of whether it was weak
or clear. Negative results were indicated by the absence of a
band at the T mark. If the control reaction failed, the test was
considered invalid and was repeated. The results were read by
two independent observers.

Collection of daily saliva samples

Self-collected saliva samples were obtained from patients
from the day of study enrollment until the day of discharge.
Each day, patients collected a 2 mL volume of saliva into an
airtight container provided at admission; no preservation or
transport medium was used. Patients were asked to avoid food,
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water, and teeth brushing for at least 30 min prior to sample
collection. Saliva samples were collected within 1 h by medical
staff and transported to a designated laboratory where they were
aliquoted and stored at —80°C until use.

Measurement of viral load by real-time
RT-PCR assay

The collected saliva samples were inactivated at 65°C for
30 min in a negative pressure laboratory. Viral RNA was
extracted from saliva samples using a QIAamp viral RNA
Mini kit (Qiagen Inc., Hilden, Germany). To determine the
SARS-CoV-2 viral RNA copy number, multiplex real-time RT-
PCR assays targeting the S- and N-genes were developed.
Multiplex RT-PCR assay mix (20 L) contained 4 pL of
5 x master mix (LightCycler Multiplex RNA Virus Master,
Roche, Basel, Switzerland), 0.1 wL of 200 x enzyme mix,
500 nM of each S and N gene primer, 200 nM of each
S and N gene probe, 250 nM of internal control primers,
100 nM of internal control probes, and 5 WL of extracted
RNA or in vitro-synthesized control RNA. PCR amplification
was performed with a LightCycler 96 system (Roche) in
the following conditions: reverse transcription at 50°C for
10 min, initial denaturation at 95°C for 5 min, 45 cycles of
two-step amplification, denaturation at 95°C for 10 s, and
final extension at 60°C for 30 s. To generate calibration
curves, serial dilutions from 107 to five copies/iL of synthetic
control RNA were assayed in six independent sets of reactions
(Supplementary Figure 1). The detection limit of this assay
was five copies/reaction (2.6 log copies/ml of specimen), and
viral copy numbers were determined by plotting CT values
against log copies/reaction. The primer and probe sequences are
provided in (Supplementary Table 1).

Detection of N and S gene subgenomic
RNAs

SARS-CoV-2 N and S gene subgenomic RNAs were detected
using RocketScript RT-PCR Premix (Bioneer Co., Daejeon,
South Korea). The shared forward primer was designed in the
5’ leader sequence, and reverse primers were located in the gene
sequences encoding the N- and S-proteins (Supplementary
Table 2). In brief, RT-PCR reactions were performed as follows:
reverse transcription at 50°C for 30 min, initial denaturation
at 95°C for 5 min, 40 cycles of three-step amplification,
denaturation at 95°Cfor 30 s, annealing at 55°Cfor 30 s,
extension at 72°C for 1 min, and final extension at 72°C for
5 min. Amplification products were eluted with a QIAquick
Gel Extraction kit (Qiagen), and sequencing was carried out
by Macrogen Inc. (Seoul, Republic of Korea). Sequences that
included the leader sequence and that were >97% consistent
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with the SARS-CoV-2 genome, by BLAST, were confirmed as
subgenomic RNAs.

Cell culture

Culture-based isolation of SARS-CoV-2 from saliva was
performed by a plaque assay in a Biosafety Level 3 laboratory
at Korea University College of Medicine, Seoul, South Korea.
Vero cells (9 x 10° cells/well) were seeded into 6-well plates and
allowed to incubate for 24 h. Saliva specimens were serially 10-
fold diluted using PBS. Aliquots (200 pl) of each diluted sample
were inoculated onto the Vero cells and incubated for 1 h (37°C,
5% [v/v] CO,) with rocking every 15 min and overlaid with
2 mL of Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F12 (DMEM/F-12) medium containing 0.6% (w/v) oxoid agar.
Viral plaque formation was visualized by crystal violet staining
after 72 h of incubation at 37°C in a 5% (v/v) CO; incubator.

Statistical analyses

Categorical variables were described as number with
percentage, and continuous variables were described as mean
with standard deviation or median with interquartile range or
range, as appropriate. Percent agreement between the results
of the self-test RAT and virus culture was calculated as
numbers of concordant pairs divided by total number of paired
observations. The percent positive agreement was calculated by
dividing the number of observations that were positive for both
tests by the average of the number of positive observations in
each test. The percent negative agreement was calculated by
dividing the number of observations that were negative for both
tests by the average of the number of negative observations
in each test. The sensitivity, specificity, positive predictive
value, and negative predictive value of results of COVID-19
self-test RAT were estimated with positive results of virus
culture or subgenomic RNA from saliva samples as reference
standards. Data were analyzed using R version 4.0.4 (R Project
for Statistical Computing, Vienna, Austria).

Results

The baseline characteristics of the 34 patients with
symptomatic COVID-19 who enrolled in this study are
summarized in Table 1. The mean age was 31.8 years, and
61.8% were male. Most patients (85% [29/34]) were admitted
to the CTC within a day or two after diagnosis. The median
time from symptom onset and admission to the day of first
RAT testing were 5 (interquartile range [IQR], 4-6) and 3 days
(IQR, 3-3), respectively. No abnormal infiltration was observed
except for one patient on chest imaging performed on the day
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of admission. All patients were clinically recovered at discharge,
but one (2.9%) was transferred to hospital due to intractable
fever. The median time between admission and discharge was
10 days (range, 5-14). The median value of viral load at
diagnosis was 18.2, and the majority of cases (73.5%) were
Delta variants. During the study period, a total of 151 RAT
results and 138 saliva samples were collected, resulting in 138
paired RAT results and saliva samples. The median time to
negative RAT result was 4 days (interquartile range [IQR], 3-
6) from admission and 7.5 days (IQR, 6-8) from symptom onset
(Supplementary Figure 2).

Results and predictive performance of
rapid antigen test compared with viral
culture and subgenomic RNA

Of the 138 paired RAT results and saliva samples tested,
27.5% (38/138) of RAT, 11.6% (16/138) of cell culture, and 48.6%
(67/138) of subgenomic RNA tests were positive for SARS-
CoV-2 (Table 2). Of the 16 culture-positive saliva samples,
seven (43.8%) corresponding RAT results were also positive.
The daily, positive rates using RAT, genomic RNA, subgenomic
RNA, and cell culture gradually decreased with time from 5 days
after symptom onset (Figure 1). The overall percent agreement,
percent positive agreement, and percent negative agreement
between RAT and viral culture were 71% (95% CI, 63-78), 26%
(95% CI, 12-42), and 82% (95% CI, 76-87), respectively. Of
the 67 subgenomic RNA-positive samples, 30 (44.8%) were also
positive in paired RAT results. The overall percent agreement,
percent positive agreement, and percent negative agreement
between RAT and subgenomic RNA test were 67% (95% CI,
60-75), 57% (95% CI, 45-68), and 74% (95% CI, 66-80),
respectively. The mean Ct values for positive samples were
highest in viral culture, followed by subgenomic RNA, RAT, and
genomic RNA tests (Figure 2). The viral load (median logjo
copies/mL, [interquartile range]) was significantly different
according to positivity for RAT (4.8 [IQR, 4.1-5.7] vs. 3.6 [1.3-
4.5]), culture (5.8 [4.9-6.3] vs. 3.9 [1.3-4.6]), and subgenomic
RNA (5.0 [4.5-5.7] vs. 1.3 [1.3-3.6]; all P < 0.001) as shown in
Supplementary Figure 3.

The performance of RAT for predicting positive results
in viral culture, subgenomic RNA, and genomic RNA is
summarized in Table 2. The sensitivity, specificity, positive
predictive value, and negative predictive value of the RAT
for predicting the results of viral culture were 44% (95%
CI, 20-70), 75% (95% CI, 66-82), 18% (95% CI, 8-34), and
91% (95% CI, 84-96), respectively (Table 2). The sensitivity,
specificity, positive predictive value, and negative predictive
value of the RAT for predicting positive subgenomic RNA
detection was 45% (95% CI, 33-57), 89% (95% CI, 79-95),
79% (95% CI, 63-90), and 63% (95% CI, 53-72), respectively.
The sensitivity of RAT to viral culture increased to 83%
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TABLE 1 Baseline characteristics of patients.

Patients (N = 34)

Age, mean = SD, year 31.84+9.0
Male, no (%) 21(61.8)
Comorbidity, no (%)

Diabetes 1(2.9)
Hypertension 1(2.9)
Asthma 1(2.9)
Depression 3(8.8)
Patient classification by symptom

Symptomatic 32(94.1)
Presymptomatic 2(5.9)
Asymptomatic 0(0)
Symptoms at admission

Fever 26 (76.5)
Chill 9(26.5)
Cough 17 (50.0)
Sputum 5(14.7)
Sore throat 17 (50.0)
Dyspnea 1(2.9)
Rhinorrhea 4(11.8)
Nasal stuffiness 4(11.8)
Myalgia 17 (50.0)
Headache 9 (26.5)
Loss of taste 1(2.9)
Loss of smell 4(11.8)
Diarrhea 1(2.9)
Days from symptom onset to admission*, median (range) 2(0-8)
Days from COVID-19 diagnosis to admission*, median 1(0-2)
(range)

Days from symptom onset to first RAT test, median (IQR) 5(4-6)
Days from admission to first RAT test, median (IQR) 3(3-3)
Median days from admission to discharge, no. (range) 10 (5-14)
Mean viral load at diagnosis, Ct value (E gene)’ 18.2
Infiltrations on chest x-ray at admission, no (%) 1(2.9)
Delta variant (%)

Yes 25 (73.5)
No 9(26.5)

IQR, interquartile range. *Admission indicates admission to a community treatment
center for isolation purposes. T Initial viral load at the time of diagnosis (one missing).

(95% CI, 36-100) when applied to samples collected up to
5 days after symptom onset, and decreased to 20% (3-56)
when applied to samples collected 5 days after symptom
onset. The sensitivity of RAT to subgenomic RNA and
genomic RNA was also higher when applied to samples
collected up to 5 days after symptom onset than when
applied to samples collected 5 days after symptom onset. The
performances of genomic RNA PCR and subgenomic RNA
PCR for predicting viral culture results are summarized in
Supplementary Table 3.
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TABLE 2 Performance of self-test rapid antigen tests compared with viral culture, subgenomic RNA, and genomic RNA.

No. of pairs Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)
RAT vs. viral culture
Overall 138 44% (20-70) 75% (66-82) 18% (8-34) 91% (84-96)
<5 days 40 83% (36-100) 50% (32-68) 23% (8-45) 94% (73-100)
>5 days 98 20% (3-56) 84% (75-91) 12% (2-38) 90% (82-96)
RAT vs. sgRNA
Overall 138 45% (33-57) 89% (79-95) 79% (63-90) 63% (53-72)
<5 days 40 81% (58-95) 74% (49-91) 77% (55-92) 78% (52-94)
>5 days 98 28% (16-43) 94% (84-99) 81% (54-96) 60% (48-70)
RAT vs. gRNA
Overall 138 37% (28-47) 100% (90-100) 100% (91-100) 36% (27-46)
<5 days 40 73% (54-88) 100% (69-100) 100% (85-100) 56% (31-78)
>5 days 98 22% (13-34) 100% (87-100) 100% (79-100) 32% (22-43)

CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; sgRNA, subgenomic RNA; gRNA, genomic RNA.
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FIGURE 1
Daily positivity of (A) genomic RNA, (B) subgenomic RNA, (C) rapid antigen test (RAT), and (D) cell culture.

Results of rapid antigen test, culture, dots), whereas the majority of the subgenomic RNA-positive

and subgenomic RNA according to the cases (72% [33/46]) were negative with RAT (red dots) after

timeline 5 days (Figure 3B). Detailed scatter plots according to positivity
of the reference tests are shown in Supplementary Figure 4.

As shown in Figure 3A, most culture-positive cases (83% Timelines of the test results at the individual patient level
[5/6]) were also positive with RAT (blue dots) up to 5 days are shown in Figure 4. Of 7 patients with positive culture
after symptom onset, whereas most culture-positive cases (80% results, 4 of whom also had positive RAT results. In detail,
[8/10]) after 5 days were negative with RAT (red dots). Similarly, four concordant pairs of positive culture with positive RAT
most subgenomic RNA-positive cases (81% [17/21]), up to (blue rectangle) and four discordant pairs of positive culture
5 days after symptom onset, were also positive for RAT (blue with negative RAT (red rectangle) were found (Figure 4A).
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FIGURE 3

Scatter plots depicting RAT results over the study period. (A) Results of RAT compared to cell culture. (B) Results of RAT compared to

A concordant pair was observed in one patient (Patient 16),
but later discordant pairs were observed. On the basis of
RAT-determined termination of isolation, the termination of
three out of seven patients with culture-positive samples would
have been delayed due to RAT results that predicted positive
cultures, whereas RAT could have predict positive cultures in
the remaining four patients. Using subgenomic RNA detection
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as the reference, RAT predicted positive subgenomic RNA in 15
of 25 subgenomic RNA-positive patients but failed to predict
positive subgenomic RNA in subsequent samples from seven
duplicates of these patients (Figure 4B). In the remaining
ten subgenomic RNA-positive patients, RAT did not predict
subgenomic RNA positivity. Results for RAT and cell culture for
each patient are shown in Supplementary Figure 5.
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Discussion

In this longitudinal study in symptomatic COVID-19
patients, overall agreement between results of RAT and culture
was fair at about 70%, but RAT detected culture-positive cases
in less than half of the patients. These results, comparing serially
self-performed RAT to cell culture from saliva samples, indicates
suboptimal sensitivity of RAT for detecting viable viral shedding
after diagnosis or symptom onset in COVID-19 patients.
Nonetheless, RAT still detected about half of COVID-19 patients
with viable viral shedding. Consequently, RAT results could be
used for the risk stratification on work restriction of healthcare
workers (HCWs), when there is high pressure on healthcare
systems, because RAT would detect half of the HCWs with
viable viral shedding and who have theoretical risk of post-
isolation transmission while no test cannot detect them. This
approach may be particularly useful for HCWs who care for
immunocompromised patients. Alternatively, the relatively high
negative predictive value of RAT may help to allay concerns
about the transmission risk of individuals within contingency
or crisis settings.

Conventional PCR tests (real-time RT-PCR assays) have
the highest sensitivity in diagnosing SARS-CoV-2 infection, but
also have several shortcomings including cost, long turnaround
time, and prolonged test positivity without viable virus (12-
16). PCR-based isolation strategies that maintain isolation until
PCR results become negative have been increasingly limited
in use due to their unnecessarily long isolation requirements.
Symptom-based isolation strategies have been adopted based
on previous studies that reported the detection of viable virus
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did not exceed 10 days, and that no case of secondary attack
was shown among close contacts exposed to an index case
5 days after symptom onset (17, 18). However, symptom-based
isolation strategies for a pre-specified period are not applicable
in populations with prolonged viral shedding, such as severe
COVID-19 patients or immunocompromised hosts, and also
unnecessarily constrains the social activity of asymptomatic
or mild COVID-19 patients whose release of viable virus has
ended earlier than the time of their de-isolation. Furthermore,
due to the recent emergence of the Omicron variant, the
recommended isolation period has been further curtailed from
10 to 5 days in patients with asymptomatic or mild COVID-19
(4). Therefore, there has been a growing public need for tools
that can be used as surrogate markers to identify individuals
having transmissibility.

Rapid antigen test are intended for use at the point-of-
care to detect the presence of viral protein of SARS-CoV-2 and
are quick and easy to use, as well as relatively cost-affordable.
Although the performance of RAT may vary by company,
several studies reported its high sensitivity and specificity (6). It
has been reported that the RAT positivity reflects high viral load
and correlates well with culture positivity (19, 20). However,
RAT showed low sensitivity, detecting only about half of the
virus culture-positive samples in this study. The reason for the
low sensitivity of RAT test can be demonstrated as follows. First,
virus culture was used as a reference test for infectivity, but
lack of sensitivity may lead to false-negative results (21). In this
context, the detection of subgenomic RNA might more exactly
reflect the replication-compatible viral shedding (Table 2). It
is worth to note that our findings of the sensitivity (94%) and

frontiersin.org


https://doi.org/10.3389/fmed.2022.922431
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Bae et al.

specificity (57%) for the subgenomic RNA detection compared
with cell culture, respectively, are consistent with our previous
study (sensitivity 100% and specificity 65%, respectively) (22).
Second, the timing of the sample collection may affect the
results. Given the viral kinetics of SARS-CoV-2 with a gradual
decrease in viral load after the time of diagnosis (23), RAT
generally performed well in samples containing high viral titers
from symptomatic patients at an early stage (24, 25). Therefore,
RAT performance may be lower on serial testing that included
samples with low viral titer collected at later stages of infection.
Third, difference between RAT with nasal swabs and other
viral tests using saliva samples may contribute to the results,
despite the high correlation between saliva and nasal swabs (26).
Finally, sub-optimal sampling and misinterpreting results in in
self-testing can affect the sensitivity of the RAT.

Despite this limited performance, RAT-positive samples
showed significantly higher viral load than RAT-negative
samples. In addition, the RAT-positive rate gradually decreased
over time after symptom onset. At the time of this writing,
Cosimi et al. reported that RAT has a high negative predictive
value (100%), so a negative RAT result could provide
reassurance in ending isolation (8). Our findings of high
negative predictive value of a negative RAT are consistent
with this study (8). In addition, CDC recently recommended
continuation of wearing masks around others in public places
until two consecutive negative RAT results (27). Taken together,
RAT may detect replication-competent SARS-CoV-2 virus,
and accuracy of this test can be improved by increasing the
frequency or providing adequate guidance for procedure and
interpretation (13, 28). Our data on the daily RAT results
provide important insights into the contingency or crisis plan
during the pandemic. More than half of mild COVID-19
patients revealed positive RAT results 5 days after the onset of
symptoms. Consequently, when the strategy for 5 day isolation
with a negative RAT result is adopted in a hospital, more
than 50% of HCWs would be required to undertake a further
isolation period. In addition, the low positive predictive value
of RAT might warrant further balancing of work restriction.
By contrast, the relatively high negative predictive value of
RAT may allay concerns about the transmission risk posed
by individuals in contingency or crisis setting because the
prevalence of viable viral shedding is low, after symptom onset,
in patients with mild COVID-19.

Cell culture has been considered the standard test for
SARS-CoV-2 viability, but can only be performed in a
biocontainment facility and is time and labor intensive (29, 30).
Furthermore, culture is vulnerable to bacterial contamination.
Detecting subgenomic RNA showed a higher specificity to
predict culture positivity than that of genomic RNA, and was
closely correlated with symptom duration, suggesting that it
may reflect the presence a replication-competent virus (22).
Since viral culture lacks sensitivity and may underestimate
the level of viable virus, we compared RAT results with the
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subgenomic RNA detection data. These analyses revealed that
the positive predictive value of RAT increased, but the negative
predictive value of RAT decreased, largely due to the positive
rate of subgenomic RNA detection being higher than that
of viral culture. Given that subgenomic RNA detection is
more sensitive for viable viral shedding than viral culture,
and a highly sensitive test of viable viral shedding is needed
in certain settings (e.g., immunocompromised patient wards),
the greater positive predictive value of RAT may point to
such tests being more beneficial in high-risk rather than low-
risk settings.

It is worth noting that demonstrating the presence of
viable virus by cell culture or replication-competent virus
by subgenomic RNA detection does not necessarily correlate
with transmissibility potential. The current CDC and ECDC
recommendations are primarily based on epidemiological
data showing that there is no significant risk of SARS-
CoV-2 transmission from index patients, 3 or 5 days after
symptom onset, to exposed contacts (18, 31). However, such
epidemiologic data may be subject to recall and misclassification
bias. Therefore, the study of viable viral shedding might
provide important complementary data for understanding viral
transmission dynamics. In this context, our data showing
daily positive rates of viral cultures along with a series
of self-test RAT results may be useful for the decision of
symptom-based de-isolation or work derestriction with/without
supplemental tests.

There are several limitations of this study. Firstly, it
is an observational study with a limited sample size. In
addition, there were some missing results from serially collected
RAT results and saliva samples. Thus, further well-controlled
studies with larger sample sizes are needed. Secondly, the
fact that patients performed the RAT without guidance from
medical professionals may account for the lower-than-expected
predictive accuracy of RAT. Given the nature of the at-home
test kit, user-dependent variability may be an inherent feature
of studies utilizing at-home test kits. Thus, the safe, reliable and
accurate termination of COVID-19 isolation based upon RAT
results, may necessitate the execution of the RAT by healthcare
professionals, although many countries have approved the RAT
as “home use” only. Despite the imperfection of self-testing,
at-home RAT will be needed continuously considering the
importance of early diagnosis of SARS-CoV-2 infection and
inequality in accessibility/cost/time according to region and
economic status (32, 33). Thirdly, the correlation between RAT
results and cell culture/subgenomic RNA results may differ for
other commercial SARS-CoV-2 RAT Kkits. In two independent
evaluation studies, the RAT from the same manufacturer
(Humasis Co., South Korea), although not the at-home kit
used in this study, showed similar sensitivities compared to
RATs from other manufacturers, but with lower specificity,
from 72.8 to 79.0% (34, 35). Such low specificity may raise
concerns about an increased risk for false positives. It is
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unlikely that the insufficient specificity of the RAT was due
to detection of spike antigens in addition to nucleocapsid,
because targeting spike antigen could be more specific than
nucleocapsid (36). Given the 100% specificity of the Humasis
RAT in the current study and the very low false-positive
rate (0.05%) of the RAT reported in a recent large study,
the low specificity issue does not appear to significantly
affect the results of this study (37). In addition, the recent
study reported the manufacturing issues as one cause of the
cluster of false-positive RAT results (37). Further studies are
needed as false positives can be attributed to multiple factors
such as batch issues, cross-contamination, pre-existing human
antibodies, or highly viscous samples. Fourthly, this study
was conducted during the Delta variant epidemic, so it is
not known whether the results can be applied to analysis
of the Omicron variant. A study carried out during the
Omicron variant epidemic reported that the RAT used did
detect viral protein of that variant (38). However, there are no
data on whether RAT results significantly differ between the
variants. Finally, only a few vaccinated patients were included
in this study. However, vaccine status is unlikely to affect the
results of RAT, even though it does affect viral load kinetics
(39, 40).

In conclusion, about half of the patients in this study
who shed viable virus after symptom onset returned negative
RAT results. Therefore, a negative RAT result cannot be
used as a guarantee test for non-infectivity. Nevertheless, the
remaining patients with viable virus shedding were identified by
positive RAT results, and RAT exhibited relatively high negative
predictive value for viable viral shedding. Consequently,
RAT may provide an additional layer of data to identify
individuals with risk of infectivity in symptom-based de-
isolation strategies.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed
and approved by the Institutional Review Committee of
Asan Medical Center. The patients/participants provided their
written informed consent to participate in this study.

Author contributions

SB, M-SP, and S-HK contributed to the conception and
design of the study. SB, SP, and SL involved in participant

Frontiers in Medicine

09

10.3389/fmed.2022.922431

recruitment and data curation. JYK, HP, J-YB, JK, and M-SP
performed laboratory works. SB, SP, SL, and JYK performed
formal analysis. SB, HP, M-SP, and S-HK wrote the first draft of
the manuscript. MK, YC, SL, SC, and YK wrote sections of the
manuscript. All authors contributed to the manuscript revision,
read, and approved the submitted version.

Funding

This study was supported by grants from the research fund
donated by Kyu-Kang Cho to Asan Medical Center for COVID-
19 research, the Korea Health Technology R&D Project through
the Korea Health Industry Development Institute (KHIDI),
which is funded by the Ministry of Health and Welfare, Republic
of Korea (Grant No. HW20C2062), and the National Research
Foundation of Korea (NRF) funded by the Ministry of Science
and ICT, Republic of Korea (NRF-2018M3A9H4056537).

Acknowledgments

We thank Dr. Yoo-Mi Park, Director of Citizens Health
Bureau in Seoul Metropolitan City, for her administrative
support and invaluable help.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fmed.2022.922431/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmed.2022.922431
https://www.frontiersin.org/articles/10.3389/fmed.2022.922431/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2022.922431/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Bae et al.

References

1. Krause PR, Fleming TR, Longini IM, Peto R, Briand S, Heymann DL, et al.
SARS-CoV-2 variants and vaccines. N Engl ] Med. (2021) 385:179-86. doi: 10.1056/
NEJMsr2105280

2. Centers for Disease Control and Prevention. Ending Isolation and Precautions
for People with COVID-19: Interim Guidance. (2021). Available online at:
https://www.cdc.gov/coronavirus/2019- ncov/hcp/duration-isolation.html
(accessed August 31, 2022).

3.Rhee C, Kanjilal S, Baker M, Klompas M. Duration of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infectivity: when is it safe to
discontinue isolation? Clin Infect Dis. (2021) 72:1467-74. doi: 10.1093/cid/ciaa
1249

4. Centers for Disease Control and Prevention. COVID-19. Quarantine and
Isolation. (2022). Available online at: https://www.cdc.gov/coronavirus/2019-ncov/
your-health/quarantine-isolation.html (accessed January 27, 2022).

5. European Centre for Disease Prevention and Control. Guidance on Ending
the Isolation Period for People with COVID-19, Third Update, 28 January 2022.
Stockholm: ECDC (2022).

6. Dinnes ], Deeks JJ, Berhane S, Taylor M, Adriano A, Davenport C, et al.
Rapid, point-of-care antigen and molecular-based tests for diagnosis of SARS-
CoV-2 infection. Cochrane Database Syst Rev. (2021) 3:CD013705. doi: 10.1002/
14651858.CD013705

7. Pickering S, Batra R, Merrick B, Snell LB, Nebbia G, Douthwaite S, et al.
Comparative performance of SARS-CoV-2 lateral flow antigen tests and association
with detection of infectious virus in clinical specimens: a single-centre laboratory
evaluation study. Lancet Microbe. (2021) 2:e461-71. doi: 10.1016/S2666-5247(21)
00143-9

8. Cosimi LA, Kelly C, Esposito S, Seitz S, Turcinovic J, Connor JH, et al.
Duration of symptoms and association with positive home rapid antigen test
results after infection with SARS-CoV-2. JAMA Netw Open. (2022) 5:€2225331.
doi: 10.1001/jamanetworkopen.2022.25331

9. Chu VT, Schwartz NG, Donnelly MAP, Chuey MR, Soto R, Yousaf AR, et al.
Comparison of home antigen testing with RT-PCR and viral culture during the
course of SARS-CoV-2 Infection. JAMA Intern Med. (2022) 182:701-9. doi: 10.
1001/jama.2021.21703

10. Kang E, Lee SY, Jung H, Kim MS, Cho B, Kim YS. Operating protocols
of a community treatment center for isolation of patients with coronavirus
disease, South Korea. Emerg Infect Dis. (2020) 26:2329-37. doi: 10.3201/eid2610.20
1460

11. Choi WS, Kim HS, Kim B, Nam S, Sohn JW. Community treatment centers
for isolation of asymptomatic and mildly symptomatic patients with coronavirus
disease, South Korea. Emerg Infect Dis. (2020) 26:2338-45. doi: 10.3201/eid2610.
201539

12. McGarry BE, SteelFisher GK, Grabowski DC, Barnett ML. COVID-19
test result turnaround time for residents and staff in US nursing homes.
JAMA Intern Med. (2021) 181:556-9.  doi: 10.1001/jamainternmed.2020.
7330

13. Larremore DB, Wilder B, Lester E, Shehata S, Burke JM, Hay JA,
et al. Test sensitivity is secondary to frequency and turnaround time for
COVID-19 screening. Sci Adv. (2021) 7:eabd5393. doi: 10.1126/sciadv.abd
5393

14. Xu K, Chen Y, Yuan J, Yi P, Ding C, Wu W, et al. Factors associated with
prolonged viral rna shedding in patients with coronavirus disease 2019 (COVID-
19). Clin Infect Dis. (2020) 71:799-806. doi: 10.1093/cid/ciaa351

15. Owusu D, Pomeroy MA, Lewis NM, Wadhwa A, Yousaf AR, Whitaker B,
et al. Persistent SARS-CoV-2 RNA Shedding without Evidence of Infectiousness:
a Cohort Study of Individuals with COVID-19. J Infect Dis. (2021) 224:1362-71.
doi: 10.1093/infdis/jiab107

16. Fontana LM, Villamagna AH, Sikka MK, McGregor JC. Understanding viral
shedding of severe acute respiratory coronavirus virus 2 (SARS-CoV-2): review of
current literature. Infect Control Hosp Epidemiol. (2021) 42:659-68. doi: 10.1017/
ice.2020.1273

17. Arons MM, Hatfield KM, Reddy SC, Kimball A, James A, Jacobs JR, et al.
Presymptomatic SARS-CoV-2 infections and transmission in a skilled nursing
facility. N Engl ] Med. (2020) 382:2081-90. doi: 10.1056/NEJM0a2008457

18. Cheng HY, Jian SW, Liu DP, Ng TC, Huang WT, Lin HH. Contact tracing
assessment of COVID-19 transmission dynamics in taiwan and risk at different
exposure periods before and after symptom onset. JAMA Intern Med. (2020)
180:1156-63. doi: 10.1001/jamainternmed.2020.2020

Frontiers in Medicine

10.3389/fmed.2022.922431

19. Almendares O, Prince-Guerra JL, Nolen LD, Gunn JKL, Dale AP, Buono
SA, et al. Performance characteristics of the abbott BinaxNOW SARS-CoV-
2 antigen test in comparison to real-time reverse transcriptase PCR and viral
culture in community testing sites during November 2020. J Clin Microbiol. (2022)
60:€0174221. doi: 10.1128/JCM.01742-21

20. Poopalasingam N, Korenkov M, Ashurov A, Strobel J, Fish I, Hellmich M,
et al. Determining the reliability of rapid SARS-CoV-2 antigen detection in fully
vaccinated individuals. J Clin Virol. (2022) 148:105119. doi: 10.1016/j.jcv.2022.
105119

21. Binnicker MJ. Can testing predict SARS-CoV-2 infectivity? The potential for
certain methods to be surrogates for replication-competent virus. J Clin Microbiol.
(2021) 59:¢0046921. doi: 10.1128/JCM.00469-21

22. KimJY, BaeJY, Bae S, Cha HH, Kwon JS, Suh MH, et al. Diagnostic usefulness
of subgenomic RNA detection of viable SARS-CoV-2 in patients with COVID-19.
Clin Microbiol Infect. (2022) 28:101-6. doi: 10.1016/j.cmi.2021.08.009

23. Bae S, Kim JY, Lim SY, Park H, Cha HH, Kwon JS, et al. Dynamics of
viral shedding and symptoms in patients with asymptomatic or mild COVID-19.
Viruses. (2021) 13:2133. doi: 10.3390/v13112133

24. Bulilete O, Lorente P, Leiva A, Carandell E, Oliver A, Rojo E, et al. Panbio™
rapid antigen test for SARS-CoV-2 has acceptable accuracy in symptomatic patients
in primary health care. J Infect. (2021) 82:391-8. doi: 10.1016/j.jinf.2021.02.014

25. Garcia-Fifiana M, Hughes DM, Cheyne CP, Burnside G, Stockbridge M,
Fowler TA, et al. Performance of the Innova SARS-CoV-2 antigen rapid lateral flow
test in the Liverpool asymptomatic testing pilot: population based cohort study.
BM]J. (2021) 374:n1637. doi: 10.1136/bm;j.n1637

26. Butler-Laporte G, Lawandi A, Schiller I, Yao M, Dendukuri N, McDonald
EG, et al. Comparison of saliva and nasopharyngeal swab nucleic acid amplification
testing for detection of SARS-CoV-2: a systematic review and meta-analysis. JAMA
Intern Med. (2021) 181:353-60. doi: 10.1001/jamainternmed.2020.8876

27. Massetti GM, Jackson BR, Brooks JT, Perrine CG, Reott E, Hall AJ, et al.
Summary of guidance for minimizing the impact of COVID-19 on individual
persons, communities, and health care systems — United States, August 2022.
MMWR Morb Mortal Wkly Rep. (2022) 71:1057-64. doi: 10.15585/mmwr.
mm7133el

28. Papenburg J, Campbell JR, Caya C, Dion C, Corsini R, Cheng MP, et al.
Adequacy of serial self-performed SARS-CoV-2 rapid antigen detection testing
for longitudinal mass screening in the workplace. JAMA Netw Open. (2022)
5:¢2210559. doi: 10.1001/jamanetworkopen.2022.10559

29. Leland DS, Ginocchio CC. Role of cell culture for virus detection in the age
of technology. Clin Microbiol Rev. (2007) 20:49-78. doi: 10.1128/CMR.00002-06

30. Schlickeiser S, Schwarz T, Steiner S, Wittke K, Al Besher N, Meyer O,
et al. Disease severity, fever, age, and sex correlate with SARS-CoV-2 neutralizing
antibody responses. Front Immunol. (2020) 11:628971. doi: 10.3389/fimmu.2020.
628971

31. Ge Y, Martinez L, Sun S, Chen Z, Zhang F, Li E et al. COVID-19
transmission dynamics among close contacts of index patients with COVID-19:
a population-based cohort study in zhejiang province China. JAMA Intern Med.
(2021) 181:1343-50. doi: 10.1001/jamainternmed.2021.4686

32. World Health Organization. Interim guidance: Use of SARS-CoV-2 Antigen-
Detection Rapid Diagnostic Tests for COVID-19 Self-Testing- 9 March 2022. Geneva:
World Health Organization (2022).

33. European Centre for Disease Prevention and Control. Considerations on the
Use of Self-Tests for COVID-19 in the EU/EEA - 17 March 2021. Stockholm: ECDC
(2021).

34. Gourgeon A, Soulier A, Audureau E, Khouider S, Galbin A, Langlois C, et al.
Performance of 22 rapid lateral flow tests for SARS-CoV-2 antigen detection and
influence of "variants of concern": implications for clinical use. Microbiol Spectr.
(2022) 12:¢0115722. doi: 10.1128/spectrum.01157-22

35. Noéra M, Déri D, Veres DS, Kis Z, Barcsay E, Pélyi B. Evaluating the field
performance of multiple SARS-Cov-2 antigen rapid tests using nasopharyngeal
swab samples. PLoS One. (2022) 17:¢0262399. doi: 10.1371/journal.pone.0262399

36. Barlev-Gross M, Weiss S, Ben-Shmuel A, Sittner A, Eden K, Mazuz
N, et al. Spike vs nucleocapsid SARS-CoV-2 antigen detection: application in
nasopharyngeal swab specimens. Anal Bioanal Chem. (2021) 413:3501-10. doi:
10.1007/s00216-021-03298-4

37. Gans JS, Goldfarb A, Agrawal AK, Sennik S, Stein J, Rosella L. False-positive
results in rapid antigen tests for SARS-CoV-2. JAMA. (2022) 327:485-6. doi: 10.
1001/jama.2021.24355

frontiersin.org


https://doi.org/10.3389/fmed.2022.922431
https://doi.org/10.1056/NEJMsr2105280
https://doi.org/10.1056/NEJMsr2105280
https://www.cdc.gov/coronavirus/2019-ncov/hcp/duration-isolation.html
https://doi.org/10.1093/cid/ciaa1249
https://doi.org/10.1093/cid/ciaa1249
https://www.cdc.gov/coronavirus/2019-ncov/your-health/quarantine-isolation.html
https://www.cdc.gov/coronavirus/2019-ncov/your-health/quarantine-isolation.html
https://doi.org/10.1002/14651858.CD013705
https://doi.org/10.1002/14651858.CD013705
https://doi.org/10.1016/S2666-5247(21)00143-9
https://doi.org/10.1016/S2666-5247(21)00143-9
https://doi.org/10.1001/jamanetworkopen.2022.25331
https://doi.org/10.1001/jama.2021.21703
https://doi.org/10.1001/jama.2021.21703
https://doi.org/10.3201/eid2610.201460
https://doi.org/10.3201/eid2610.201460
https://doi.org/10.3201/eid2610.201539
https://doi.org/10.3201/eid2610.201539
https://doi.org/10.1001/jamainternmed.2020.7330
https://doi.org/10.1001/jamainternmed.2020.7330
https://doi.org/10.1126/sciadv.abd5393
https://doi.org/10.1126/sciadv.abd5393
https://doi.org/10.1093/cid/ciaa351
https://doi.org/10.1093/infdis/jiab107
https://doi.org/10.1017/ice.2020.1273
https://doi.org/10.1017/ice.2020.1273
https://doi.org/10.1056/NEJMoa2008457
https://doi.org/10.1001/jamainternmed.2020.2020
https://doi.org/10.1128/JCM.01742-21
https://doi.org/10.1016/j.jcv.2022.105119
https://doi.org/10.1016/j.jcv.2022.105119
https://doi.org/10.1128/JCM.00469-21
https://doi.org/10.1016/j.cmi.2021.08.009
https://doi.org/10.3390/v13112133
https://doi.org/10.1016/j.jinf.2021.02.014
https://doi.org/10.1136/bmj.n1637
https://doi.org/10.1001/jamainternmed.2020.8876
https://doi.org/10.15585/mmwr.mm7133e1
https://doi.org/10.15585/mmwr.mm7133e1
https://doi.org/10.1001/jamanetworkopen.2022.10559
https://doi.org/10.1128/CMR.00002-06
https://doi.org/10.3389/fimmu.2020.628971
https://doi.org/10.3389/fimmu.2020.628971
https://doi.org/10.1001/jamainternmed.2021.4686
https://doi.org/10.1128/spectrum.01157-22
https://doi.org/10.1371/journal.pone.0262399
https://doi.org/10.1007/s00216-021-03298-4
https://doi.org/10.1007/s00216-021-03298-4
https://doi.org/10.1001/jama.2021.24355
https://doi.org/10.1001/jama.2021.24355
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Bae et al.

38. Lefferts B, Blake I, Bruden D, Hagen MB, Hodges E, Kirking
HL, et al. Antigen test positivity after COVID-19 isolation - yukon-

kuskokwim  delta  region, alaska, January-February 2022. MMWR
Morb Mortal Wkly Rep. (2022) 71:293-8.  doi: 10.15585/mmwr.mm71
08a3

39. Chia PY, Ong SWX, Chiew CJ, Ang LW, Chavatte JM, Mak TM,
et al. Virological and serological kinetics of SARS-CoV-2 Delta variant vaccine

Frontiers in Medicine

11

10.3389/fmed.2022.922431

breakthrough infections: a multicentre cohort study. Clin Microbiol Infect. (2021)
28:612.el-¢e7.. doi: 10.1016/j.cmi.2021.11.010

40. Singanayagam A, Hakki S, Dunning J, Madon KJ, Crone MA, Koycheva
A, et al. Community transmission and viral load kinetics of the SARS-CoV-2
delta (B.1.617.2) variant in vaccinated and unvaccinated individuals in the UK: a
prospective, longitudinal, cohort study. Lancet Infect Dis. (2022) 22:183-95. doi:
10.1016/S1473-3099(21)00648-4

frontiersin.org


https://doi.org/10.3389/fmed.2022.922431
https://doi.org/10.15585/mmwr.mm7108a3
https://doi.org/10.15585/mmwr.mm7108a3
https://doi.org/10.1016/j.cmi.2021.11.010
https://doi.org/10.1016/S1473-3099(21)00648-4
https://doi.org/10.1016/S1473-3099(21)00648-4
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	Daily, self-test rapid antigen test to assess SARS-CoV-2 viability in de-isolation of patients with COVID-19
	Introduction
	Materials and methods
	Study population and setting
	Rapid antigen testing
	Collection of daily saliva samples
	Measurement of viral load by real-time RT-PCR assay
	Detection of N and S gene subgenomic RNAs
	Cell culture
	Statistical analyses

	Results
	Results and predictive performance of rapid antigen test compared with viral culture and subgenomic RNA
	Results of rapid antigen test, culture, and subgenomic RNA according to the timeline

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


