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Abstract

Objectives: This study assessed the concentration of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in the air of hospital rooms occupied by coronavirus disease
(COVID-19) patients who had viable SARS-CoV-2 in nasopharyngeal samples in early
infection.

Methods: Between July and October 2021, nasopharyngeal swabs were collected from 20
inpatients with early SARS-CoV-2 infection admitted to a tertiary hospital in Japan. Air
samples were collected from their rooms, tested for SARS-CoV-2 RNA, and cultured to
determine potential infectivity.

Results: The nasopharyngeal swab samples of 18 patients were positive for viable SARS-CoV-
2 (median concentration: 4.0x10° TCID50/mL). In the air samples, viral RNA (median
concentration: 1.1x10° copies/m®) was detected in 12/18 (67%) patients and viable virus
(median concentration: 8.9x10? TCID50/m?) was detected in 5/18 (28%) patients. The median
time between illness onset and sampling was 3 days. The RNA concentration was significantly
higher in samples wherein viable SARS-CoV-2 was detected than in samples in which viable
virus was not detected (p = 0.027).

Conclusions: Viable SARS-CoV-2 can be detected in the air surrounding patients with early
SARS-CoV-2 infection. Healthcare workers should pay attention to infection control when

caring for patients with early SARS-CoV-2 infection.

Keywords: SARS-CoV-2, aerosol, air sampling, airborne transmission, Delta SARS-CoV-2

variant
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Introduction

Coronavirus disease (COVID-19) is caused by the highly transmissible severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Understanding the role of surface and air
contamination near patients with COVID-19 in the transmission of SARS-CoV-2 is essential
to ensure the prevention of SARS-CoV-2 transmission. SARS-CoV-2 RNA has been detected
on surfaces and in the air of hospitals (Dinoi et al., 2022; Goncalves et al., 2021). However,
only a few studies have recovered viable SARS-CoV-2 from air collected near the patients with
COVID-19 (Lednicky et al., 2020; Lednicky et al., 2021; Vass et al., 2022).

Patients with COVID-19 have higher SARS-CoV-2 viral loads in clinical samples in the early
phase of the illness (Kim et al., 2021). A previous study showed that surface samples that
yielded viable SARS-CoV-2 were collected from patients’ environments within 5 days of
illness onset (Kotwa et al., 2022). However, few studies have investigated the load of viable
SARS-CoV-2 in air samples from hospitalized patients. Therefore, we hypothesized that viable
SARS-CoV-2 may be detectable in the air surrounding patients with COVID-19 during the
early phase of infection. This study aimed to determine the concentration of SARS-CoV-2 in
the air of hospital rooms-occupied by patients with COVID-19 who had viable SARS-CoV-2

in nasopharyngeal samples.

Material and methods

Study protocol

This prospective study was conducted from July 20 to October 31, 2021, in Hiroshima
University Hospital, Hiroshima, Japan. We included adult patients who were hospitalized in
general wards during working hours and who had laboratory-confirmed COVID-19 based on
a positive reverse-transcription quantitative polymerase chain reaction (RT-gPCR) SARS-CoV-

2 test result performed on a nasopharyngeal swab. Patients who have had COVID-19 symptoms
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for <7 days, admitted to a private or multi-patient room with no other patients who were not
under negative pressure, and have not received treatment for COVID-19 prior to the time of
sampling were included. The rooms of the patients were air-conditioned and maintained at a
temperature of approximately 26°C. Relative humidity was not controlled or measured.
Nasopharyngeal swab samples were collected before air sampling on the day of air sampling,
using 1 mL of sterile saline. Demographic and clinical data were collected through participant
interviews and chart reviews. The data collected included the Charlson Comorbidity Index
(CCI) (Charlson et al., 1987), the interval between illness onset and sample collection, presence
or absence of symptoms (fever [temperature >37.5°C], cough, sore throat, runny nose, and
diarrhea), and the requirement for supplemental oxygen at the time of air sampling. We also
recorded whether patients were wearing surgical masks at the time of air sampling.

This study was approved by the Ethics Committee for Epidemiology of Hiroshima University

(approval number: E-2157). Written informed consent was obtained from each participant.

Air sampling

Air samples were collected using an MD8 Airport (Sartorius AG, Gottingen, Germany) with a
water-soluble gelatin membrane filter (80 mm in diameter and 3 um pore size) at a fixed rate
of 50 L/min for 40 minutes, corresponding to a final sample volume of 2 m® of ambient air. In
the patient’s rooms, samplers were placed approximately 1 m from the patient’s head and

anterior to the mouth and nose. The windows of the room were closed during the air sampling.

Laboratory procedures
All samples were transported and processed immediately at Hiroshima University. All work
with SARS-CoV-2 was conducted in a biosafety level 3 laboratory. Nasopharyngeal swab

samples were vortexed for 30 seconds before aliquoting. The gelatin membrane filters used for
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air sampling were placed in 5 mL of sterile saline and vortexed for 30 seconds before aliquoting.

RT-gPCR
RNA extraction and RT-qgPCR were performed as previously described (Nomura et al., 2022).
Before RNA extraction, the air samples were pre-warmed to 37°C until the gelatin had
dissolved completely. RNA extraction was performed using the Maxwell Viral Total Nucleic
Acid Purification Kit (Promega Corporation, Madison, WI, USA), and RT-gPCR was
performed using the One-Step PrimeScript 111 RT-gPCR mix (Takara Bio Inc., Shiga, Japan),
which targets the SARS-CoV-2 nucleocapsid (N) gene. Samples with cycle threshold (Ct)
values of <40.0 were considered positive. A known quantity of SARS-CoV-2 RNA was used

as a positive control, and the viral load was calculated from the Ct values.

Cell and viral culture

Vero cells expressing TMRPSS2 (VeroE6/TMRPSS2 cells, procured from the JCRB Cell Bank,
Japan) were used to culture SARS-CoV-2 (Matsuyama et al., 2020). The viral culture methods
were performed as described previously (Kitagawa et al., 2021). The cells were observed daily
for 5 days to check for a cytopathic effect (CPE), and the infection titer was determined using
the median tissue culture infectious dose (TCID50) method. If no CPE was observed within 5
days, the culture was considered negative. The RT-qPCR assay described above was used to

confirm SARS-CoV-2 isolation from the supernatant.

Mutant strain test and whole-genome sequencing
Primer/Probe N501Y (SARS-CoV-2) and Primer/Probe L452R (SARS-CoV-2) Ver.2 (Takara
Bio Inc., Japan) were used to detect the N501Y mutation in the Alpha variant of concern (VOC)

and the L452R mutation in the Delta VOC in the nasopharyngeal and air samples. These tests
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were performed using the same procedure as that used for RT-gPCR, according to the
manufacturer’s instructions. Whole-genome sequencing for SARS-CoV-2 isolated from
nasopharyngeal samples was performed as described previously (Ko et al., 2021). The
identification of SARS-CoV-2 variants in the isolates was performed using the Global Initiative

on Sharing All Influenza Data (GISAID) database (https://www.gisaid.org).

Statistical analysis

The Wilcoxon rank-sum test was used to test for statistically significant differences in
continuous variables between groups, and y? tests or Fisher’s exact test were used to test for
statistically significant differences in categorical variables between groups. All statistical
analyses were performed using JMP 16.0 (SAS Institute Inc., Cary, NC, USA). P values of

<0.05 were considered statistically significant.

Results

Twenty patients were enrolled in the study. Nasopharyngeal swabs were collected from each
patient and air samples were collected from each patient’s room. The virus cultures of the
nasopharyngeal swab samples from two patients were negative. Therefore, their data were
excluded from the analysis. No viral RNA or viable virus was detected in the air samples of
these two patients.

Demographic, clinical, and virological data from the 18 participants are shown in Table 1. The
participant characteristics and the detailed results of the nasopharyngeal and air samples
collected are shown in Supplemental Table 1. Of the 18 participants, five (28%) were male and
the median age was 61 years (interquartile range [IQR]: 4678 years). The median interval
between the onset of illness and sampling was 3 days (IQR: 2—4 days). The median RNA

concentration in the nasopharyngeal swabs was 2.3x10’ copies/mL (IQR: 1.0x107-2.4x10®
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copies/mL), and the median viable virus concentration was 4.0x10° TCID50/mL (IQR:
3.5x10*-3.0x10° TCID50/mL). Viral RNA was detected in 12 of the 18 air samples (67%), and
viable virus was detected in five air samples (28%). The median RNA concentration in the air
samples was 1.1x10° copies/m® (IQR: 1.5x10°—4.7x10° copies/m?®) and the median viable virus
concentration in the air samples was 8.9x10> TCID50/m® (range: 5.8x10%—1.0x10%
TCID50/md).

Age, sex, CCI, the interval between the onset of illness and sampling (median days [range] 3
[2-4] vs. 3[1-7], p = 0.68), symptoms, mask wearing, the Ct value of the nasopharyngeal swab
samples (Ct >20 vs. Ct <20), and the SARS-CoV-2 RNA and viable SARS-CoV-2
concentrations of the nasopharyngeal swab samples did not differ significantly between
patients, with and without detectable viable SARS-CoV-2 in the air samples. At the sampling,
only one patient with detected viable SARS-CoV-2 in the air samples required oxygen by face
mask. Other patients did not require oxygen. In the air samples in which SARS-CoV-2 RNA
was detected, the RNA concentration was significantly higher in samples in which viable
SARS-CoV-2 was detected than in samples in which viable virus was not detected (median
RNA concentration 5.5x10° copy/m? and 2.4x102 copy/m?3, respectively; p = 0.027).

The relationship between SARS-CoV-2 RNA concentration in nasopharyngeal swabs and air
samples is-shown in Figure 1, while that of viable SARS-CoV-2 concentration in
nasopharyngeal swabs and SARS-CoV-2 RNA concentration in air samples is shown in Figure
2. The relationship between SARS-CoV-2 RNA concentration and viable SARS-CoV-2
concentration in air samples is shown in Figure 3. Viable SARS-CoV-2 in air samples was
associated with a high concentration of viral RNA in air samples; however, it was not associated
with the concentration of nasopharyngeal viral RNA or viable virus.

All SARS-CoV-2 strains isolated from the nasopharyngeal swab samples and air samples were

negative for the N501Y mutation and positive for the L452R mutation, suggesting that they
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were the Delta variant. Whole-genome sequencing was performed on 12 of 18 SARS-CoV-2
strains isolated from nasopharyngeal swab samples (Supplemental Table 2), which confirmed

that all strains belonged to the B.1.617.2 lineage (Delta variant).

Discussion

In our study, SARS-CoV-2 RNA and viable SARS-CoV-2 were detected in 12/18 (67%) and
5/18 (28%) air samples, respectively. The viable virus concentration in the air was 2.8x10? to
1.5x10* TCID50/m?, which is similar to the results of a previous study showing viral
concentrations in air ranging from 6.0x10% TCID50/m? to 7.4x10* TCID50/m? (Lednicky et al.,
2020). To our knowledge, the study by Lednicky et al. (2020) is the only other study that has
isolated viable SARS-CoV-2 from air samples in a hospital setting. In the study, the air samplers
collected airborne particles using a water vapor condensation method, and the samplers were
stationed 2.0 to 4.8 m away from the patients. In other settings, viable Delta variant SARS-
CoV-2 has been detected in air collected by air samplers positioned 3 m away from an infected
individual experiencing mild symptoms in a self-isolating room (Vass et al. 2022). In the study,
the same air samplers as that in the study of Lednicky et al. (2020) were used. Viable SARS-
CoV-2 was also detected in the air of a car driven by an individual with COVID-19 (Lednicky
et al., 2021). In our study, an air sampler with a gelatin membrane filter (3 um pore size) was
used. Since previous reports showed that viable SARS-CoV2 was detected from samples
collected by air samplers, which can collect airborne particles even smaller than 3 pum
(Lednicky et al., 2020; Lednicky et al., 2021; Vass et al., 2022)., the actual concentration of
SARS-CoV-2 in the air around patients with COVID-19 may be even higher than that found in
our study.

Several previous studies, which used different methodologies to measure airborne SARS-CoV-

2, detected SARS-CoV-2 RNA from the air around patients with COVID-19 but failed to detect
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viable SARS-CoV-2 (Dinoi et al., 2022). To the best of our knowledge, our study is the first to
detect viable SARS-CoV-2 from air samples collected by air samplers with gelatin filters.
However, our methodology, including the use of air sampler with gelatin filters, the sampled
air volumes, and the distance from the air sampler to the patient was not specific.

The relatively high proportion of positive air samples in our study may be attributable to the
short interval between symptom onset and sampling and the high nasopharyngeal viral load of
the participants (Kim et al., 2021). However, the detection of viable SARS-CoV-2 and SARS-
CoV-2 RNA in air samples was not necessarily associated with the concentration of
nasopharyngeal viral RNA or viable virus (Figures 1, 2). These results suggest that the
detection of viable SARS-CoV-2 and SARS-CoV-2 RNA in air samples is also associated with
a multitude of factors other than patient’s viral load. These include patient’s behaviors such as
coughing, sneezing, talking, and mask wearing, and environmental circumstances. Previous
studies reported that the highest number of SARS-CoV-2 RNA was emitted by singing,
followed by talking, and the least was from breathing (Alsved M, et al., 2022; Coleman KK, et
al., 2022). In addition, mask wearing reduces emitted airborne SARS-CoV-2 RNA (Adenaiye
OO0, et al., 2022). In this study, the median interval between the onset of illness and sampling
was 3 days, which is shorter than that in previous reports (Kotwa et al., 2022; Lebreil et al.,
2022; Zhouet al., 2021). A previous study found that viable SARS-CoV-2 could be detected in
samples from surfaces near patients within 5 days of illness onset, but viable virus in air
samples could not be detected (Kotwa et al., 2022). Our results suggest that the risk of SARS-
CoV-2 transmission in hospitalized patients early during their disease course may be high, and
attention should be paid in controlling transmission.

In addition, we used Vero EG6 cells expressing transmembrane serine protease 2 (TMPRSS2),
which can bind and cleave the SARS-CoV-2 spike protein more efficiently and facilitate early

surface-mediated cell entry and viral fusion. Vero E6 cells expressing TMPRSS2 have been
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shown to enhance SARS-CoV-2 isolation (Hoffmann et al., 2020; Matsuyama et al., 2020).
Therefore, a more sensitive culture assay using Vero E6 TMPRSS2 cells may facilitate a higher
rate of positive viral culture in air samples.

Previous studies have suggested that individuals infected with the Delta variant have a higher
viral load than those infected with the wild-type strain (Li et al., 2022; Ong et al., 2021; Teyssou
et al., 2021). Based on the whole-genome sequencing, the timing of the study period, and the
mutations identified, the SARS-CoV-2 isolates in the nasopharyngeal swabs and air samples
are all likely Delta (B.1.617.2) variant.

This study showed viable SARS-CoV-2 in air samples was associated with a high viral RNA
concentration in air samples; however, it was not associated with the concentration of
nasopharyngeal viral RNA or viable virus. This study included only patients with early SARS-
CoV-2 infection who had viable SARS-CoV-2 in nasopharyngeal samples. Therefore, these
results suggest that the presence of viable SARS-CoV-2 in a patient’s nasopharyngeal sample
is not the only condition for detecting viable SARS-CoV-2 from the air surrounding the patient.
Two air samples in which SARS-CoV-2 RNA was detected and viable SARS-CoV-2 was not
detected contained 1.8x10° and 2.3x10° copies/m*® of SARS-CoV-2 RNA, respectively. The
concentration of SARS-CoV-2 in these samples was higher than that in some air samples
containing viable SARS-CoV-2. We were unable to determine whether the failure to culture
the virus from air samples was due to the low level of viable SARS-CoV-2 in the air samples,
below the sensitivity of the virus culture; viable virus being inactivated during the air sampling
and viral culture process; or whether only nonviable viral RNA was collected. Virus particles
collected by various air sampling devices can become inactivated during the air sampling
process (Pan et al., 2019).

Our study had several limitations. First, owing to the small sample size, we were unable to

identify risk factors associated with the detection of viable SARS-CoV-2 in air samples based

10
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on participant characteristics or behavior. Among the five patients who did not wear a mask
during air sampling, five (100%) and three (60%) were positive for SARS-CoV-2 RNA and
viable SARS-CoV-2, respectively. However, in our study, we did not formally investigate
whether masks can prevent the shedding of viable SARS-CoV-2 virus. In addition, during the
air sampling, patients were not monitored to see if they continued to wear a mask. The severity
of coughing and sneezing as well as the behavior of the COVID-19 patients, such as talking,
were not assessed. Viral emission may depend on a multitude of factors, such as viral load,
patient’s behaviors such as coughing, sneezing, talking, shouting, and mask wearing, and
environmental circumstances. Therefore, further studies are needed to determine the conditions
under which viable SARS-CoV-2 can be isolated from the air. Second, air samplers were placed
adjacent to participants, 1 m in front of their heads. Therefore, the air sampler likely harvested
both droplets and aerosols. However, our air sampling method did not differentiate particle size,
and we were unable to distinguish droplets from aerosols (<5 pum). Third, we did not investigate
the association between the presence or quantity of viral RNA or viable viruses in air samples
and the risk of transmission. Fourth, we did not perform whole-genome sequencing on all
SARS-CoV-2 isolates to determine the types of variants. Moreover, the genetic relationship
between SARS-CoV-2 strains isolated from the patient and air sampling was not investigated
as in a previous study (Kotwa et al., 2022). However, based on the timing of the study period
and the mutations identified, the SARS-CoV-2 isolates are all likely Delta variant. The
possibility that emission may differ for other more contagious SARS-CoV-2 variants, such as
omicron, is likely, but further studies are required.

In conclusion, viable SARS-CoV-2 can be detected in the air surrounding COVID-19 patients
with a high viral load. Healthcare workers should pay attention to droplet and airborne infection
control when caring for patients admitted shortly after the onset of symptoms. Further studies

are needed to investigate the conditions under which viable SARS-CoV-2 is frequently and best

11
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isolated from air samples and what factors determine its emission efficacy.
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Figure captions

Figure 1. Relationship between SARS-CoV-2 RNA concentration in nasopharyngeal swabs
and air samples of 18 participants

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TCID50, median tissue culture
infectious dose

Figure 2. Relationship between viable SARS-CoV-2 concentration in nasopharyngeal swabs
and SARS-CoV-2 RNA concentration in air samples of 18 participants

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TCID50, median tissue culture
infectious dose

*This dot includes the data of two samples.

Figure 3. Relationship between SARS-CoV-2 RNA concentration and viable SARS-CoV-2
concentration in air samples of 18 participants

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TCID50, median tissue culture
infectious dose

*This dot includes the data of three samples.
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Table 1. Demographic, clinical, and virological data of patients with COVID-19

Patients with viable Patients without viable

Patient characteristics SARS-CoV-2 SARS-CoV-2 vaTue
in air samples (n =5) in air samples (n = 13)
Age (years), median (range) 65 (56-94) 56 (26-92) 0.14
Sex, number, (%) 0.58
Male 2 (40) 3(23)
Female 3 (60) 10 (77)
Charlson Comorbidity Index, n (%)
Moderate—severe (>3) 2 (40) 3(23) 0.58
Symptoms at time of air sampling, n (%)
Fever (>37.5°C) 5 (100) 9 (69) 0.28
Cough 5 (100) 8 (62) 0.25
Sore throat 1 (20) 2 (15) >0.99
Runny nose 3 (60) 4 (31) 0.32
Diarrhea 0(0) 3 (23) 0.52
Wearing mask at the time of air
. 2 (40) 11 (85) 0.10
sampling, n (%)
Nasopharyngeal swab samples
Ct value, median (range) 19.9 (15.9-23.5) 21.2 (14.0-24.7) 0.55
Ct value <20 3 (60) 3(23) 0.27
SARS-CoV-2 RNA (copies/mL), 1.1x108 (4.3x10°- 2.0x107 (2.7x10°%- 0.62
median (range) 1.6x10% 5.5x10°)
Viable SARS-CoV-2 4.0x10° (2.0x10*~ 4.0x10° (6.0x10°~ 50,99
(TCID50/mL), median (range) 1.1x107) 2.0x108)
Air samples
Ct value, median (range) 27.9 (25.0-31.0) 39.1 (29.2-40.0)? 0.027
SARS-CoV-2 RNA (copies/m3), 5.5x10° (6.7x10*- 2.4x10? (1.3x10%- 0.027
median (range) 4.8x10°) 2.3x10%)?
Viable SARS-CoV-2 8.9x10% (2.8x10%- N/A
(TCID50/m?), median (range) 1.5x10%)

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; Ct, cycle threshold; RNA, ribonucleic acid;
TCID50, median tissue culture infectious dose; N/A, not applicable.

@ Only samples with Ct values <40.0 (n=7) were analyzed.
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