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Introduction. The study of the mechanisms of transmission of the SARS-CoV-2 virus is the basis for building a
strategy for anti-epidemic measures in the context of the COVID-19 pandemic. Understanding in what time frame
a patient can spread SARS-CoV-2 is just as important as knowing the transmission mechanisms themselves. This
information is necessary to develop effective measures to prevent infection by breaking the chains of transmission
of the virus.

The aim of the work — is to identify the infectious SARS-CoV-2 virus in patient samples in the course of the
disease and to determine the duration of virus shedding in patients with varying severity of COVID-19.

Materials and methods. In patients included in the study, biomaterial (nasopharyngeal swabs) was subjected to
analysis by quantitative RT-PCR and virological determination of infectivity of the virus.

Results. We have determined the timeframe of maintaining the infectivity of the virus in patients hospitalized with
severe and moderate COVID-19. Based on the results of the study, we made an analysis of the relationship between
the amount of detected SARS-CoV-2 RNA and the infectivity of the virus in vitro in patients with COVID-19. The
median time of the infectious virus shedding was 8 days. In addition, a comparative analysis of different protocols
for the detection of the viral RNA in relation to the identification of the infectious virus was carried out.
Conclusion. The obtained data make it possible to assess the dynamics of SARS-CoV-2 detection and viral load
in patients with COVID-19 and indicate the significance of these parameters for the subsequent spread of the virus
and the organization of preventive measures.
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OueHka AMHaAMUKWN BbISIBIIEHUA XXNU3HECNOCOOGHOro
SARS-CoV-2 (Coronaviridae: Betacoronavirus: Sarbecovirus)
B GMonormyeckmx obpasuax, nosly4YeHHbIX OT NauUeHToB

c COVID-19 B ycnoBusix ctaunoHapa, Kak ogHOro

U3 nokasartenen MHPEKLMOHHOCTU BUpyca

KysHeuosa H.A.'# Orapkosa [.A."# MywmH B.A."# AHTuUnat H.A.2,
BakanuH B.B.3, Bypracosa O.A.3, Bacuneuenko J1.A.", OusunceHko E.B.,
Konobyxuna J1.B.", Kpyxxkoa W.C.', Hukncoposa M.A.", OgHopanos M.A .2,
CamkoB A.A.2, CumakoBa A.B.", CuHasuH A.3.", Tkauyk A.IN."Y,

LWnanosckas E.B.", TiopuH N.H.2, 3nobuH B.N.", TuHuGypr AJ1.

'®rbY «HauvoHanbHbIV UccnefoBaTeNbCKUN LLEHTP aNMAEMMONorum U MMKpOGronorum MMeH NOYETHOMO akafeMuka
H.®. Namanen» Munsgpasa Poccun, 123098, r. Mockea, Poccus;

IbY3 «MHbekumoHHas knuHuyeckas 6onbHuua Ne 1 [lenaptameHTa 3gpaBooxpaHeHus ropoga Mocksbl», 125367,

r. Mocksa, Poccus;

SOIAQY BO «Poccuiickuin yHuBepcuTeT apyx6bl HapogoBy», 117198, r. Mockea, Poccusi

BsepneHue. V3yueHne mexaHnamoB nepefayn supyca SARS-CoV-2 aBnsieTcs 0CHOBOW 4115 BbICTpaMBaHUsA CTpa-
Ternm NPoOTMBOINMAEMUYECKNX MEPONPUATMI B ycnoeusax naHaemmn COVID-19. MNMoHumaHue Toro, B Kakon Bpe-

#ABTOPBI CTaThbu, BHECIIHE paBHBH?’I BKJIaZl B TIOATOTOBKY ny6nm<aunn.
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OPUTUHAJbHbBIE NCCNEAOBAHUA

MeHHON nepcnekTmBe 6onbHOM MOXeT pacnpocTpaHaTb SARS-CoV-2, Tak e BaXHO, Kak U 3HaHMe caMux Mexa-
HU3MOB nepeaayn Bupyca. dta MHopmMauns Heobxoanma Ana pa3paboTkn ahEKTUBHBLIX Mep NPOUNAKTUKM
MHPMUMPOBaHMA NYTEM pa3pbiBa Lienovek nepenaym smpyca.

Llenb paboTtbl — BbisiBNeHne nHdekumoHHoro Bupyca SARS-CoV-2 B obpasuax nauneHToB B AvHamuke 3abone-
BaHWA U onpegeneHne NpoaorPKUTENBHOCTU BbiAENEHUst BUPYCa NauMeHTaMu C pasfnmMYyHOM TSXKECTbIO TEeYEeHUs
COVID-19.

MaTepuanbl n MeToabl. Y nNauneHTOB, BKIIOYEHHBLIX B UCCMNedoBaHWe, npoBogunnu cbop buomarepunana (Haso-
dhapvHreanbHbI Ma3ok) Anst ganbHenwero aHanusa merogom konunyectseHHon OT-MNLUP n Bupyconornyeckoro
onpegeneHnst UHPEKUMOHHOCTU AN Maska.

PesynkTatbl. Hamu onpeaeneHbl Cpokn coxpaHeHns MHAEKLMOHHOCTM BUpYCca Y NaunMeHToB, rocnuTanv3npoBaH-
HbIX C TSKENbIM U cpegHeTspkénbiM TedeHneMm COVID-19. Mo pesynstatam uccnegoBaHust NpoBedEH aHanus 3a-
BMCUMOCTU mexay konunyectBom getektupyemon PHK SARS-CoV-2 ¢ nomowpto OT-MNLUP 1 nHpEKLMOHHOCTbI0
BMPYCa B KymnbType KNeTok in vitro y 6onbHbix COVID-19. MeanaHHoe Bpemsi BblAeneHnst NauneHTaMm MHAEKLMOH-
Horo Bupyca coctasuso 8 gHen. Kpome Toro, npoBeAéH CpaBHUTENbHLIN aHanu3 pasHbIX MPOTOKOMOB BbISBNEHUS
PHK Bupyca oTHOCUTENBHO OBHAapPYXEHUST MH(DEKLIMOHHOIO BUpYyCa.

3akntoyeHue. NMonyyeHHble AaHHblE MO3BONSAT OLEHUTb AUHAMWKY BbISIBIIEHUS U BUPYCHYIO Harpysky SARS-
CoV-2 y 6onbHbix COVID-19, a Takke 3Ha4YeHWe yCTaHOBMEHHbIX NapameTpoB ANs NocrneayoLero pacnpocrpa-
HEeHUsi BUpyCca 1 opraHm3auum NpounakTUHecknx MeponpusTUi.

KntoueBble cnoBa: SARS-CoV-2; UHeKYUOHHOCMb, UHQEKUUOHHbIU supyc; LIMN3; OT-TILP; msxecmb mevyeHus
COVID-19; ROC-aHanu3s
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Introduction

Infection with SARS-CoV-2 causes COVID-19
disease [1] with symptoms ranging from mild to
extremely severe when patients need to be hospitalized to
receive treatment in the intensive care unit [2]. Still most
of the patients with SARS-CoV-2 infection experience
mild or even asymptomatic illness [3]. Understanding
of modes and routes of SARS-CoV-2 transmission is
critically important to combat the COVID-19 pandemic
effectively [4]. It is estimated that the risk of transmission
from asymptomatic patients is quite high, reaching 62% of
cases, thus leading to significant numbers of undiagnosed
cases of infection [5]. Close attention should be given
to patients with COVID-19 during the prodromal stage
(2-3 days before they develop clinical symptoms of the
disease) when they are an active source of infection, as
also confirmed by a number of foreign researchers [6].

The main mode of COVID-19 pathogen transmission
from person to person is via airborne particles and
droplets [4]. The virus is spread by close contact of an
infected person with a healthy one. The pathogen spreads
through droplets from the mouth or nose of an infected
person when this person coughs, sneezes, talks, or
experiences difficulty breathing [7]. Exposure to infection
occurs during inhalation of virus-containing particles or
their contact with mucous membranes of the eyes, nose, or
mouth. There are other modes and routes of transmission,
including airborne (fomite), fecal-oral, bloodborne,
vertical (mother-to-child) and zoonotic (animal-to-
human) [8]. Important factors that play a critical role in
the transmission of the virus from person to person are the
amount of the virus released into the environment and the
duration of its shedding. These factors have a direct impact
on the effectiveness of measures aimed at controlling and
preventing the spread of the disease.

Atpresent, the real-time reverse transcription polymerase
chain reaction (RT-PCR) is the most widely used test
for COVID-19 diagnosis and detection of viral RNA
in different biological samples [9, 10]. The highest viral
load quantified by RT-PCR is observed during the period
from the onset of symptoms to the 7% day of the disease,
providing a rationale for a more efficient spread of SARS-
CoV-2 compared to other respiratory infections [11]. Based
on results of different meta-analyses, the mean duration of
SARS-CoV-2 RNA detection ranges from 9.3 to 20.0 days
in the respiratory tract and from 14.4 to 20.1 days in stools.
In cases of persistent infection, the detectable RNA can
exist for more than 100 days [11, 12].

The duration of viral shedding is an important factor
in the transmission of the SARS-CoV-2 pathogen, being
crucial for decisions on preventive measures, including
isolation of patients, considering their contagiousness to
others. Currently, there have been around 30 publications,
in which researchers estimated the duration of shedding
the infectious virus by patients. In one of the recent
studies, the analysis of the relationship between the
cycle threshold (Ct) value and the infectivity of the virus
helped identify a Ct value range of 26.25 to 34.00 (95%
confidence interval (CI)) with the median of 30.5 and
the mean value of 30.82 for samples containing the virus
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[11, 13]. However, the relationship between the viral
load and COVID-19 severity, which is measured using
the criteria specified by the World Health Organization
(WHO), has not been sufficiently studied [14]. Another
understudied problem is the information capability of
PCR tests targeting different regions of the SARS-CoV-2
genome (with consideration for difference in the copy
number of genomic RNA fragments) for detection of
carriers of the infectious virus.

In this context, the aim of our study was to analyze
the dynamics of SARS-CoV-2 detection in patients with
severe and moderate COVID-19 as well as to assess
the information capability of different PCR systems,
among other things, addressing the assessment of the risk
associated with nosocomial transmission of the pathogen.

Materials and methods

Study design and patient selection. The enrollment
of patients with the verified diagnosis of COVID-19
and collection of biological material during the disease
were performed at Infectious Diseases Clinical Hospital
No. 1 in Moscow from 17/11/2020 to 3/2/2021. The
study was approved by the Ethics Committee (protocols
No. 1la of 16/11/2020 and No. 1 of 11/2/2021). The
enrollees signed their informed consent for collection
of biological material, in addition, they filled out
questionnaires for personal information.

A total of 1,072 patients diagnosed with COVID-19
participated in the study; all of them were admitted to
hospital within different periods from the symptom
onset. The positive PCR test at admission to hospital
served as a criterion for the patient being included in
the study. The PCR test results, based on which patients
were included in the study, had been obtained using
different testing systems and from different facilities
that performed swab tests prior to or immediately after a
patient’s hospitalization. The patients had initial clinical
examination; they were monitored during their disease
development; their clinical scores, laboratory test results
and instrumental examination results were assessed;
then, the patients were assigned to different groups
based on the severity assessment criteria recommended
by WHO [14]. Biomaterial was collected from the
patients for further analysis by the quantitative RT-PCR
and virological testing of nasopharyngeal swabs using
cells permissive to SARS-CoV-2 replication. During
the hospital period, the biomaterial was collected from
the patients at the following frequency: nasopharyngeal
swabs were examined every 3 £+ 2 days, venous blood
was collected one time within 5-7 days during the
disease. The diagnostic algorithm included the analysis
of epidemiological, clinical, laboratory, and instrumental
data. The final analysis included 584 patients who were
tested positive by quantitative PCR for the first point of
sample collection and for whom the following baseline
parameters were evaluated: The severity of the disease
was assessed; the viral load was measured on the first day
of hospitalization.

SARS-CoV-2  viral load  assessment.  The
nasopharyngeal swab specimens were tested by RT-
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PCR using the SARS-CoV-2 FRT reagent kit for SARS-
CoV-2 RNA extraction and quantification from the
Gamaleya National Research Center of Epidemiology
and Microbiology (Gamaleya NRCEM) in accordance
with the manufacturer’s instruction. The relative quantity
of SARS-CoV-2 RNA was measured using the calibration
line. To build the line, for each stage of analysis, we
tested the calibration standards, which were represented
by recombinant constructs containing an amplifiable
fragment of the SARS-CoV-2 genome at the known
concentration. As the comparison of fragment numbers
was relative, RNA fragments were not used. The reverse
transcription stage during PCR testing was monitored
using the internal control RNA included in the testing
system.

Invitro detection of infectious SARS-CoV=-2. The 293T/
ACE2 cell line (constitutively expressing human ACE2
(angiotensin-converting enzyme 2)) was used for
detection of the infectious SARS-CoV-2 virus [15].
The cells were grown in DMEM (Dulbecco’s modified
Eagles medium) (PanEco, Russia) containing 10% fetal
bovine serum (HyClone, United States), 1x L-glutamine
and 1x penicillin/streptomycin solution (Gibco, United
States). A 96-well plate was used for tests. Nasopharyngeal
swab specimens (100 pl) collected from patients with
COVID-19 were placed into plates and successively
diluted ten-fold. The plates were incubated for 5 days.
Then the virus-induced cytopathic effect (CPE) was
assessed. The RT-PCR test was used for the specimens
demonstrating CPE for final confirmation.

Evaluation of PCR testing systems that differed by
targetregions of the SARS-CoV-2 genome for assessment
of the possibility of detection of CPE-identified
infectious virus carriers. To measure the effectiveness of
different loci of the SARS-CoV-2 genome for PCR-based
detection of CPE-identified carriers of the infectious virus,
the comparative analysis was performed for ORF1b-
nspl4, N-gene, Envelope protein, RARP, and NSP1 loci
(using the SARS-CoV-2 FRT reagent kit for extraction
and qualitative detection of SARS-CoV-2 RNA by RT-
PCR from Gamaleya NRCEM) of the virus genome.
The respective oligonucleotides and source references
are presented in Table S1. For RT-PCR, we used the
reaction mixture containing (per reaction) 5 pmol of each
primer, 3 pmol of the probe (Lumiprobe, Russia), 2x buffer
for real-time RT-PCR and BioMaster-mix (BioMaster
Real-Time RT-PCR (2x%), Biolabmix, Russia). The total
volume of reaction mixture was 25 pl. The CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, United
States) was used for amplification. The requirements for
the one-step RT-qPCR have been specified previously for
primers recommended by WHO [16] and CDC (Centers
for Disease Control and Prevention, United States) [17].

Statistical analysis of the data. The statistical
analysis of the data was conducted using GraphPad
Prism 8 software, the R project for statistical computing
(version 4.0.3), and Rstudio software (version 1.3.1093),
IBM SPSS Statistics 26.0. Quantitative variables were
analyzed using the Shapiro-Wilk test to compare data
distributions with the normal distribution. For most of the
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groups, the observed distribution differed significantly (p
>0.05) from the normal distribution; therefore, the median
and the interquartile range were used for description of
major tendencies. To measure the statistical significance
of differences between the studied groups, we used the
Wilcoxon signed-rank test (W) for dependent samples
and the Kruskal-Wallis test or the Mann—Whitney
test for independent samples (see explanation in the
text). Differences were seen as significant at p < 0.05.
Spearman’s rank correlation coefficient was used to
describe the association between quantitative variables.
The > test or Fisher’s exact test was used for comparison
of qualitative variables (see explanation in the text).

Results

Characteristics of the studied cohort. The study was
performed using specimens collected from patients
hospitalized with COVID-19. The data of patients who
were tested positive for SARS-CoV-2 RNA by the PCR test
were analyzed. Characteristics of the patients participating
in the study are presented in Table 1. The minimum time
span from the onset of clinical symptoms to hospitalization
was 1 day, i.e. patients were hospitalized on the day of
symptom onset (according to the patients). The hospital
length of stay is known for 378 patients (64.7%).

The age distribution of patients was characterized
by pronounced polymodality including two distinctive
peaks at the age of 6065 and 80—85. Most of the patients
were 51 to 90 years old (879 (84.1%) patients). Patients
under 30 years and over 91 years of age accounted
for the smallest percentage or 1.2% (n = 7 for both
age groups). Patients aged 31-40 years accounted
for 4.8% (n = 28), 41-50 years — 8.7% (n = 51),
51-60 years — 15.8% (n = 92), 61-70 years — 26.7%
(n = 156), 71-80 years — 23.3% (n = 136), 81—
90 years — 18.3% (n = 107), 91 years and older — 1.2%
(n="17).

Characteristics of patients depending on the severity
of COVID-19. The severity of COVID-19 was assessed
in accordance with the WHO criteria [14] (Table S2);
the severity of disease at hospital admission was taken
into consideration. As there were only three hospitalized
patients with mild disease, we did not include this group
in the comparative assessment. The patients who had
positive PCR test results and were hospitalized with
severe symptoms were significantly older than the patients
hospitalized with moderate symptoms (p < 0.001).

In the disease severity-based groups, the percentage
of patients did not differ by gender (p = 1.000). The
comparative analysis of the time from the symptom onset
to hospitalization and the hospital length of stay did not
show any statistically significant differences (p = 0.775
and p = 0,142). The percentage of fatal outcomes
was 3.8% in the group of moderate cases and 11.0% in
the group of severe cases (p = 0.021).

The first swab specimen was generally collected on
the 8" day after the symptom onset in each group of
patients (Table S2). The median Ct values in the group of
patients with severe disease were 31.75 and in the group
of patients with moderate disease — 31.50. Because of the
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Table 1. Characteristics of the patient cohort
Tab6auna 1. XapakrepucTuka uccjieyeMoil KoropTbl NaMeHTOB

Charact?ristics Min Max Me IQR
Hccnenyemblit moka3arenb
Day of hospitalization from first symptoms 1 76 7 5-8
JleHb rOCIUTATM3AMH OT EPBBIX CHMIITOMOB
Length of stay, days (n =378 (64.7%)) 1 52 9 7-13
Cpoxk rocnuranuzanuy, gaei (n =378 (64.7%))
Age, years 18 97 67 58.0-78.5

Bospacr, et

Male / female, n (%)
My:kuussbl / sxeHIMHBL, 11 (%)

Disease severity, n (%)

mild / moderate / severe

Tsxects, n (%)

nérkas / cpenHeTsbkénas / Tsokénas

Fatal outcome (n = 415), n (%)
Jleranbnslit nucxon (n = 415), n (%)

243 (41.6) / 341 (58.4)

3(0.5) /347 (59.4) / 234 (40.1)

28 (6.7)

Note. Min — minimum value; max — maximum value; Me — median; IQR — interquartile range.

HpnMeqamle. Min — MUHAMAaJIbHOE 3HAYCHHUEC, maX — MAaKCUMAJIbHOC 3HAYCHHC, Me — McauaHa, IQR - Me)KKBapTI/IJ'IBHHﬁ pa3sMax.

inaccuracy of viral load measurement in gEq/ml, we were
not able to find any statistically significant differences. By
the time of the first test, the virus infectivity did not differ
significantly in the groups of patients with moderate and
severe disease (p = 0.948). In the groups of PCR-positive
patients with moderate and severe disease, the virus was
isolated from 16.4 and 17.1%, respectively.

The median time of the second specimen collection
for laboratory tests was 11 days from the symptom onset
(Table S2). By the 11" day, the test results were obtained
for 550 of 584 patients who were initially PCR-positive
(94.2% of the total number of patients); 307 (55.8%) of
them were PCR-positive (p = 0.537). No statistically
significant differences in viral load levels were found
among patients with moderate and severe disease (the
median Ct value was 32.02 (29.01-34.28) and 32.42
(29.96-34.48), p = 0.316 (the Mann—Whitney test). After
the second collection, 27 (8.8%) specimens of 307 were
tested positive. No statistically significant differences
between the groups were found (p = 0.228).

The median time of the third point of tests
was 13—-14 days from the symptom onset (p = 0.057)
(Table S2). Based on the studied variables (the viral
load and virus infectivity), all groups were homogenous
(p > 0.05). The third-point PCR results were available
for 226 patients, and 130 (57.5%) of them were PCR-
positive. No statistically significant differences between
the groups were found (p = 0.441).

The relationship between viral load levels and the
CPE-based detected infectious virus. We analyzed the
relationship between the detection of the infectious virus
and the viral load. Tables S3 and S4 present comparative
characteristics of patients with reference to the virus
isolation results. No statistically significant difference by
gender, age, and disease severity between patients shedding
the infectious virus and those who were tested positive by
the PCR test was found. The median number of days from
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the symptom onset to the test is statistically different in
the group with the infectious virus compared to the group,
in which the virus was not isolated, being 7 and 8 days,
respectively (p < 0.001%*). The differences in viral load
levels were also statistically significant (p < 0.001%*) for
Ct values and viral loads measured in copies/ml. The
median Ct value in the group of patients, where the virus
was not isolated, was 32.25, or 1.71 x 10* copies/ml,
and in the group with the infectious virus, it was 26.14,
or 1.09 x 10° copies/ml (Fig. 1).

Detection of the infectious virus in patients over time.
To analyze virus detection over time, we used the result
with the highest viral load (out of three results), when
specimens were both tested positive by a PCR test and
were examined for CPE presence. During the first week
after the onset of symptoms (0—7 days), the infectious
virus was detected in specimens collected from 29 (22.8%)
patients; during the second week (8—14 days), it was
detected in specimens from 37 (10.0%) patients; during the
third week and later (more than 14 days), it was detected
in specimens from only 4 (4.6%) patients. Statistically
significant differences were found when the percentage
of specimens with the infectious virus detected on the 0™
—7*% day after the symptom onset was compared with the
percentage of specimens with the virus detected on the 8"
— 14" day and the percentage of specimens with the virus
detected on the 14" day and later after the symptom onset.
At the same time, no statistically significant differences
between the percentage of specimens with the infectious
virus detected during the second week and the percentage
of specimens with the virus detected at later time were
found (p = 0.113). The results are presented in Table 2 and
Fig. 2.

The differences in the percentage of specimens
containing the infectious virus are statistically significant.
Post hoc comparisons were conducted using the
Benjamini-Hochberg method for multiple comparisons.



BOMPOCHI BUPYCOJIOTUU. 2023; 68(2)
DOI: https://doi.org/10.36233/0507-4088-160

OPUTUHAJbHbBIE NCCNEAOBAHUA

Fig. 1. Viral load in samples with infectious and non-infectious virus. p < 0.0001 when calculated using the Wilcoxon signed rank test (/)
p <0.001* when calculated using the Mann—Whitney test.

Puc. 1. BupycHas Harpy3ka B o0pasiax ¢ HHQEKIIMOHHBIM H HeHH(PEKITHOHHBIM BUpycoM. p < (0,0001 mpu pacyére ¢ UCTIONB30BaHHEM KpH-
TepHUs 3HAKOBBIX paHroB Yuikokcona (W); p < 0,001* npu pacuére ¢ UCHONB30BaHUEM KpUTepusi MaHHA— YHTHH.

Do < 0.001 — significance of differences between the
first and the second week after the symptom onset;
D,,.;<0.001 —significance of differences between the first
week and the time exceeding 14 days after the symptom
onset; p, .= 0.113 — significance of differences between
the second week and the time exceeding 14 days after
the symptom onset; Me — the median time, IQR — the
interquartile range.

Considering that the time of virus elimination after the
symptom onset is known not for all patients, we analyzed
the results of 293T/ACE2 cells being infected with
materials from the patients over time. The percentage
of specimens containing the infectious virus, including
censored data (monitoring till the absence of the infectious
virus was recorded) is shown in Table 3.

The analysis using the Kaplan-Meier method showed
that the median time of persistence of the infectious virus
in swabs was 8 days (95% CI, 7.77-8.24). This means
that by the 8™ day, the infectious virus can be eliminated
in 50% of patients even though they still have a positive
PCR test result. The elimination curve for the infectious
virus is shown in Fig. 3. Based on the Mantel-Cox test,
no statistically significant differences in the decline rate
of infectious virus detection were found depending on the
severity of COVID-19 (p = 0.529).

Assessment of the effectiveness of the PCR protocols
for detection of patients whose bioassays contain the
infectious virus. We assessed the effectiveness of different

protocols for detection of SARS-CoV-2 RNA to evaluate
the capacity of tests to detect carriers of the infectious
virus. For this purpose, we used the protocols previously
recommended by WHO and CDC as well as the test that
we designed, in accordance with the instruction. The
combinations of primers and probes are presented in
Table S1. A total of 571 specimens were tested, and the
infectious virus was detected in 68 specimens or in 11.9%
of specimens used for the comparative analysis. The
analysis of the time required for positive PCR results set
apart a group of tests that had no statistical differences:
HKU-ORF1b, HKU-N, and NSP1 (p < 0.05 in pairwise
comparison) (Table 4). The median time for the positive
resultin these tests was 11 days. The RdRp system showed
a negative result within a shorter period; the median time
was 9 days. The E Sarbeco and N_Sarbeco systems
demonstrated positive results for the longest time; the
median time was 13 and 12 days, respectively. The main
statistical characteristics of the tests, which are obtained
using the Kaplan—Meier survival analysis, are shown in
Table S5. Note that any of the evaluated tests remained
positive for a longer time than the time required for
detection of virus infectivity (p < 0.001 when comparing
the duration of positive results in any test system with the
time required for detection of the infectious virus).

The comparison of Ct for specimens with and without
the infectious virus, which were identified using the
above protocols, showed significant difference for
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Table 2. Percentage of samples with infectious virus by time after onset of symptoms

Tabauna 2. o5 00pa3uoB HHPEKIMOHHOI0 BUPYCA B 3aBUCHMOCTH OT BPeMeHH I0cJie HAa4aJia CHMIITOMOB

Time from onset of symptoms, days

Mean time from symptom onset, days, Me (IQR)

Samples containing infectious virus, n (%)

Bpems ot nposiBiIeHUs! CUMITTOMOB, Cpeznnee BpeMst OT Hayajia CUMIITOMOB, CYTKH, n O0pa3upl, coneprkarine HHPEKIINOHHBIH
CYTKH Me (IQR) Bupyc, 1 (%)
0-7 6 (4-7) 127 29 (22.8)
8-14 10 (9-12) 370 37 (10.0)
More than 14 16 (15-19) 87 4 (4.6)
bonee 14

Table 3. The duration of the infectivity of the virus, censored data

Tabauna 3. CoxpaneHue HHGEKIMOHHOCTH BUPYCA € Y4ETOM LIeH3YPHPOBAHMS JAHHBIX

Time from onset of symptoms, days
Cpok HaOMIOIEHHs OT Havalla CHMIITOMOB, JTHEH

Persistence of infectious virus in PCR-positive patients with COVID-19, %
CoxpanseMocTb HHpEKIHOHHOTO BHpyca y [1LIP-nonoxutensusix nauuentos ¢ COVID-19, %

14
21

71.00
11.60
2.27

Fig. 2. The percent of infectious virus depending on the time after
the onset of symptoms.

Puc. 2. Jlonst nHMEKIMOHHOTO BUpyCca B 3aBUCHMOCTH OT BPEMEHHU
MOCJIe HaJyaja pa3BUTHS CHMIITOMOB.

the following targets: HKU-ORF1b (p = 0.0033),
E Sarbeco (p < 0.0001), N_Sarbeco (p < 0.0001), and
NSP1 (p < 0.0001). For HKU-N and RdRp targets, no
statistically significant differences in Ct for specimens
with and without the infectious virus were found.
The p value was calculated using the Mann—Whitney
test (Fig. 4, Table S6).

The ROC analysis was conducted for Ct values in
different testing systems. For the Ct value (nspl), the area
under the curve (AUC) was 0.772 (95% CI, 0.718-0.826),
p-value < 0.001. The cut-off point was selected at the
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Fig. 3. Analysis of the persistence of an infectious virus in the
nasopharyngeal swabs of patients depending on the time of onset of
symptoms.

The vertical line shows the median virus persistence time (8 days).

Puc. 3. Ananu3 COXpaHCHUA I/IH(i)eKHI/IOHHOI‘O BHUpYyCa B HOCOIJIO-
TOYHOM CEKPETE NALUEHTOB B 3aBUCUMOCTHU OT BPEMEHU IIPOSIBIIC-
HHUSA CUMIITOMOB.

KpacHo#l BepTHKaJIbHOH JIMHWEH ITO0Ka3aHO MEIHAHHOE BPEMs COXPaHCHUS
Bupyca (8 aneii).

intersection of specificity and sensitivity (Fig. S1). When
the virus was identified as infectious in specimens with
Ct values higher than 29.51, the sensitivity was 73.00%
(68.83-76.80%), while the specificity was 73.53% (61.99—
82.55%). For comparison of testing systems, the ROC
analysis was performed for each of the testing systems; the
main characteristics are given in Table 4 and in Fig. 5. The
differences between the resulting curves are statistically
insignificant, as AUC confidence intervals overlap in all
cases: AUC was 0.682—-0.789. The differences between the
specificity and sensitivity at the optimum selection of the
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Table 4. Results of pairwise comparison of the duration of viral RNA detection using various PCR protocols (p < 0.05 was considered

statistically significant)

Tadnuua 4. Pe3ysbTaThl NONAPHOIo CpaBHeHUsl AIMTebHOCTH BoisiBldeHuss PHK Bupyca ¢ ucnosb30BanueM pa3jiMuHbIX NpoTokoaos TP

(p < 0,05 cunTaIU CTATHCTUYECKH OCTOBEPHBIM)

CTamgiiZ“;,ﬁgi’égﬁ;e(srtexaﬂa) HKU-ORF1b HKU-N E_Sarbeco N_Sarbeco RdRp NSP1
Viral viability <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*
HKU-ORF1b - 0.649 <0.001* 0.008* <0.001* 0.201
HKU-N - <0.001* 0.002# 0.001* 0.479
E_Sarbeco - 0.103 <0.001* <0.001*
N_Sarbeco - <0.001* <0.001*
RdRp - 0.005%
NSP1 -

Note. *p <0.001 when calculated using the Mann—Whitney test.

IMpumeuanne. *p < 0,001 npu pacuére ¢ ucrnonb30BaHUEM KpuTepusi MaHHa—YUTHU.

cut-off point (Table S7) are also statistically insignificant
(Fig. 6), though the NSP1 and N-Sarbeco systems
apparently demonstrate higher accuracy levels. The
specificity in all the analyzed testing systems was 64.71—
74.21% and the sensitivity was 64.74—73.00%.

Discussion

In a hospital, the risk of transmission of a pathogen
to patients and healthcare workers is increased due to
crowded, closed, or poorly ventilated settings, including
the risk of hospital-acquired infections. As is known,
nosocomial spread is typical of SARS-CoV-2 [18, 19].
During the COVID-19 pandemic, when hospital resources
are used at maximum capacity, the understanding of the
period, during which patients with COVID-19 remain
infectious, is critically important. It is significant for
decisions on the hospital length of stay for such patients

Fig. 4. Comparison of the Ct values for different
protocols of the viral RNA identification in samples
with an infectious and non-infectious virus.

Puc. 4. CpaBuenue nokasarens Ct, HOITy4eHHOTO C

HCTIOIB30BaHUEM Pa3HBIX IPOTOKOIOB MICHTH(H-

kanuu BupycHoit PHK, st 06pasuos ¢ nadexim-

OHHBIM BHPYCOM H OTCYTCTBHEM MH(PEKIIMOHHOTO
BHUpYCa.

and decisions on the scope of epidemic control measures
both in hospital and community settings.

Our study presents data on the frequency and time
for detection of infectious SARS-CoV-2 in the group
of patients hospitalized with severe and moderate
COVID-19. The obtained data show that 97% of the
specimens collected from the patients do not contain
the infectious virus after the 15" day from the symptom
onset; the median detection time for the infectious
virus was 8 days. These results correlate with the CDC
recommendations for isolation of patients for up to 10 days
and up to 20 days for severe cases requiring intensive care
or mechanical ventilation [20].

Our study showed that the infectious virus was detected
in 9.8 and 6.8% of all PCR-positive swabs from patients
with moderate and severe COVID-19, respectively.
Among patients with severe and moderate disease,
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RdRp. -
NSP1 B —
N-Sarbeco
HKU-ORF1b
HKU-N
|
E-Sarbeco
—_— e

55,00 60,00 65,00 70,00 75,00 80,00

YyBcTBUTENbLHOCTb, %
Sensitivity, %

Fig. 5. ROC-analysis curves for different RNA detection
protocols relative to identification of the infectious virus.

Puc. 5. Kpussie ROC-ananm3a 1st pa3HBIX IPOTOKOJIOB
BoisiBneHust PHK oTHOCHTEIbHO BBISIBICHHS HH(PEKIIMOHHOTO
BHUpYCa.

RdRp .

NSP1

N-Sarbeco

HKU-ORF1b

HKU-N

E-Sarbeco

50,00 60,00 70,00 80,00 90,00

CneuudmyHocTb, %
Specificity, %

Fig. 6. Comparison of the specificity and sensitivity of different RNA detection protocols in relation to the identification of an infectious virus.

Puc. 6. CpaBHeHHE ClIEHU(PUIHOCTH ¥ YyBCTBUTEIBHOCTH PA3JIMUHBIX TPOTOKOJIOB BhisiBiIeHHs PHK oTHOCHTENBHO BEISBICHHS
MH(PEKIIMOHHOTO BHpPYCA.

the virus was isolated in the cell culture in 22.8% of
specimens collected during the first week of the disease
and in 10 and 4.6% of cases during the second and
third week, respectively. In some patients with severe
disease, the infectious virus persisted till the 46" day.
It has been found that the RT-PCR-measured viral load
in the nasopharyngeal swabs and the virus infectivity
are interrelated. The similar result, though using the
significantly smaller number of specimens, had been
received previously when we conducted antigen tests to
detect carriers of the infectious virus [21]. It has been
found that in swabs with the infectious virus, the amount
of SARS-CoV-2 RNA was significantly higher, though
the virus was also isolated from swabs within a wide
range of the viral load. When the patients were stratified
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depending on the detection of the infectious virus,
regardless of the severity of COVID-19, we revealed
statistically significant differences in viral load levels in
specimens with the infectious virus and the non-infectious
virus, Ct 32.25 (29.68-34.74) and 26.14 (23.81-28.86),
or 1.71 x 10* (2.97 x 10°*-9.76 x 10*) and 1.09 x 10°
(2.34 x 10°-5.50 x 10%) gEg/ml (p < 0.001*, the Mann-
Whitney test). The obtained results demonstrate the
highest epidemiological risk during the first week of the
disease after the onset of symptoms. These data correlate
with CDC recommendations for using face masks by all
family members, including infected individuals who do
not need hospitalization, during two weeks [20].

We conducted a comparative assessment of the
effectiveness of SARS-CoV-2 RNA detection protocols
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offered by WHO, CDC, and the protocol that we
described earlier for detection of the infectious virus
in the specimens collected from the patients. Based
on the results of the analysis of the time, within which
specimens remain positive in RT-PCR, HKU-ORF1b,
HKU-N, and NSP1, the protocols did not show any
statistical differences; the median time of the positive
results for these tests was 11 days. For RdRp, E_Sarbeco,
and N_Sarbeco, the median time was 9, 13, and 12 days,
respectively. The comparison of Ct specimens with and
without the infectious virus showed significant difference
for the following targets: HKU-ORF1b (p = 0.0033),
E Sarbeco (p < 0.0001), N_Sarbeco (p < 0.0001), and
NSP1 (p < 0.0001). For HKU-N and RdRp targets, no
statistically significant difference was found. Based on
the results of the ROC analysis, the differences between
the resulting curves are statistically insignificant. The
difference between the specificity and sensitivity of
different tests is also statistically insignificant, though the
NSP1 and N-Sarbeco systems are apparently characterized
by higher accuracy levels in detecting patients with the
infectious virus on mucous membranes.

Conclusion

Our tests demonstrate the absence of any significant
differences in the time of detection of the infectious SARS-
CoV-2 virus in the nasopharyngeal swabs collected from
patients with moderate and severe COVID-19 during
the studied period (November 2020 — March 2021).
After 15 days from the onset of symptoms, 97% of
hospitalized patients demonstrate absence of the infectious
virus even having positive PCR test results. The median
detection of the infectious virus was 8 days after the onset
of symptoms. We have found the correlation between the
detection of the infectious virus and the viral load. Any
of the analyzed PCR test protocols can be used to detect
carriers of the infectious virus.
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