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ARTICLE INFO ABSTRACT
Editor: Dr. Danmeng Shuai The airborne transmission of SARS-CoV-2 remains surprisingly controversial; indeed, health and regulatory
authorities still require direct proof of this mode of transmission. To close this gap, we measured the viral load of
Keywords: SARS-CoV-2 of an infected subject in a hospital room (through an oral and nasopharyngeal swab), as well as the
Alrb"_me virus transmission airborne SARS-CoV-2 concentration in the room resulting from the person breathing and speaking. Moreover, we
ggi/p;];allg simulated the same scenarios to estimate the concentration of RNA copies in the air through a novel theoretical

approach and conducted a comparative analysis between experimental and theoretical results. Results showed
that for an infected subject’s viral load ranging between 2.4 x 10° and 5.5 x 10® RNA copies mL™}, the corre-
sponding airborne SARS-CoV-2 concentration was below the minimum detection threshold when the person was
breathing, and 16.1 (expanded uncertainty of 32.8) RNA copies m™> when speaking. The application of the
predictive approach provided concentrations metrologically compatible with the available experimental data (i.
e. for speaking activity). Thus, the study presented significant evidence to close the gap in understanding
airborne transmission, given that the airborne SARS-CoV-2 concentration was shown to be directly related to the
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SARS-CoV-2 emitted. Moreover, the theoretical analysis was shown to be able to quantitatively link the airborne

concentration to the emission.

1. Introduction

The transmission mode of SARS-CoV-2 has divided experts and
public health communities since the beginning of the COVID-19
pandemic. The main object of contention was the relevance of the
airborne transmission route by inhalation of virus-laden respiratory
particles emitted by an infected subject. In this context, the adoption of
different terminology by scientific and medical communities, assigning
different meanings to the terms “aerosol” and “droplets” (Randall et al.,
2021), did not help. To avoid misinterpretation in the paper, we use the
term “particles” rather than “aerosols” or “droplets”. While interdisci-
plinary expert groups warned of the need to recognize the importance of
the airborne transmission route (Greenhalgh et al., 2021; Morawska
et al., 2020; Morawska and Cao, 2020), public health authorities were
reluctant to accept this. In fact, the importance of airborne transmission
was recognized by the World Health Organization (WHO), the US Cen-
ters for Disease Control and Prevention (CDC), and the Italian National
Institute of Health (ISS) only after more than a year into the pandemic
(WHO, 30 April 2021, www.who.int/news-room/questions-and-answ
ers/item/coronavirus-disease-covid-19-how-is-it-transmitted; US CDC
7 May 2021, www.cdc.gov/coronavirus/2019-ncov/science/science-
briefs/sars-cov-2-transmission.html, ISS 25 May 2021, Rapporto ISS
COVID-19 n. 12/2021 available at www.iss.it/rapporti-covid-19).
Indeed, public health authorities argued that to accept the relevance of
airborne transmission, direct experimental evidence of its occurrence
was needed. Interestingly, such verification has never been required for
other transmission routes, such as droplet (larger particles) or fomite
transmission (Greenhalgh et al., 2021).

1.1. Experimental evidence of COVID-19 airborne transmission

A large body of evidence was reported during the pandemic on
different aspects of SARS-CoV-2 airborne transmission. First, SARS-CoV-
2 was reported to remain viable in the air for up to 3 h, with a half-life of
1.1 h, in laboratory experiments (van Doremalen et al., 2020). In other
field studies, viable SARS-CoV-2 was detected in air samples collected in
hospital wards and rooms occupied by COVID-19 patients in the absence
of aerosol-generating procedures (Lednicky et al., 2020; Liu et al., 2020;
Santarpia et al., 2020; Stern et al., 2021). The hospital environment was
the focus of these studies because of the certain presence of infected
subjects; nonetheless, each of these studies used different methods.
Lednicky et al. (2020) collected air samples in a hospital room in the
presence of two COVID-19 patients through a gentle water vapor
condensation method to address the question of whether viable
SARS-CoV-2 can be found in airborne particles; the study recognized the
presence of viable SARS-CoV-2 in air samples collected at different
distances from the patients (2-4.8 m). Liu et al. Liu et al. (2020)
measured the concentration of SARS-CoV-2 gene copies in airborne
particles in different areas of two hospitals in Wuhan. They detected
very low concentrations in well ventilated environments (e.g. isolation
wards and ventilated patient rooms); however, where detected, viral
RNA concentration showed peaks both in the sub-micrometer and
super-micrometer particle ranges. Santarpia et al. (2020) collected air
and surface samples to examine the viral shedding of 13 people with
COVID-19 at the University of Nebraska Medical Center and detected
viral contamination of all samples. They suggested that SARS-CoV-2
environmental contamination around COVID-19 patients is extensive

and hospital procedures must consider the risk of airborne transmission
of the virus. Stern et al. (2021) collected air samples of three particle
sizes in a hospital in Boston (Massachusetts, US): SARS-CoV-2 gene
copies were present in 9% of the samples and in all size fractions at
concentrations ranging from 5 to 51 RNA copies m’>. Positive associa-
tions were found between the probability of a positive sample, the
number of COVID-19 cases in the hospital, and the cases in Massachu-
setts. Nissen et al. (2020) took swab samples from individual ceiling
ventilation openings and central ventilation filters in COVID-19 wards at
Uppsala University Hospital, Sweden. The central ventilation HEPA
exhaust filters from the ward detected evidence for the presence of the
virus, showing that it can be transported over long distances and that
airborne transmission of SARS-CoV-2 should be taken into consideration
for preventive measures.

While all the reported studies investigated different aspects of po-
tential COVID-19 airborne transmission, none of them provided a direct
link between emissions from an infected subject and concentrations of
viable SARS-CoV-2 in air as it would require designing an ad-hoc
experimental campaign to measure simultaneously the SARS-CoV-2
viral load emission of an infected subject and the related airborne
SARS-CoV-2 concentrations in controlled conditions. Such experiments
are not available in the scientific literature; thus, the emission-to-
airborne concentration direct link was still considered a missing
aspect to prove beyond doubt the airborne transmissibility of COVID-19.

1.2. Aims

The aim of this study was to fill this experimental gap and provide
the so-called “smoking gun”. To this end we have performed an exper-
imental analysis measuring SARS-CoV-2 RNA copies in airborne parti-
cles sampled in a control hospital room occupied by an infected subject
whose viral load was also measured. Experiments were performed for
two different respiratory activities — breathing and speaking.

A theoretical quantification of airborne SARS-CoV-2 RNA copy
concentrations reproducing the same scenarios of the experimental
analysis was also performed using a novel theoretical predictive
approach which is able to predict infection risk in different indoor en-
vironments via airborne transmission (Buonanno et al., 2020a, 2020b).
Finally, experimental and theoretical data were compared through a
metrological compatibility analysis to provide an experimental valida-
tion of the novel predictive approach. In order to estimate the metro-
logical compatibility, the uncertainty budget for both the experimental
method and the theoretical approach was calculated.

2. Materials and methods

2.1. Experimental method to measure viral load and airborne SARS-CoV-
2 concentration

To provide a direct link between the emission from an infected
subject and the concentration of viable SARS-CoV-2 in air we conducted
an experimental analysis measuring both (i) the viral load emission of
the infected subject (i.e. the saliva viral load through an oral and
nasopharyngeal swab) and (ii) the airborne SARS-CoV-2 concentration
(i.e. the concentration of RNA genomic copies of SARS-CoV-2 carried by
airborne respiratory particles; hereinafter referred as Ceyp) in the infec-
ted subject’s hospital room through a validated experimental method
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(Robotto et al.,, 2021a, 2021b) during two expiratory activities
(breathing and speaking).

2.1.1. Measurement of the viral load

The saliva viral load of the infected subject (a 73-year-old man) was
measured through an oral and nasopharyngeal swab performing a mo-
lecular test of the cycle thresholds (CT) for the two determined target
genes, ORF8 and RNA-dependent RNA polymerase (RdRp). In partic-
ular, the sample is extracted with the MagMAX™ Viral/Pathogen
Nucleic Acid Isolation Kit (ThermoFisher) protocol; the eluates obtained
from the previous step were then analyzed in duplicate by multiplex PCR
using the SARS-CoV-2 ELITe MGB Kit (ELITechGroup). Finally, the PCR
analysis was performed through a QuantStudio 5 Real-Time PCR System
(Applied Biosystems). The viral load, expressed as RNA concentration of
the transport medium (Cry, RNA copies mL™1), was determined through
the quantitative correlations below (Eqs. 1 and 2) between the SARS-
CoV-2 reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) CT and the Cry. The average Cry for the two genes (ORF8
and RdRp) can be calculated as:

Crv—orrs  gene =7 x 10207 ®>*CT(RNA copiesmL™") (€9)

Cru—rirp gene = 9 X% 10207 *7*T(RNA copiesmL ") 2)

The quantification curves were determined by means of a SARS-CoV-
2 RNA standard (LGC Standards). The two curves (subsequently line-
arized to calculate the prediction intervals) were obtained with standard
samples by subsequent 10-fold dilutions. The standard is LGC lot n.
70035624 and the concentration of the standard is 4.73 x 10° genome
copies pL!. The pairs of values (Cry-CT) adopted in the quantification
curves were achieved as the average of a triplicate analysis and ranged
from 26 to over 38 CT for both the target genes, then allowing a proper
quantification even for low viral concentrations. A conceptual flow-
chart of the methodology adopted to experimentally determine the
viral load of the volunteer is reported in Fig. 2.

2.1.2. Measurement of the airborne SARS-CoV-2 concentration (Cexp)
The experimental analysis to measure the concentration of SARS-
CoV-2 RNA copies in airborne particles was conducted in a hospital
room (70 m®) at the Amedeo di Savoia Hospital (Turin, Italy) whose
scheme is reported in Fig. 1. The interior door was kept open, whereas
the room door and the windows were kept closed during the test. The
ventilation system of the room is a simple extraction with no air recir-
culation: the extraction vent is placed just above the door. The air ex-
change rate (AER) of the room was not measured due to logistical
constrains; however, Italian standards set an AER for hospital rooms in
the range 2-6 ht! (Repubblica, 1997; Regione Lazio, 2011): this AER

Window (closed)
N

o Infected subject

>1.5m

bathroom sampler

wey

Door
(closed)

54m

Fig. 1. Scheme of the hospital room considered for the experimental campaign;
positions of the infected subject and of the sampler are also reported.
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range can be considered reliable since no significant variations in
design, operation, and maintenance occurred with respect to the
designed value. Two emitting scenarios of the infected subject, i.e.
breathing and speaking, were considered. The experiments were carried
out on the basis of the following procedure: i) 20 min of background
measurements (with no people in the room) followed by ii) 20 min of
measurements during which the infected subject was in the room just
breathing (scenario A) or speaking (scenario B).

Measurements were performed applying sampling and analytical
methods considered reliable and validated according to the re-
quirements of ISO/IEC 17025 (International Organization for Stan-
dardization, 2017). Further details of the sampling method and the
experimental apparatus were reported in previous publications of the
research group (Robotto et al., 2021; Robotto et al., 2021).

Airborne particles were sampled in the room air using glass-fiber
filters (one for each experiment) and a high volume sampler located
more than 1.5 m from the infected subject (please see Fig. 1) to avoid
direct exhalations and to measure the average concentration in the room
(Cortellessa et al., 2021). Amongst the different methods that can be
used to sample virus-laden particles, air filtration was chosen because it
is effective in both capturing submicrometric particles and collecting
large air volumes at the same time. Glass-fiber filters (grade MG G,
1.5-pm pore size, 10-cm diameter, Munktell Filter AB, Falun, Sweden)
were adopted rather than PTFE filters or gelatine membrane filters
because their porosity allows both high flow rates and good collection
efficiency. The high-volume sampler employed in the experimental an-
alyses has a flow rate of 500 L min™, guaranteeing high analytical
sensitivity. The length of the sampling (20 min) was chosen to guarantee
a negligible effect of virus inactivation as reported in our previous paper
(Robotto et al., 2021).

Once collected, the virus-laden particles underwent a subsequent
elution step with Dulbecco’s Modified Eagle’s Medium (DMEM) or
phosphate buffered saline (PBS) to extract the virus from the fiber solid
matrix (Robotto et al., 2021). The validated operational and analytical
protocol applied in the present study included the following steps:

1. air sampling for 20 min (10 m® of air sampled);

2. after sampling, the glass-fiber filters were immersed in 10 mL DMEM
and transported to the laboratory at approximately 4 °C;

3. the glass-fiber transport medium was supplemented with a volume of
fetal calf serum up to 40% of the final volume

4. samples were subjected to the combined shaking-vortexing elution
protocol described by Robotto et al. (2021). Eighteen elution data
sets were available with an average percentage of recovery of in-
fectious virus, also defined as elution efficiency (eg), of 12.9% and a
95.4% confidence interval ranging from 2.8% to 22.9%;

5. the eluate from the glass-fiber filters was then ultracentrifuged
(Optima LE-80 K, Beckman Coulter Life Science) for 1 h at 150,000 g
where the viral suspension was concentrated up to 15 times. Two
measurements of the recovery efficiency of ultracentrifugation, also
referred to as concentration phase efficiency (e¢), were performed
and ranged from 48% to 65% (median value of 57%);

6. the supernatant was discarded and the pelleted virus was concen-
trated in 0.35 mL of a transport medium volume, Vry;, (autoclave-
sterilized PBS), and the presence of SARS-CoV-2 genomic RNA was
assessed and quantified by RT-qPCR.

During SARS-CoV-2 RT-qPCR, the transport medium samples were
extracted with the MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit
(ThermoFisher) protocol. 200 uL of each sample were resuspended in
265 pL of inactivating solution (binding solution), then magnetic beads
and proteinase K were added. The extraction procedure was carried out
automatically using King Fisher Flex instrumentation. At the end of the
extraction process, the RNA extracted from the samples was resus-
pended in 50 pL of elution solution. The eluates obtained from the
previous step were analyzed in triplicate by multiplex PCR using the
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Airborne SARS-CoV-2 determination

Air sampler installation

Air sampling on glass-fiber

Field operations filters (20 min, 10 m3)

Transport of filters
(immersed in DMEM, 4°C)

Elution of filters (vortexing-
shaking protocol)

Sample laboratory
pretreatment

Ultracentrifugation of
eluate (1 h, 150000 g)

Resuspension of pelletted
virus (0.35 mL)

Viral RNA extraction
Sample analysis

RNA amplification (PCR,
determination of CT)

. Calculation of virus
Data elaboration : N
airborne concentration, C,,,

Fig. 2. Conceptual flow-charts summarizing the methodology adopted to experimentally determine the viral load of the volunteer and the airborne RNA concen-

tration (Cexp) in the confined space.

SARS-CoV-2 ELITe MGB Kit (ELITechGroup). The targets were RdRp and
ORF8 genes specific for SARS-CoV-2 and RNase P (RP) gene as an
endogenous internal control, and the volume of sample loaded into PCR
was 10 pL. The PCR analysis was performed through a QuantStudio 5
Real-Time PCR System (Applied Biosystems) and the data was processed
following the instructions of the PCR kit, setting the thresholds for each
individual gene and evaluating the presence of suitable PCR curves. The
results were expressed with the CT values for each detected target. In
cases of absence of amplification (absence of the desired target) after 40
cycles the result was reported as undetermined. We point out that
environmental samples are generally characterized by very low con-
centration if compared to clinical samples, indeed, CT values higher
than 35 are generally found by PCR. As a confirmation, Robotto et al.
(2021a) reported the results of many field tests developed through a
validated sampling and analytical method. They measured virus con-
centrations up to 50 genomic copies m® in domestic environments with
poor ventilation conditions and concentrations lower than 10 genomic
copies m> in hospital wards (characterized by higher air exchange
rates): the corresponding CTs were in the range 35.5-39.5. Similar CT
ranges were reported in other above-mentioned studies measuring
similar SARS-CoV-2 airborne concentrations (Lednicky et al., 2020; Liu
et al., 2020; Santarpia et al., 2020; Stern et al., 2021; Nissen et al., 2020)
in hospitals. In particular, Stern et al. (2021) and Lednicky et al. (2020)
reported cutoff CT values for positive air samples equal to 40.85 and
38.69, respectively. Likewise, Santarpia et al. (2020) described that the
minimum environmental concentrations detected by their assay were
between 39 and 44 PCR cycles; finally, Nissen et al. (2020) reported that
only samples not exhibiting amplification after 45 PCR cycles were
labeled as “negative”. Moreover, based on our knowledge, several lab-
oratories adopting the ELITe MGB Kit (ELITechGroup) analytical kit
consider as "positive" the amplification CT up to 45.

As for the cited studies, the average RNA concentration of the
transport medium (Cry, copies mL™) for the ORFS gene was calculated
through the corresponding quantification curve (Eq. 1). The curve was

obtained with standard samples by subsequent 10-fold dilutions; in
particular, four pairs of values for both the targets were obtained (a pair
of values for each dilution stage). The corresponding airborne SARS-
CoV-2 concentration (Cexp, RNA copies m™) can be evaluated as re-
ported in the Eq. 3; here the subscript “exp” was added to clearly indi-
cate that this represents the average concentration resulting from the
experimental analysis:

_ VTM . 1000

Coxp = ecoCrym (RNA copiesm‘3) 3)
V'SE'

where Vry is the transport medium volume to be analyzed through
RT-qPCR (mL), V is sampled air volume (L), ¢g is elution efficiency from
the glass-fiber filters the air was filtrated through (dimensionless), and
ec is the concentration phase efficiency by means of ultracentrifugation
(dimensionless). The airborne SARS-CoV-2 concentration was evaluated
considering only the ORF8 gene; thus, the Cry.orrs gene quantification
curve was adopted. A conceptual flow-chart of the methodology adopted
to experimentally determine the airborne SARS-CoV-2 concentration is
reported in Fig. 2.

2.1.3. Uncertainty budget of the experimental method

Although an estimate of the uncertainty is mandatory for accredited
clinical laboratories (ISO 15189:2012 (International Organization for
Standardization, 2012)), it is rarely evaluated and reported in the pub-
lication of measuring data. This could represent a critical limitation,
especially in the health sector. To evaluate the uncertainty of the
average RNA copy concentration, we have applied the "Guide to the
expression of uncertainty in measurement" (Joint Committee for Guides
in Metrology, 2008) to the relationship reported in (Eq. 3), assuming
each quantity as independent. Thus, the combined standard uncertainty
(uc.exp) can be estimated as the square-root of the linear sum of the
squared standard uncertainty components, where the i-th standard un-
certainty component is the product of the standard uncertainty (u;) and
its associated sensitivity coefficient (0Cexp/0i). Due to the functional
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relationship amongst the parameters contributing to Cexp (Eq. 3), the
combined standard uncertainty can also be expressed as the product
between the average concentration (Cexp) and the square-root of the
linear sum of the squared standard relative uncertainty of each
component (Eq. 4):

Journal of Hazardous Materials 428 (2022) 128279

Uc_eqp = 2+Uc_exp (RNA copiesm ) (6)

2.2. Theoretical approach to estimate the airborne SARS-CoV-2
concentration (Cheor)

-/ Cesp 2( P = Copy | (L 2+("V)2+ uer) "y (1), (Yem ) [ RNA copiesn— )
Heep = - i i) = Cew VTM \% € Ec CTM piesm

i

where uy,,,, uy, U, U, and uc,, are the standard uncertainties of
Vrm, V, €g, ¢, and Cryy, respectively.

For elution efficiency (¢g) and concentration phase efficiency (e¢),
the uncertainties were evaluated on the basis of the measurement re-
sults. In particular, elution efficiency data were normally distributed,
whereas for the concentration phase efficiency a rectangular distribu-
tion (ranging between the two measurements) was adopted. Thus, the
corresponding uncertainties were evaluated as the standard deviation of
measurements divided by the square root of the number of measure-
ments for eg, and as the range divided by 2\/ 3 for ec.

For air volume (V), a rectangular distribution was assumed within
the range provided by the instrumental specifications ( + 5%), whereas
for the transport medium volume (Vtyp), a rectangular distribution was
adopted on the basis of the laboratory standard and assuming a relative
range of + 20% of the mean value.

Finally, as mentioned above, the RNA concentration of the transport
medium (Cqy) was evaluated as a derived quantity of the CT measure-
ments through the quantification curve for the ORF8 gene. The Cry
uncertainty was then evaluated as a deviation with respect to the linear
regression of the CT values; in particular, uc,, was estimated as the
prediction interval (standard error of the prediction for N measures) of
the linearized quantification curve, through the following equation:

1 1(cr-CTy
Uc,, = ( +- (CC)> S5k RNA copiesm ™ %)

N S n—2
where:

e CT is the current CT value, obtained by means of RT-qPCR, deter-
mined as the average value of N readings (with N ranging from 1 to 3
in the present analysis as a function of the concentration, and
considering that low concentrations did not allow adopting higher
N);

e CT is the mean value of the CTs obtained by subsequent 10-fold
dilution of the SARS-CoV-2 RNA standard;

e n is the number of measures (pairs) performed to obtain the quan-
tification curve (four couples of measurements were performed in
the present study due to the low concentration under investigation);

e SSr is the sum of squares of residuals;

® See = > 14 (CTi — C_T)z, where CT; is the CT corresponding to each
RNA standard dilution for which the quantification curve is
obtained.

The sensitivity coefficients of each input parameter (0Cey,/0i) were
numerically evaluated, as stated in Annex B of the “Guide to the
expression of uncertainty in measurement” (Joint Committee for Guides
in Metrology, 2008), by holding all input quantities but one (the i-th)
fixed at their best estimates. Once the standard uncertainty uc.exp, was
estimated, the expanded uncertainty, with a 95.4% confidence interval
(coverage factor of 2), was calculated as:

The theoretical approach is based on a emission-to-risk approach
recently developed by the authors (Buonanno et al., 2020a; Buonanno
et al., 2020b; Mikszewski et al., 2021). The novel aspect of the approach
lies in a predictive emission approach to estimate the viral load emission
rate (Ey)) of an infected subject on the basis of the viral load (Cry, RNA
copies mL™1), the airborne particle volume concentration expelled by the
infectious person during different activities (i.e. breathing, speaking,
singing, etc.) (Vq, mL m™), and the flow rate expired as a function of the
activity level (inhalation rate, IR, m® h').

Ey = CrmeIR«V(RNA copiesh™) )

The authors point out that the predictive emission approach is a key
aspect since the issue of the viral load emitted was difficult to solve and,
in the past, backward calculation was used to estimate the emission of an
infected subject based on retrospective assessments of infectious out-
breaks only at the end of an epidemic (Sze and Chao, 2010; Wagner
etal., 2009; Rudnick and Milton, 2003). The forward emission approach
allowed for the first time the accurate simulation and prediction of
infection risk in different indoor environments via airborne transmission
both in close proximity situations (e.g. through complex computational
fluid dynamics analyses (Cortellessa et al., 2021; Dbouk and Drikakis,
2020; Dbouk and Drikakis, 2020; Dbouk and Drikakis, 1994)) and in
indoor environments (e.g. adopting simplified zero-dimensional models
(Buonanno et al., 2020; Mikszewski et al., 2021; Stabile et al., 2021)).
Indeed, applying a mass balance approach (i.e. a zero-dimensional
model which considers fully mixing conditions), the indoor
SARS-CoV-2 concentration over time (hereinafter referred as Cgpeor(t),
RNA copies m™>) can be estimated through the theoretical approach as
reported in the Eq. (8). Here the subscript “theor” was adopted to clearly
indicate that this represents the concentration resulting from the theo-
retical approach and to differentiate it from experimentally measured
concentrations:

dCpeor(t E, P
AConeor (1) = _ IVRRCeer(t) (RNA copiesm™* > ®

dt Vroom

We point out that the fully mixing condition cannot be experimen-
tally checked for practical and metrological reasons (e.g. we should have
adopted several sampling points in a hospital ward in the presence of an
infected person). Nonetheless, several theoretical and numerical studies
have demonstrated that the droplet and pollutant concentrations as well
as the risk of infection are affected by the distance from the source only
in the close proximity of the source, which was evaluated roughly equal
to 1.5 m (Cortellessa et al., 2021; Chen et al., 2020; Li, 2021). Beyond
that distance the concentration/risk can be considered homogeneously
distributed at least for distances higher than those characteristics of the
investigated ward (Lakey et al., 2021). In the case of initial concentra-
tion equal to 0, the indoor SARS-CoV-2 concentration can be estimated
as:

Evl

Cthwr(t) = v IVRR

(1 — e’WRR") (RNA copiesm’3) 9
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where IVRR (h'}) represents the infectious virus removal rate in the
space investigated and Vigom (m®) is the volume of the indoor environ-
ment considered. The infectious virus removal rate is the sum of three
contributions (Yang and Marr, 2011): the AER (h'l) via ventilation, the
particle deposition on surfaces (k, h!) and the viral inactivation (A, h'™).

Thus, the 20-min average RNA concentration (Ceeor) to be compared
with the measured concentrations in the two abovementioned scenarios
is determined as:

Crheur :/ Ctheor(t)dt

T

_ Evl

1 3
- V,DD,,,-IVRR{ " IVRR.T (

1—e

’IVRR'T) RNA copiesm™

(10

with T total duration of the event (20 min). A conceptual flow-chart
summarizing the methodology adopted to calculate the average RNA
concentration (Cgpeor) is shown in Fig. 3, here parameters and models in
the calculation are reported.

A Monte Carlo simulation (Hammersley and Handscomb, 1964) was
run to estimate the RNA copy concentration in both the scenarios given a
range of input values through the predictive estimation approach
(Buonanno et al., 2020a). To this end, probability distribution functions
and related values of the different parameters were adopted based on the
measurements carried out in the present study or obtained from the
scientific literature as summarized in Table 1. All the parameters were
assumed to be uncorrelated and Monte Carlo simulations were run
performing 1 x 10° trials to estimate the average RNA copy concen-
tration (Cgheor)-

For the viral load (Cty), a rectangular (i.e. uniform) distribution of
the data, ranging from 2.4 x 10° to 5.5 x 10® RNA copies mL! was
considered on the basis of the values obtained from the SARS-CoV-2
molecular test of the subject (reported in Section 3.1). For the inhala-
tion rate, the data reported in the scientific literature (Adams, 1993;
International Commission on Radiological Protection, 1994) for sitting

Parameters
Viral load, Cyy,

Parameters characteristics

Flow rate expired, IR
of the emitter s

Particle volume
concentration, Vg

Room of the volume,
V,

room

Parameters characteristics

of the room Air exchange rate,

AV

Parameter characteristics

. Inactivation rate, A
of the virus

Parameter characteristics
of the particle

Deposition rate, k

Journal of Hazardous Materials 428 (2022) 128279

Table 1

Probability distribution of the parameters used to calculate average viral indoor
concentration: normal distributions were reported as average values + standard
deviation, whereas rectangular distributions were reported as median value and
minimum-maximum range.

Parameter Distribution ~ Distribution references

parameters

Viral load, Cry Rectangular 4.0 x 10° (2.4 x Measured, this study
(RNA copies 10°-5.5 x 10%) (see Section 3.1)
mLY)

Inhalation rate Rectangular  0.52(0.47 - 0.57) (Adams, 1993;
while standing, International
IR (m® hY) Commission on

Radiological Protection,
1994)

Particle volume Rectangular 6.6 x 10'3(1.2 X Duguid (1945); Evans
while speaking, 10%-1.2x 102  (2020); Johnson et al.
Vi-speaking (ML (2011)

m'3)

Particle volume Rectangular 1.0 x 103(1.0 x (Buonanno et al. (2020);
while 10°-2.0 x 10 Morawska et al. (2009)
breathing, V.
breathing (ML m’

%

Room volume, Normal 70.0 £ 0.7 Measured, this study

Vioom (m>) (adopting an
uncertainty of 2%
according to Ambrosio
Alfano et al., 2012)

Air exchange rate, Rectangular  4.0(2.0 - 6.0) Italian standard (

AER (b)) Repubblica, 1997;
Regione Lazio, 2011)

Particle Log-normal log10(—0.62) + Chatoutsidou and
deposition rate, 10g10(0.30) Lazaridis (2019)
k(b

Inactivation rate, Rectangular 0.32(0 - 0.63) Fears et al. (2020); van
A (hH Doremalen et al. (2020)

Time fraction of Rectangular  0.8(0.6-1.0) Estimated, this study
speaking,

TFspeaking (-)

Models Results

predictive
emission
approach

Simplified

zero-dimensional

model

Viral emission
rate, E,;

Airborne

concentration,

C

theor

Fig. 3. Conceptual flow-chart summarizing the methodology adopted to calculate the average RNA concentration (Cyneor) in the confined space: parameters and

models adopted in the calculation are reported.
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activity levels were collected: the values ranged between 0.47 and
0.57 m® h'! and a rectangular probability distribution was considered.

Experimental data from the scientific literature are not definitive for
the particle volume emitted (Vq4), because the sampling method itself can
affect the results due to the rapid dehydration of the large particles
emitted (Yang and Marr, 2011; Abbas and Pittet, 2020; Morawska and
Buonanno, 2021; Stadnytskyi et al., 2020). Still today the understanding
of the initial instant of respiratory particle emission is not definitive and
does not lead to conclusive answers, mainly due to the complexity of
physical processes such as evaporation and the difficulty of measuring
particle emissions in situ (Bake et al., 2019, 2017). As a consequence, Vg
was found to range from roughly 1.2 x 10 to 1.2 x 102 mL m™ for
speaking (Vy,.speaking, (Duguid, 1945; Evans, 2020; Johnson et al., 2011))
and from 1.0 x 10 to 2 x 102 for breathing (Vi preathing, (Buonanno
et al., 2020; Morawska et al., 2009)). Rectangular probability distribu-
tions were applied to those data in the Monte Carlo simulations. The
room volume (V) was measured as 70 m>: volume values with a normal
probability distribution were generated in the Monte Carlo simulations
adopting an expanded uncertainty of 2% as estimated by d’Ambrosio
Alfano et al. (2012).

AER data were generated adopting a rectangular probability distri-
bution function with values ranging from 2.0 to 6.0 h™! as mentioned
above. Similarly, the inactivation rate (\) was considered equiprobable
and ranging from 0 h! (Fears et al., 2020) to 0.63 h™! (van Doremalen
et al., 2020). In contrast, the deposition rate (k) is a function of the
particle size; thus, on the basis of the settling velocity provided in
Chatoutsidou and Lazaridis (2019) for particles < 10 um, a log-normal
distribution function with an average value of logio(—0.62) (i.e.
0.24 h'!) was considered.

Finally, for the scenario with the subject speaking for 20 min (sce-
nario B), an actual time fraction of speaking (TFspeaking) Was estimated
and adopted to take into account the subject’s involuntary pauses during
speaking. In other words, the total length (20 min) was multiplied by a
TFspeaking Tanging from 0.6 to 1.0 (rectangular distribution function).
During the corresponding remaining fraction of the time (0.4-0,
respectively) the patient was considered to be just breathing and the
corresponding particle volume (V, breathing, particle volume emitted
while breathing) was applied.

2.2.1. Uncertainty budget of the theoretical approach

The Monte Carlo simulations and the corresponding uncertainty
budgets were carried out adopting Supplement 1 to the "Guide to the
expression of uncertainty in measurement" (Joint Committee for Guides
in Metrology, 2008). In particular, the expanded uncertainty range was
expressed as 95.4% confidence interval (coverage factor of 2) of the
simulation results obtained from the 10° trials.

The contribution of each input parameter to the overall RNA con-
centration uncertainty was also evaluated by adopting a Monte Carlo
simulation (instead of an analytical approach), as suggested in Annex B
of Supplement 1 to the “Guide to the expression of uncertainty in
measurement” (Joint Committee for Guides in Metrology, 2008).
Indeed, we have evaluated the percent contribution of each i-th
component as:

() o/ w]() @

where (0Cheor/0i) and u; represent the sensitivity coefficient and the
standard uncertainty of the i-th component, respectively. The sensitivity
coefficients were numerically evaluated by holding all input quantities
but one (the i-th) fixed at their best estimates, whereas the uncertainty of
the i-th component was evaluated with a 68.3% confidence interval (i.e.
adopting the standard deviation in cases of normal distributions and the
range divided by 24/3 in cases of rectangular distributions).
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2.3. Metrological compatibility

The in-depth metrological analysis of the experimental method
(Section 2.1.3) and the numerical evaluation of the theoretical approach
(Section 2.2.1) in estimating the uncertainty of the airborne SARS-CoV-2
concentration were aimed at evaluating the metrological compatibility
between experimental and theoretical data (Joint Committee for Guides
in Metrology, 2008).

The authors point out that metrological compatibility allows a con-
formity assessment to be made; that is, deciding if an item of interest
conforms to a specified requirement. Indeed, two measurements of the
same magnitude can be different, but metrologically compatible (i.e. not
statistically different), if their difference falls within the experimental
error considering the corresponding uncertainties or if there is a value
that falls within both measurement ranges. In this paper, we apply the
principles of the conformity assessment to the RNA copy concentration
obtained through the experimental methodology and the predictive
approach as reported in the ISO/IEC 17043 standard (International
Organization for Standardization, 2010). The compatibility is assured if
the absolute value of the difference of any pair of measured quantity
values (mean values) from two different measurement results is smaller
than the expanded measurement uncertainty of that difference. In other
words, the metrological compatibility of measurement results replaces
the traditional concept of ‘staying within the error’, as it represents the
criterion to decide whether two measurement results refer to the same
measurand or not (International Organization for Standardization,
2010). Metrological compatibility is determined in terms of normalized
error Ej (to be less than 1), defined on the basis of the above-reported
uncertainties (Joint Committee for Guides in Metrology, 2008) as:

! Cexp - Ctheor |

E, = <1| - 12)

2 2
UC—('xp + UC—llmar

where C and U are the mean values and the expanded uncertainties
referred to in the data obtained through the experimental method (Uc.
exp) or the theoretical approach (Uc.theor). While the uncertainty range of
the experimental data is symmetric with respect to average value, as
reported in the results, the uncertainty range resulting from the theo-
retical approach is asymmetric with respect to the median value (see
Section 3.2). In view of a conservative approach, the normalized error
was calculated considering the smallest value amongst (i) the difference
between the highest value of the confidence interval and the median
value and (ii) the difference between the lowest value of the confidence
interval and the median value.

3. Results and discussions
3.1. Results of the experimental analysis and uncertainty budget

The molecular test performed through the oral and nasopharyngeal
swab samples of the infected subject resulted in CT values for the two
target genes, ORF8 and RdRp, of 21.51 and 21.41, respectively; thus, the
corresponding RNA concentration of the transport medium (Cryy),
evaluated through the quantification curves (Egs. 1-2), ranged between
2.4 x 10% and 5.5 x 10° RNA copies mL 7! (median value of 4.0 x 10°
RNA copies mL'l).

The concentrations of airborne SARS-CoV-2 for scenarios A and B are
reported in Table 2 and Fig. 4. A very low or undetectable concentration
of airborne RNA copies was measured during scenario A, suggesting that
the ventilation supplied in hospital rooms was effective in limiting the
airborne transmission of SARS-CoV-2 when the infected person was just
breathing due to the lower emissions typical of such expiratory activity.
Such an undetectable concentration was somehow expected because the
minimum detection threshold of the experimental device is around 2
RNA copies m™ and because during breathing, an infected subject emits
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Table 2
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Average airborne SARS-CoV-2 concentrations (Cexp) and expanded uncertainty (Ug.exp) resulting from the experimental analysis for both the scenarios considered.
Cycle threshold (CT) and Cry values for the endogenous gene RP (adopted for internal control) and for the gene ORF8 (adopted to calculate the concentration through

the quantification curve) are also reported.

Experiment/ Respiratory CT for endogenous gene target  CT for virus gene target Crym (RNA copiesmL’  Cexp (RNA copiesm™  Uc.exp (RNA copies m”
scenario activity (RP) (ORF8) 1 %) 3)

A Breathing 38.42 Undetermined Undetermined Undetermined Undetermined

B Speaking 38.59 37.16 34.06 16.1 32.8

50

@ theoretical

45 | Wexperimental
40
35
30
25
20
15 N
10

RNA concentrations (RNA copies m3)

O AL
breathing

speaking

Fig. 4. Average airborne RNA concentration measured through the experi-
mental analysis and estimated through the theoretical approach for both
breathing and speaking scenarios; expanded uncertainty bars and limit of
detection of the experimental apparatus (LoD) are also reported.

about 10 times less than during speaking (Morawska et al., 2009). In
contrast, the concentration measured during scenario B was much
higher; in this case, with a speaking subject, a value of 16.1 RNA copies
m™> was measured. We point out that the reliability of the RNA con-
centration for such high CT values is confirmed by our previous papers
where a high number of experimental data were provided (Robotto
et al.,, 2021a, 2022, 2021b,). This value is within the range of values
(1-100 RNA copies m™®) measured in hospital wards in previous re-
searches (Lednicky et al., 2020; Liu et al., 2020; Santarpia et al., 2020;
Stern et al., 2021), confirming the presence of virus-laden particles in
this type of microenvironments even beyond close proximity to an
infected subject. These data highlight the relevance of vocalization in

Table 3

terms of viral load emission and, consequently, of RNA copy concen-
tration in the environment. In fact, the virus-laden particles emitted
from the human respiratory tract are generated by aerosolization (i.e. by
turbulent flows stripping particles from a fluid film) and by a fluid film
or bubble burst process while vocal cords adduct and vibrate during
speaking (Johnson et al., 2011). In particular, speaking activity was
proven to emit additional particles in respect to breathing in modes near
3.5 and 5 um, suggesting that the aerosolization of secretions lubricating
the vocal chords is a major source of particles in terms of number
(Morawska et al., 2009).

The expanded uncertainty (Uc.exp, coverage factor of 2) for scenario
B, resulting from the evaluation described in Section 2.1.3, was equal to
32.8 RNA copies m™ (i.e. a relative expanded uncertainty of 204%).
Such a huge uncertainty highlights the complexity of the RNA copy
concentration measurement and underlines the importance of esti-
mating the uncertainty value for this type of measurement: indeed, like
most of the measurements in the medical field, the uncertainty of the
RNA copy concentration measurement is typically not provided. The
reason for the high uncertainty is expressed by the relative contributions
(uncertainty weights) of the parameters contributing to the uncertainty
Ucexp- These contributions, along with sensitivity coefficients and
standard uncertainties of each parameter, are summarized in Table 3. In
particular, the main contributions to overall uncertainty (scenario B) are
due to two parameters: Cry, with a relative contribution of 84.9%, and
ec, with a relative contribution of 13.7%. The Cry uncertainty is
calculated by means of well-known models valid for the standard error
of the prediction reported in (Eq. 5); in particular, the quantification
curve is based on four pairs of measures (expressed as n in (Eq. 5)) each
of which is performed with 1-3 readings (expressed as N in (Eq. 5)).
Thus, the uncertainty could be hypothetically reduced only by
increasing the number of standard dilutions and readings. Nonetheless
this is not practically suitable when low concentrations are measured, in
which case neither further 10-fold dilutions nor further readings at each
dilution stage can be applied. Similarly, the mean value of the concen-
tration efficiency ec was obtained from just two measurements, so its
uncertainty could be reduced by increasing the number of ultracentri-
fugation assays.

The authors point out that for the typical concentration values
occurring in real life environments (i.e. < 100 RNA copies m'>), a very
large uncertainty is expected. Indeed, in that concentration range, the
effect of the actual concentration on the uncertainty is negligible. This is
clearly shown in Fig. 5a where the relative uncertainty as a function of
the concentrations was calculated and reported: the uncertainty is

Distribution of the parameters measured to calculate Cc,, and their sensitivity coefficients, standard uncertainties and contributions (weights) to the overall uncer-
tainty (Uc.exp)- Normal distributions were reported as average values =+ standard deviation, whereas rectangular distributions were reported as median value and

minimum-maximum range.

Parameter Distribution parameters Probability Sensitivity coefficient (0Cexp/0i) Standard uncertainty (u;) Uncertainty weight (%)
distribution

€g 12.9% + 5.0% Normal -28.22 RNA copies m3/(-) 0.0118 (-) <0.1%

£c 57% (48-65%) Rectangular -123.75 RNA copies m3/(-) 0.049 () 13.7%

\Y% 10 m® (9.5-10.5 m%) Rectangular -0.0016 RNA copies m™>/(L) 288.68 L 0.1%

Vim 0.35 (0.28-0.42) mL Rectangular 45.96 RNA copies m'3/(mL) 0.04 mL 1.3%

Cmm 34.06 (17.57-66.04) RNA copies mL!  Not available 0.472 RNA copies m™>/(RNA copies mL!) ~ 31.98 RNA copies mL™! 84.9%
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Fig. 5. Trends of: (a) estimated relative expanded uncertainty (Uc.exp/Cexp) as @
function of the RNA copy concentrations, and (b) RNA copy concentrations
(Cexp) as a function of the cycle threshold (CT) values (solid line represents the
average values, whereas dashed lines represent 95.4% confidence inter-
val values).

extremely high (> 190%) over the entire concentration range analyzed.
Analogously, in Fig. 5b the RNA copy concentrations (and the corre-
sponding uncertainty ranges) as a function of the CT values are also
reported. The trend shows that, as previously reported, the measured CT
value of 37.16 corresponds to a Ceyp of 16.1 RNA copies m with a
95.4% confidence range of 0-48.9 RNA copies m? (ie. Ucexp = 32.8
RNA copies m™) and how for lower CT values (i.e. for higher airborne
concentrations) the relative confidence interval remains roughly
constant.

3.2. Results of the theoretical approach and uncertainty budget

In Table 4, the average RNA concentrations (Ciheor) estimated
through the Monte Carlo simulations for scenarios A and B (infected
subject breathing and speaking) are reported along with the expanded
uncertainty range (95.4% confidence interval, coverage factor of 2) and
the sensitivity coefficients. The median values were equal to 3.2 RNA
copies m™ (with 95.4% confidence interval equal to 0.2-8.3 RNA copies
m'3) and 18.5 RNA copies m? (with 95.4% confidence interval equal to
4.5-43.0 RNA copies m>) for breathing and speaking scenarios,
respectively. The contributions of each input parameter to the overall
RNA concentration uncertainty, evaluated adopting the Monte Carlo
simulation as suggested by the Guide to the expression of uncertainty in
measurement (Joint Committee for Guides in Metrology, 2008) and
described in Section 2.2.1, are also reported. Such an uncertainty budget
provides key information as it clearly highlights which parameter most
affects the uncertainty of the RNA concentration.

The main contributions of the speaking scenario (scenario B) were
the particle volume emission while speaking (75.4%) and the viral load
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Table 4

Results of indoor RNA concentrations obtained through Monte Carlo simulations
for breathing (scenario A) and speaking (scenario B). Data are expressed as
median values and range of the corresponding expanded uncertainties (95.4%
confidence interval). The sensitivity coefficients, the standard uncertainties (u;)
and the contributions of the i-th parameter to the overall RNA concentration
uncertainties are also reported.

Ctheor (RNA copies m™®) Scenario B

(speaking)

Scenario A
(breathing)

3.2(0.2-8.3) 18.5
(4.5-43.0)

Parameter  Sensitivity Standard
coefficients uncertainty
(0Ctheor/00) (u)
Crm Scenario A: 9.0 x 10° RNA 13.0% 19.0%
5.0 x 10° RNA copies mL!
copies m'3/(RNA
copies mL’l)
Scenario B:
8.6 x 107 RNA
copies m3/(RNA
copies mL™)
IR Scenario A: 0.06
RNA copies m/
m*h™
Scenario B:
36.67 RNA
copies m>/(m*
h)
Scenario A: -
Scenario B:
2888.1 RNA
copies m™/(mL
m's)
Scenario A:
3373.6 RNA
copies m™/(mL
m's)
Scenario B:
904.5 RNA
copies m™/(mL
m?)
Vroom Scenario A:
— 0.048 RNA
copies m3/(m?)
Scenario B:
— 0.286 RNA
copies m3/(m3)
AER Scenario A:
— 0.271 RNA
copies m3/(hh)
Scenario B:
— 1.235 RNA
copies m3/(hh)
log1ok Scenario A:
— 0.305 RNA
copies m3/(hh)
Scenario B:
— 1.455 RNA
copies m3/hh)
A Scenario A:
— 0.305 RNA
copies m3/(h™")
Scenario B:
— 1.454 RNA
copies m3/(h™")
Scenario A: -
Scenario B:
13.146 RNA
copies m3/(-)

Uncertainty weight (%)

0.03m*h? <0.1% 1.0%

Vpspeaking 0.0031 mL m™ - 75.4%

Vy breathing 0.0006 mLm™>  84.5% 0.3%

0.70 m®

< 0.1%

< 0.1%

1.15h? 2.2% 1.9%

0.30h?! 0.2% 0.2%

0.18 h! 0.1% 0.1%

TFspeaking 0.12 () - 2.1%

(19.0%), analogously, for the breathing scenario (scenario A), the main
contributions were the particle volume while breathing (84.5%) and the
viral load (13.0%); for both the scenarios the other contributions were
much lower or even negligible. As an example, the uncertainty weight of
the AER is just about 2% even if a quite large range (2-6 h'!) was
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adopted in the calculations. Indeed, for such short experiments (20-min)
the effect of the AER on the RNA concentration is well within the un-
certainty related to the other parameters. This is clearly confirmed by
the sensitivity coefficients reported in Table 4: for speaking activity the
AER sensitivity coefficient is — 1.235 RNA copies m>/h!, thus, for
+ 2 h! with respect to the adopted average value (4 h''), the RNA
concentration would be just + 2.470 RNA copies m>. Therefore, even if
the AER of the room was not measured due to logistical constrains (as
mentioned above), the quite large AER range suggested by the Italian
standards does not significantly influence the experimental results and
the findings of the paper.

The authors point out that when the viral load is not measured
(unlike the present study), its contribution to the RNA concentration
uncertainty would become even larger as the Cyy of the infected person
can potentially range over several orders of magnitude (Pan et al., 2020)
and, consequently, the standard uncertainty will also greatly increase.

3.3. Metrological compatibility

On the basis of the average airborne SARS-CoV-2 concentrations
measured through the experimental analysis (Cexp) and estimated
through the theoretical approach (Cineor), as well as of the corresponding
uncertainties (Uc.exp and Uc.theor, respectively), the normalized error E,
(Eq. 12) was evaluated to assess the metrological compatibility amongst
the experimental and theoretical results. In scenario B (infected subject
speaking), E, was much lower than 1 (0.06), thus revealing excellent
metrological compatibility.

The authors point out that metrological compatibility can be ob-
tained (and, indeed, it was expected) when such large uncertainty
ranges are estimated (both experimentally and theoretically); thus, just
reporting the E, value to claim metrological compatibility could
downplay the actual findings of the paper. Indeed, it should be high-
lighted that for scenario B (where both experimental and theoretical
data are available) the difference amongst the average concentrations, i.
e. the numerator of Ep, (Cexp = 16.1 RNA copies m’3, Ctheor = 18.5 RNA
copies m>) is extremely low and it would guarantee a metrological
compatibility (E, < 1) even for very low, and technically unfeasible,
uncertainties of + 10%. Thus, having pointed this out, the present paper
does represent an experimental validation of the predictive estimation
approach for the RNA copy emission rate previously developed by the
authors. Such validation is extremely important because the viral
emission approach represents a major step towards predicting infection
risk in different indoor environments via airborne transmission. Indeed,
previous studies were performed adopting emission rates obtained from
rough estimates based on retrospective assessments of infectious out-
breaks only at the end of an epidemic (Rudnick and Milton, 2003;
Wagner et al., 2009). In fact, such an emission approach, adopted in
retrospective assessments, was able to reproduce the attack rate of a
documented outbreak due to airborne transmission (Buonanno et al.,
2020; Miller et al., 2020). Nonetheless, a proper validation of the
approach has not yet been performed.

For scenario A (infected subject breathing), it was not possible to
estimate the normalized error E, because the experimental concentra-
tions were lower than the instrumental limit of detection. Thus, as
mentioned above, we can infer that the experimental concentration was
< 2 RNA copies m%; therefore, we can just report that it is within the
confidence interval estimated through the theoretical approach (0.2-8.3
RNA copies m™>). Longer emission periods or lower ventilation rates
would have likely allowed higher, and then detectable, indoor airborne
concentrations and would have allowed a proper validation of the
theoretical approach also for low emitting expiratory activities.

The metrological compatibility assessment also highlighted the
importance of estimating the uncertainty value for this type of mea-
surement and the need to reduce it; indeed, even if a large uncertainty
can be expected and accepted for simplified theoretical approaches, it
cannot be tolerated for experimental measurement in the medical field.

10
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Therefore, this first-time estimation of the uncertainty (and the relative
contributions) of this experimental analysis represents a key step in the
process of improving the measurement method for the airborne con-
centration of respiratory viruses.

3.4. Limitations and research opportunities

The findings of the paper here shown represent a key step forward for
a proper acknowledgement of the airborne transmission of respiratory
viruses as it is the very first experimental proof of this mode of trans-
mission. The complexity of the experimental analysis here presented
clearly testifies some weaknesses that represent simultaneously limita-
tions and research opportunities for future studies. The main criticality
is the limited number of tests performed: two single tests (one for each
expiratory activity) can be considered enough for this first study, where
a direct emission-to-concentration link was performed for the very first
time, but future studies should rely upon different tests allowing
reducing the measurement uncertainty. Moreover, in the case of low
emitting activities, such as breathing, particular attention should be paid
when designing the experiments. Indeed, duration of the event, room
volume and air exchange rate should be properly chosen in order to
obtain "measurable" concentrations. Finally, in order to validate the
theoretical approach also for other expiratory activities, experiments
considering activities claimed to be extremely high emitting, e.g. loudly
speaking, sneezing, coughing, should be performed.

4. Conclusions

Although the detection of SARS-CoV-2 RNA copies in airborne par-
ticles has been previously reported, including in hospital wards, no
studies in the scientific literature have provided a direct link between
the emission of RNA copies from an infected subject and the concen-
tration of viable SARS-CoV-2 in the air. To fill this gap, an experimental
analysis was conducted under controlled conditions in a hospital room
to measure both the viral load of an infected subject (through an oral and
nasopharyngeal swab) and the SARS-CoV-2 RNA copies in airborne
particles while the subject was breathing and speaking. Additionally, a
novel predictive theoretical approach recently developed by the authors
was also applied to the same scenarios to validate it through a metro-
logical compatibility analysis against the experimental results. To assess
the metrological compatibility for both the experimental method and
the theoretical approach, an uncertainty budget was developed.

The key findings can be summarized as follows:

1. For a measured viral load of the infected subject in the range of
2.4 x 10%to 5.5 x 10° RNA copies mL}, the corresponding average
airborne SARS-CoV-2 concentration while the subject was speaking
was equal to 16.1 RNA copies m™3, whereas for breathing, the con-
centration was lower than the detection limit of the instrumental
apparatus (i.e. < 2 RNA copies m3).

2. The airborne SARS-CoV-2 concentrations estimated by the novel
predictive estimation approach were 18.5 and 3.2 RNA copies m™ for
speaking and breathing, respectively. Thus, the concentration esti-
mated for speaking scenario was in excellent agreement with the
measured value as verified by the metrological compatibility
analysis.

Consequently, the following conclusions can be drawn from the
experimental and theoretical results:

1. A direct link between emission and airborne concentration was demon-
strated when the subject was speaking. The study established that the
virus is airborne with consequent risk of contagion when a suscep-
tible subject inhales infectious quanta of the virus contained in
particles from respiratory activities.
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2. Inability to detect the presence of the virus in the air (in terms of RNA
copies) when the subject was breathing does not mean that there is no
infection risk when people are not vocalizing. The concentration of the
virus below the method detection limit does not exclude the possi-
bility of inhalation of infectious quanta during longer exposures in
poorly ventilated environments.

3. The link between emissions and airborne concentrations can be quantified
by means of a recently developed theoretical approach. The study vali-
dated the theoretical approach through a metrological compatibility
analysis, suggesting that it can support public health authorities in
deciding on control measures to lower the infection risk. For
example, simulation of exposure scenarios (both in close proximity
and indoor environments) enables the maximum occupancy of in-
door environments under consideration (e.g., classrooms, transport
microenvironments) and the maximum duration of the occupancy
(events) to be determined.

4. The complex nature of the experimental method required to measure the
airborne SARS-CoV-2 concentration is unavoidably associated with high
uncertainties. The uncertainty evaluation of the experimental method
conducted in this study is of great significance because, for the first
time, it was possible to identify which parameters are key contrib-
utors to the uncertainty.

5. The uncertainty budget of the theoretical approach identified the volume
particle emission (if the viral load is measured) as the main contributor to
the uncertainty. This means that improving the accuracy of the
measurement of the respiratory particles emitted during different
activities, which represents a key challenge for the scientific com-
munity involved in this type of research, could reduce the overall
uncertainty of the predictive approach.
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