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Abstract

Since the beginning of the pandemic, the transmission modes of SARS-CoV-2—
particularly the role of aerosol transmission—have been much debated. Accumulating
evidence suggests that SARS-CoV-2 can be transmitted by aerosols, and not only via
larger respiratory droplets. In this study, we quantified SARS-CoV-2 in air surround-
ing 14 test subjects in a controlled setting. All subjects had SARS-CoV-2 infection
confirmed by a recent positive PCR test and had mild symptoms when included in the
study. RT-PCR and cell culture analyses were performed on air samples collected at
distances of one, two, and four meters from test subjects. Oronasopharyngeal sam-
ples were taken from consenting test subjects and analyzed by RT-PCR. Additionally,
total aerosol particles were quantified during air sampling trials. Air viral concentra-
tions at one-meter distance were significantly correlated with both viral loads in the
upper airways, mild coughing, and fever. One sample collected at four-meter distance
was RT-PCR positive. No samples were successfully cultured. The results reported
here have potential application for SARS-CoV-2 detection and monitoring schemes,
and for increasing our understanding of SARS-CoV-2 transmission dynamics.

Practical implications.

In this study, quantification of SARS-CoV-2 in air was performed around infected
persons with mild symptoms. Such persons may go longer before they are diagnosed
and may thus be a disproportionately important epidemiological group. By correlating
viral concentrations in air with behavior and symptoms, we identify potential risk fac-
tors for viral dissemination in indoor environments. We also show that quantification
of total aerosol particles is not a useful strategy for monitoring SARS-CoV-2 in indoor

environments.
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
was first reported from an outbreak in Wuhan, China December 31,
2019.! On March 11, 2020, The World Health Organization (WHO)
declared coronavirus disease 2019 (COVID-19) a global pandemic.?
The case-fatality rate of COVID-19 varies among countries,® but is
generally low (~1%)*
(SARS) caused by SARS-CoV-1 (~11%)° and Middle East respiratory
syndrome (MERS) caused by MERS-CoV (~30%).° However, unlike
SARS and MERS, COVID-19 has developed into a true pandemic
with the number of SARS-CoV-2-infected people currently esti-
mated to be 245 million, and the death toll estimated at 4.98 million.*

Since the beginning of the pandemic, the mode of transmission

compared to severe acute respiratory syndrome

of SARS-CoV-2 has been highly controversial and the topic of much
research and debate.”** The dominating view during the early phase
of the pandemic was that SARS-CoV-2 was mainly transmitted by
respiratory droplets and contact. Due to their size, large droplets
cannot stay suspended in air for longer than a few seconds, and
will normally travel distances of less than two meters when pro-
jected from a person, for example when talking, singing, coughing,
or vomiting.'> Aerosols, on the other hand, are smaller particles
that can stay suspended in air, cover larger distances, and may be
a pathway of transmission for certain infectious diseases. Aerosol
has traditionally been defined as simply being smaller than 5 um in
size.® However, recent evidence indicates that much larger particles
can stay suspended in air and cover considerable distances under
certain conditions.’” There is an ongoing debate on both the defi-
nition of aerosol in terms of size, and to what extent aerosols play
a role in the transmission of SARS-CoV-2 and other respiratory vi-
ruses.’® Accumulating evidence suggests that aerosol transmission
of SARS-CoV-2 is an important factor that needs to be accounted
for when designing transmission prevention strategies,18 such as
social distancing. Hospital environments are high-risk environments
for SARS-CoV-2 transmission, due to the proximity to infected in-
dividuals.? The risk appears to be strongly dependent on ventila-
tion condition,'? which is intuitive given its importance for diluting
virus concentrations in indoor air.?’ Understanding how virus parti-
cles travel through air and infect individuals is of great importance
for the purpose of infection control and prevention. However, this
is only one part of the puzzle; determining the effects of physico-
chemical properties of aerosol particles,?! viral loads in different
tissues,?? infectious dose,?® human behavior,?* and the effect of

ventilation?2°

—to name only a few—are all important if the trans-
mission rates are to be minimized.

In this study, we quantified viral concentration in air surrounding
14 SARS-CoV-2-infected test subjects with mild disease at distances
of one-, two-, and four meters. We investigated to what extent dif-
ferent SARS-CoV2 PCR markers (gene targets) used in patient diag-
nostics are useful for detecting SARS-CoV-2 in air samples. Lastly,
we evaluated whether test subject behavior, self-reported and ob-
served symptoms, or viral load in the upper airways were significant

predictors of viral concentration in the surrounding air.

2 | METHODS

2.1 | Study design

The study was designed as an observational study nested within
the Norwegian Corona Cohort Study (ClinicalTrials.gov Identifier:
NCT04320732), which is an ongoing prospective observational
study established in March 2020. All adults testing positive for SARS-
CoV-2 RT-PCR at either Oslo University Hospital or First Medical
Laboratory within five days of the planned trial sessions (October
14th, December 6th, January 17th, and March 14th) were invited to
participate in the Norwegian Corona Cohort Study by SMS, before

receiving a follow-up phone call inviting them to the air trial session.

2.2 | Sample collection

Fourteen subjects that had recently tested positive for SARS-CoV-2
consented to participate in the air sampling trials. The study included
two men and twelve women. The two men were 30 and 36 years old,
while the females had a median age of 34 (range 23-54). On the air
sampling date, the subjects filled out an electronic form registering
the presence of symptoms, including rhinorrhea; cough; fever; chest
pain; loss of smell/taste; and dyspnea, the duration of the symptoms,
the reason the SARS-CoV-2 test was performed, the test date and
comorbidities. The subjects self-reported symptoms ranged from
none to mild/moderate respiratory symptoms. The duration of
symptoms prior to air sampling was between 2 and 15 days (aver-
age = 6 days, median = 5 days, data missing for 3 subjects). None of
the test subjects were or had been hospitalized.

The subjects entered a testing room (3.45 m x 5.3 m, ceiling
height of 2.7 m) through an outside entrance, were seated in front
of five air samplers, and had a 15-minute conversation with a phy-
sician. The room was naturally ventilated with a single ventilation
shaft, and by briefly opening the outside entrance between trials.
During sampling both the test subject and physician were stationary.
The physician recorded the behavior of the subjects during the sam-
pling, which included talking, mild and severe coughing, laughing,
and sneezing. Talking was recorded in minutes (maximum 15), while
the other variables were counted.

After the 15-minute air sampling trials, oronasopharyngeal sam-
ples were taken from consenting test subjects. A single specimen
swab was used to sample both sides of the oropharynx, and subse-
quently, the nasopharynx by insertion and rotation for 10 s. Samples
were stored in virus transport medium (UTM™ viral transport media,
Copan Diagnostics) and sent to the Department of Microbiology,
Oslo University Hospital (OUH) for analysis.

Air samples were collected using electret filters with SASS 3100
air samplers (Research International, Monroe, WA, USA) for 15 min,
at 300 L of air per minute. The inlet was positioned at the height
of the test subjects’ face, and at a 45° downward angle to avoid di-
rect deposition of larger respiratory droplets. The SASS inlet was
cleaned with ethanol wipes before filters were mounted. For each
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test subject, five SASS air samplers were used—two in parallel at
one-meter distance, two in parallel at two-meter distance, and a
single air sampler at four-meter distance. Distances were measured
from the face of the test subjects, who were seated during the tri-
als (Figure 1). The SASS air sampler at four-meter distance collected
particles continuously during the test sessions, while the other sam-
plers were fitted with new filters for each new test subject. At no
point where test subjects closer than four meters to the four-meter
sampler. Trials were conducted on October 14th, December 6th,
2020, January 17th, and March 14, 2021—with two, two, two, and
eight test subjects, respectively.

The parallel samples collected at one- and two-meter distance
were analyzed with RT-PCR and cell culture assays. The sample col-
lected at four-meter distance on the 6th of December was sent only
for cell culture, while the other three four-meter samples were ana-
lyzed only with RT-PCR. Air filters for RT-PCR were placed in 50 ml
sterile vials containing 10 ml of NucliSENS lysis buffer (BioMérieux,
Marcy-I'Etoile, France) using sterile forceps. Following transport
on ice packs back to the laboratory, the air filters were stored at
-80°C until further processing. Air filters for cell culture were placed
in 50 ml sterile vials containing 10 ml of Dulcos Modified Essential
Medium (DMEM, Sigma) with 1% penicillin/streptomycin/ampho-
tericin B (PSA, Gibco) using sterile forceps and transported to the
laboratory on ice packs.

Total particle concentrations were quantified using an Aerotrak
8220 (TSI, Shoreview, MN, US) optical particle counter (Model:
1300102), which was placed directly behind the two SASS sam-
plers at one-meter distance (Figure 1). The Aerotrak particle counter

%

FIGURE 1 Setup used in preliminary testing, with two
SASS3100 air samplers in parallel and an Aerotrak 8220 optical
particle counter
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binned particles by the following low end size limits: 0.3, 0.5, 3, 5,
and 10 um.

2.3 | RNA solation and RT-PCR

Air samples were thawed and vortexed, and filters were removed
with sterile forceps from the lysis buffer and placed in sterile sy-
ringes to extract the remaining liquid back into the lysis buffer vial
before discarding the filter. Before RNA isolation with NucliSENS
Magnetic Extraction Reagents (BioMérieux), an internal control
(LightMix Modular EAV RNA Extraction Control, TIB-MOLBIOL,
Germany) was added (1ul) to each sample. RNA isolation was per-
formed with 90 ul silica suspension, otherwise according to the man-
ufacturer's protocol. RNA was eluted in 100 pl NucliSENS elution
buffer before analysis with SARS-CoV-2 RT-PCR assays.

The LightCycler Multiplex RNA Virus Master (Roche Diagnostics,
Norway) was used to quantify SARS-CoV-2 RNA in air samples
by RT-PCR using the following primers and probes (Eurogentec,
Belgium): RdRp nCoV IP2 and IP4%° from Pasteur in duplex, and HKU
(ORF1b-nsp14) from Chu et al.?®in duplex with the internal control.
Probes for IP2 and IP4 used BHQ-1 quencher instead of BBQ. Each
reaction contained 4 ul 5X reaction mixture, 0.1 pl 200X enzyme
solution, 25 pg BSA, 0.5 uM of each primer, 0.25 uM probe, and 5 pl
sample. For the HKU assays, 0.5 ul primer/probe mixture for internal
control was included in the master mix. PCR-grade water was used
to reach a final reaction volume of 20 ul. SARS-CoV-2 Synthetic RNA
Control 1 (Twist Bioscience, CA, USA) was used as a positive control,
and PCR-grade water was used as a negative control for RT-PCR.
Samples were analyzed in duplicates with a LightCycler 96 (Roche
Diagnostics, Norway) using the following conditions: reverse tran-
scription at 55°C for 10 min, initial denaturation at 95°C for 30 s,
and, finally, 45 cycles with a two-step amplification, starting with de-
naturation at 95°C for 5s and annealing/extension at 58°C for 30 s.

Tests of assay sensitivity were performed. A Ct value of 32 was
equivalent to a concentration of 10? copies/ul for the RdRp genes.
HKU was less sensitive with a Ct value of 35 at the same concentra-
tion. 102 copies/ul—which amounts to a concentration of 2.2 virus
copies per liter of air in our sampling setup—were also the limit of
detection (LoD) for these assays, which is defined as the lowest con-
centration where both duplets are detected consistently. Both as-
says were able to detect lower concentration in a less stable manner,
with RdPp being more stable than HKU.

24 | Cellculture

Samples with a Ct value of 33 or less were chosen for cell culture.
In the laboratory, vials with air filters were vortexed for 30 s before
removal of the filters with sterile forceps, and fluid was extracted as
described in the RT-PCR procedure. African green monkey kidney
cells (Vero E6, ATCC: CRL-1586) were used to culture the samples.
Samples were incubated for 1 h at 37 °C and 5% CO2 atmosphere,
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before the samples were removed, and the cells were maintained in
DMEM (Sigma) supplemented with 5% heat-inactivated fetal bovine
(FBS, Gibco) serum and 1% PSA (Gibco). The cells were propagated
in a humidified 37 °C incubator in an atmosphere of 5% CO2 for
6 days. 500 ul of supernatant was collected on day 3 and 6. After
RNA isolation (NucliSENS Magnetic Extraction Reagents), RT-PCR

was performed as described above.

2.5 | Oronasopharyngeal sample RT-
PCR and sequencing

Oronasopharyngeal samples were sent to The Department of
Microbiology, OUH, for detection of SARS-CoV-2 RNA by rou-
tine PCR-based diagnostic protocols. Primary analyses were
performed with the Cobas® SARS-CoV-2 kit on the Cobas®
6800 system (Roche Diagnostics GmbH, Mannheim, Germany). All
initially positive samples were reanalyzed with an RT-PCR assay
based on the protocol by Vogel et al., detecting probable variant
strains and targeting the N-gene as a pan-SARS-CoV-2-positive
control.?”%8 Reported Ct values reflect the N-gene target for all
samples. Positive samples were sequenced to confirm viral strain

if possible.?’

2.6 | Analyses

Negative RT-PCR samples, both from air and oronasopharyngeal
samples, were set to a Ct value of 45 for the purpose of statistical
analysis and data visualization. Ct values (N-gene) from oronaso-
pharyngeal samples were used as a surrogate for viral load in upper
airways and regressed on air sample Ct values (IP2, IP4, and HKU
at one- and two-meter distance), testing the hypothesis that viral
load in the upper airways is associated with viral concentration in
the surrounding air. A multivariable regression model was used to as-
sess associations between air sample Ct values and behavior, that is,
talking, mild coughing, and laughing (no severe coughing or sneezing
was recorded during the trials). A stepwise Akaike information crite-
rion (AIC) model selection scheme, that is, iteratively dropping the
variable with the lowest significance score, was performed. A AAIC
>2 criterion,?’ along with likelihood ratio tests and a preference
for more parsimonious models were used to determine the optimal
model specification. To investigate causal relationships, this analysis
was also performed with oronasopharyngeal sample Ct values as the
dependent variable, and with a subsample of air sample Ct values
that matched that of the oronasopharyngeal data set. Multivariable
regression analyses, using the same AIC model selection scheme,
were also used to test for association between symptoms reported
by the test subjects and Ct values from air samples. Lastly, we tested
for associations between air sample Ct values and particle concen-
tration recorded by the Aerotrack particle counter. Mean particle
counts for each size bin (per minute count average) from each trial
were used in these models.

Due to differences in data coverage, including all predictors in
single multivariable tests for each marker would have resulted in
highly reduced data sets. Hence, separate models were ran as de-
scribed above. All statistical models and visualizations were pro-
duced in R v.4.1.1.%% All models were checked for normality of the
residuals, linearity, and heteroscedasticity using model diagnostic
plots.

3 | RESULTS

Of the 14 persons included in the trials, seven had positive air sam-
ple RT-PCR results for one or more markers at either one- or two-
meter distance (Figure 2). Eleven of the 42 RT-PCR assays (14 test
subject and three PCR markers) performed on samples collected at
one-meter distance, and 6 of the 42 RT-PCR assays at two-meter
distance were positive. HKU was positive in only two air samples at
one-meter (Ct values both under 35).

Of the three air samples collected at four-meter distance that
were analyzed with RT-PCR, one (with two test subjects) was nega-
tive for all three PCR markers, one (with two test subjects) was posi-
tive for IP4 only (Ct = 37.71), and the sample collected on March 14,
2021—when eight subjects were tested—was positive on all three
markers (IP2 Ct = 31.60, IP4 Ct = 32.09, HKU Ct = 33.63).

The RT-PCR from the cell culture assay was negative for all
samples.

Ten of the 14 test subjects consented to give oronasopharyn-
geal samples. Two of these were negative, and eight were positive.
Linear models of RT-PCR Ct values from oronasopharyngeal samples
(N-gene) as a predictor of air sample RT-PCR Ct values at one- and
two-meter distance (Table 1) revealed a significant association for
IP4 at one-meter distance (p = 0.02). IP2 at one meter was not sig-
nificant with a P-value of 0.08, and HKU at one-meter and all three
PCR markers at two-meter distance were non-significant (p > 0.22).
The models predicted that oronasopharyngeal sample Ct values of
40 and 30 would correspond to 44.76 (95% Cl: 39.43 - 50.09) and
41.27 (95% ClI: 37.53 - 45.02) for IP2 and 44.81 (95% Cl: 40.45 -
49.17) and 40.66 (95% Cl: 37.60 - 43.73) for IP4, both at one-meter
distance. A visualization of the relationship between mean Ct values
from the three markers at one-meter distance and Ct values from
oronasopharyngeal samples is shown in Figure 3. No SARS-CoV-2
was detected in air around the two persons that had negative orona-
sopharyngeal samples.

The model selection scheme performed on the multivariable
regression model which included talking, mild coughing, and laugh-
ing (data shown in Figure S2) during trials as predictors of air sam-
ple RT-PCR Ct values indicated that a model which included only
mild coughing was optimal. Mild coughing was a significant predic-
tor of the Ct values from all three markers at one-meter distance
(p < 0.04). At one-meter distance, the models predicted that an
increase from one to five mild coughs corresponded to a decrease
in air sample Ct value of 41.99 (95% Cl: 39.65 - 44.33) to 39.60
(95% Cl: 36.56 - 42.64) for IP2, from 40.50 (95% Cl: 37.84 - 43.16)
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FIGURE 2 Air sample RT-PCR Ct values from three markers (IP2, IP4, and HKU), at one- and two-meter distance from the 14 test
subjects. Negative samples were set to a Ct value of 45

TABLE 1 RT-PCR Ct values from oronasopharyngeal samples (N-gene) as a predictor of RT-PCR Ct values from air samples (IP2, IP4, and

HKU), at one- and two-meter distance from the test subjects

CtIP2 1m

CtIP4 1m

Ct HKU 1m

CtIP22m

Ct IP4 2m

Ct HKU 2m

to 38.50 (95% Cl: 35.05-41.96) for IP4, and from 43.05 (95%
Cl: 40.84 -45.27) to 41.26 (95% Cl: 38.54 - 43.98) for HKU. All
tests of Ct values from two-meter distance were non-significant

Estimates
cl

p
Estimates
@]

p
Estimates
cl

p
Estimates
Cl

p
Estimates
cl

p
Estimates
Cl

p

Intercept

30.81
17.95 - 43.68

28.22
17.69 - 38.75

35.35
22.30 - 48.40

37.62
25.48 - 49.76

38.36
27.83 - 48.89

45.00
45.00 - 45.00

Ct N-gene (oronasopharyngeal
sample)

0.35
-0.05-0.75
0.081

0.41

0.09 - 0.74
0.020

0.24

-0.19 - 0.66
0.222

0.14

-0.24 - 0.52
0.406

0.13

-0.20 - 0.46
0.377

0.00

-0.00 - 0.00
0.786

10

10

10

10

R2/R?
adjusted

0.332/0.249

0.513/0.452

0.237 /0.109

0.088 / -0.026

0.099 / -0.014

0.367 /0.261

(p > 0.25). Results from all linear models including mild coughing

and Ct values are given in Table 2, and a visualization of the rela-
tionship between mean RT-PCR Ct value from IP2, IP4, and HKU
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mean Ct value from IP2, IP4 and HKU (1m distance)

Number of
datapoints

o 1
® 2

CtIP2 1m

CtIP4 1m

Ct HKU 1m

CtIP2 2m

CtIP4 2m

Ct HKU 2m

at one-meter distance and mild coughing is shown in Figure 4. The
regression analysis of mild coughing as a predictor oronasopharyn-
geal sample Ct values (N = 10) was not significant (est. = -5.85, Std.
Err. = 3.85, T = -1.52, p = 0.17), while the model with one-meter

air sample Ct values and mild coughing—using the same ten test

40

35

30

25

Oronasopharyngeal sample - RT-PCR Ct score

Estimates
Cl

p
Estimates
G}

p
Estimates
Cl

p
Estimates
G}

p
Estimates
Cl

p
Estimates
G}

p

Intercept

44.51
41.81 -47.21

42.60
39.53 - 45.67

44.94
42.28 - 47.60

42.93
39.96 - 4591

43.23
40.64 - 45.82

45.00
45.00 - 45.00

1 + mild cough
[log]

-4.78

-8.06 - -1.51
0.008

=3.99

-7.71 - -0.27
0.038

-3.58

-6.56 - -0.59
0.023

-0.11

-3.71 - 3.49
0.948

-0.12

-3.26 - 3.02
0.934

0.00

-0.00 - 0.00
0.247

subjects—retained significance (all three markers p > 0.03).

14

14

12

14

14

12

20

R2/R?
adjusted

0.457/0.412

0.312/0.255

0.416/0.358

0.000/-0.083

0.001/-0.083

0.511/0.462

FIGURE 3 Mean air sample RT-PCR
Ct values from IP2, IP4, and HKU at one-
meter distance plotted against the RT-
PCR Ct values from oronasopharyngeal
samples (N-gene). The dashed blue lines
correspond to the upper and lower limits
of the 95% CI. Negative samples were set
to a Ct value of 45, which is indicated by
dashed red lines

TABLE 2 Mild cough as a predictor of
RT-PCR Ct values from air samples (IP2,
IP4, and HKU), at one- and two-meter
distance from the test subjects

Multivariable regression models with reported symptoms as pre-

dictors of air sample Ct values revealed that fever and high fever

were significant across all three air sample PCR markers at one-

meter distance, and rhinorrhea was significant for IP2 and HKU at

one-meter distance (Table 3; Figure 5). No significant associations

were found between symptoms and air sample Ct values in the
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FIGURE 4 Mean air sample RT-PCR
Ct value from IP2, IP4, and HKU at one-
meter distance plotted against number of
mild coughs during the sampling duration.
The dashed blue lines correspond to the
upper and lower limits of the 95% Cl.
Negative samples were set to a Ct value
of 45, which is indicated by the dashed
red line

w w
a o
' '

mean Ct value from IP2, IP4 and HKU (1m distance)
N
o

45 -

Number of
datapoints

1

L]
@

samples collected at two-meter distance (all predictors in all tests
had p > 0.14).

None of the linear models examining associations between RT-
PCR Ct values from air samples and particle concentration in differ-
ent size bins were significant (p > 0.32, Bonferroni corrected p = 1),
nor did the effect sizes indicate any consistent pattern of association
(Figure S1). HKU Ct values from samples collected at two meters
were significantly associated with particle concentrations, but only
due to all RT-PCR tests being negative, resulting in perfect model fit.

Visualizations of particle concentrations in the testing room
(Figures S3-S5), indicated that particle concentrations (< 1um)
peaked between trials. Due to equipment failure, no particle data
was collected on January 17, 2021.

4 | DISCUSSION

While SARS-CoV-2 has been identified and quantified around hos-
pitalized patients,' we are unaware of previous studies that have
quantified SARS-CoV-2 in air around infected individuals with mild
symptoms in a controlled setting. Since infected individuals with
mild symptoms may be diagnosed Iate32—giving them more time to
interact with non-infected individuals—they may be a disproportion-
ately important epidemiological group.

The three different SARS-CoV2 PCR markers used to analyze
air samples mirrored the sensitivity reported for patient samples.%®
Although there was no appreciable difference in the sensitivity of IP2
and IP4, our results underline that it is necessary to include several
markers to increase the chance of getting a signal, especially when
expected results are close to the limit of the assays’ performance.

In(1 + mild cough)

The LoD in our study was 2.2 virus copies per liter of air, which is
higher than some other SARS-CoV-2 air studies.>**> Many studies
do not report LoD in terms of viral concentration in air, but the low-
est reported values across several SARS-CoV-2 air sampling studies
indicate large differences in LoD.%®

It is important to highlight that none of the samples—one four-
meter sample and parallel samples at one- and two-meter distance—
were culture positive. Although the Ct values in the RT-PCR samples
were all above what is considered feasible for cell culture, we cannot
exclude the possibility that the air sampling was too harsh for viral
particles to retain viability; Lednicky et al.%’ sampled air at 2 and
4.8 meters from a hospitalized COVID patient, using a more gentle
condensation growth air sampling method, and successfully cultured
SARS-CoV-2. It is also possible that no viable virus particles were
sampled as most test subjects were at the end of the first week of
symptoms, when the probability to propagate the virus in culture
decreases.®®

An important finding in this study was the detection of a rela-
tively strong RT-PCR signal from air sampled at four-meter distance
from SARS-CoV-2-infected individuals with mild symptoms. The
positive sample was collected during a session where eight test sub-
jects were inside the testing room for approximately 15-20 min each
(15 min of air sampling followed by oronasopharyngeal sampling).
The Ct value from this four-meter sample was in range with the low-
est Ct value among all the one-meter, 15-min, single subject sam-
ples. There was also a weak signal—on one of the three PCR gene
targets—for one other four-meter distance sample, collected during
a shorter time span when only two subjects visited the testing room.
Due to the nature of the sampling strategy, the four-meter data
are quite limited; however, the results do support the notion of air
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TABLE 3 Reported symptoms as predictors of RT-PCR Ct values
from air samples (IP2, IP4, and HKU) at one-meter distance from
the test subjects. Reference levels were set to the “no symptom”
category for each predictor variable, that is, estimates show the
effect size of a given symptom on Ct values

CtIP2 1m
Predictors Estimates Cl p
(Intercept) 46.62 42.85 - 50.40
Fever -8.12 -13.46 - -2.79 0.007
High fever 10.51 1.04 - 19.97 0.033
Rhinorrhea -4.01 -8.62 - 0.61 0.082
Observations 14
R? / R? adjusted 0.624 /0.511

CtIP4 1m
Predictors Estimates Cl p
(Intercept) 42.65 40.04 - 45.26
Fever -8.93 -14.36 - -3.50 0.004
High fever 11.28 1.76 - 20.80 0.024
Observations 14
R?/R%?adjusted  0.567/0.488

Ct HKU 1m
Predictors Estimates Cl p
(Intercept) 45 42.25 - 47.75
Fever -5.51 -10.27 - -0.75 0.027
Observations 12
R? / R? adjusted 0.400 / 0.340

transmission of SARS-CoV-2 in unventilated spaces,®’ even during

normal conversation from an infected person with mild symptoms.

While several RT-PCR samples were positive at two-meter dis-
tance there were, as expected, more positives and generally lower
Ct values at one-meter distance. No analyses where RT-PCR results
were compared with behavior, self-reported symptoms, or oronaso-
pharyx RT-PCR results were significant for two-meter samples. This
is as expected as viral concentration in air decreases as a function of
distance to the infected individual; however, it is also possible that
the SASS air samplers at one-meter distance (Figure 1; which col-
lected air at 2*300L/minute) affected the normal flow of particles to
the samplers at two-meter distance. In this study, it was considered
important to collect directly comparable data for each individual at
different distances; however, quantification of SARS-CoV-2 at dif-
ferent distances, with no disturbing elements between the test sub-
ject and sampler, would be recommended for future study.

A significant association (p = 0.02) between air sample IP4 Ct
values and oronasopharyngeal Ct values at one-meter distance in-
dicate that the viral load in the upper airways to some extent mir-
rors concentration in air immediately surrounding infected subjects
(Table 1; Figure 3). It should be noted that oronasopharyngeal sam-
ples may be affected by technique and patient compliance as well

as true viral load in the upper airways. IP2 and KHU Ct values were
not significant’ with P-values of 0.08 and 0.22, respectively. A similar
study that compared oronasopharyngeal- and exhaled breath sam-
ples (the latter collected using an electret filter mounted to a mouth-
piece) found no such correlation.*® These diverging results might
stem from different distributions of virus in the upper and lower air-
ways in non-hospitalized vs. hospitalized patients, time of sampling,
as well as different dynamics of particle formation in expiration vs.
regular conversation.*! Larger studies are warranted to further un-
derstand these findings.

Coughing has been shown to produce a large amount of respira-
tory droplets, as many as 3000 per cough.42 Droplet/particle sizes
emanating from coughs have been reported to lie in the size range
of 0.62 - 15.9 um*® and are indeed important for transmission of
pathogens.42 Here, we report a significant association between
mild coughing and air sample Ct values. To evaluate whether cough-
ing itself increased viral concentration in air, or if coughing was pos-
itively associated with viral load in the airways but did not directly
contribute to viral concentration in air, we regressed mild coughing
on oronasopharyngeal sample Ct values and found no significant
association (p = 0.17). Only 10 of 14 test subjects consented to give
oronasopharyngeal samples, so the dataset is smaller than that re-
ported in Table 2 (air sample Ct values as response variables). To
account for this, we reanalyzed mild cough as a predictor of the Ct
values from air samples at one-meter distance with only test sub-
jects that provided oronasopharyngeal samples (N = 10) and ob-
served that all three markers retained their significance (p > 0.03).
These results collectively indicate that mild coughing actively con-
tributes to viral concentration in air at distances <1 meter. However,
the analyzed data contained an outlier—one test subject coughed
11 times during the sampling trial (Figure S2). Removing this per-
son from the dataset rendered the tests non-significant (IP2 1m,
p =0.18;IP4 1 m, p = 0.25; HKU 1m, p = 0.43). Given the small
dataset and this outlier, we recommend that the results (Table 2;
Figure 4) are reproduced.

Self-reported fever and high fever were significant predictors of
air sample Ct values (Table 3). The effect size for fever was in the
predicted direction—the presence of mild fever was associated with
lower Ct values, that is, higher viral concentrations in air. For high
fever the opposite pattern was observed; however, only one individ-
ual reported high fever, and this person had negative RT-PCR results
for both oronasopharyngeal and air samples.

We found no significant associations between air particle
concentration and viral concentration in air samples (Figure S1).
Visualizations of particle concentrations in the testing room
(Figures S3-S5) indicated that particle concentration peaked prior to
the 15-minute sample sessions and showed a steady decline during
the actual sampling. This indicates that the physician preparing for
the next test subject and the subject entering the room produced
larger concentrations of particles than test subjects simply sitting
down and talking. The results show that if particle concentration
and viral concentration are to be compared appropriately, a different
sampling design will have to be implemented.
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We identified several statistically significant associations; how-
ever, given the size of the data set, these results should be interpreted
with care. Particularly the RT-PCR positive at four-meter distance—
which is a single data point consisting of eight test subjects—should
be reproduced before strong conclusions are drawn with respect to
air transmission beyond two meters. It is also worth noting that the
non-significant results presented here do not constitute support for
no association, particularly given the size of the data set.

In this study, we have shown that SARS-CoV-2 RNA can be de-
tected in air at a distance up to four meters from an infected indi-
vidual presenting with mild symptoms, and that viral concentration
in air within one-meter distance of infected individuals can be pre-
dicted by viral concentration in the upper airways, coughing, and
mild fever. The study was carried out in a testing room with natural
ventilation, and the results are not likely to be representative for
indoor areas with more efficient ventilation.>> We were not able to
successfully propagate virus from air samples; hence, it is possible
that the detected virus RNA did not come from viable virus. Since
samples taken from patients with mild symptoms are unlikely to be
successfully cultured after ten days of symptoms,** and since in-
fected individuals appear to be most contagious around symptom
onset,*® the negative cell culture results from air samples reported
here is not surprising, and our results cannot be used to rule out air
transmission of viable SARS-Cov-2. This study should be useful for
both detection and monitoring applications in air and for increasing
our understanding of SARS-CoV-2 transmission dynamics.
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