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Abstract 
Background: Airborne transmission is the spread of an infectious 
agent caused by the dissemination of droplet nuclei (aerosols) that 
remain infectious when suspended in the air. We carried out a 
systematic review to identify, appraise and summarise the evidence 
from studies of the role of airborne transmission of SARS-CoV-2. 
Methods: We searched LitCovid, MedRxiv, Google Scholar and the 
WHO Covid-19 database from 1 February to 20 December 2020 and 
included studies on airborne transmission. Data were dual extracted 
and we assessed quality using a modified QUADAS 2 risk of bias tool. 
Results: We included 67 primary studies and 22 reviews on airborne 
SARS-CoV-2. Of the 67 primary studies, 53 (79%) reported data on RT-
PCR air samples, 12 report cycle threshold values and 18 copies per 
sample volume. All primary studies were observational and of low 
quality. The research often lacked standard methods, standard 
sampling sizes and reporting items. We found 36 descriptions of 
different air samplers deployed. Of the 42 studies conducted in-
hospital that reported binary RT-PCR tests, 24 (57%) reported positive 
results for SARs-CoV-2 (142 positives out of 1,403 samples: average 
10.1%, range 0% to 100%). There was no pattern between the type of 
hospital setting (ICU versus non-ICU) and RT-PCR positivity. Seventeen 
studies reported potential air transmission in the outdoors or in the 
community. Seven performed RT-PCR sampling, of which two studies 
report weak positive RNA samples for 2 or more genes (5 of 125 
samples positive: average 4.0%). Ten studies attempted viral culture 
with no serial passage for viral culture. 
Conclusion:  SARS-CoV-2 RNA is detected intermittently in the air in 
various settings. Standardized guidelines for conducting and 
reporting research on airborne transmission are needed. The lack of 
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recoverable viral culture samples of SARS-CoV-2 prevents firm 
conclusions over airborne transmission.
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Introduction
Airborne transmission is defined as the spread of an infectious 
agent caused by the dissemination of droplet nuclei (aerosols) 
that remain infectious when suspended in air over long distances 
and time1. A collection of particles (liquid or solid) ranging 
in size from 0.001 μm to over 100 mm suspended in a gas 
defines an aerosol2. Droplet nuclei are airborne residue (with or 
without embedded pathogens) of a respiratory droplet contain-
ing non-volatile solutes, from which water has evaporated to 
the point of equilibrium with the ambient relative humidity 
defines3.

Airborne transmission via droplets and aerosols enables some 
viruses to spread efficiently among humans, causing outbreaks 
that are difficult to control. Many studies, however, often report 
inconclusive findings as many outbreaks are studied retrospec-
tively and evidence to inform transmission from controlled 
experiments is often not available4,5. Among case clusters for 
which airborne transmission is hypothesised, published detailed 
investigations cannot rule out that droplet and fomite trans-
mission could also explain human-to-human transmission6. 
Therefore, we aimed to systematically review the airborne 
transmission evidence for SARS-CoV-2.

Methods
We are undertaking a series of living systematic reviews inves-
tigating factors and circumstances that impact the transmis-
sion of SARS-CoV-2, based on our published protocol last 
updated on 1 December 2020 (archived protocol: Extended 
data: Appendix 17) Briefly, this review aims to identify, appraise, 
and summarize the evidence (from studies peer-reviewed or 
awaiting peer review) relating to the role of airborne trans-
mission of SARS-CoV-2 and the factors influencing 
transmissibility.

We searched four main databases: LitCovid, medRxiv, Google 
Scholar and the WHO Covid-19 database for COVID-19 
using the terms Airborne: aerosol OR airborne OR airbourne 
OR inhalation OR air OR droplet) from 1 February 2020 up 
to 20 December 2020 (see Extended data: Appendix 2 for the 
search strategies7). Searches were updated every two weeks. We 
aimed to include sampling for the detection of SARs-CoV-2 
in the population or the environment on airborne transmission. 
Studies can be observational including case series, ecological, 
or prospective; or interventional including randomised trials and 
clinical reports, outbreak reports, case-control studies, experi-
mental studies, non-predictive modelling. Studies should include 
sampling for the detection of SARs-CoV-2. Studies on factors 
influencing transmission are included, such as location settings, 
meteorological or immunological factors. Studies incorporating 
models to describe observed data were eligible. Studies report-
ing solely predictive modelling were excluded. For relevant 
articles citation tracking was undertaken. We searched the 
included studies of all retrieved reviews and included them 
in the results section for reference. 

We included field studies that included airborne sampling 
for SARs-CoV-2 in the population or the environment. JB 

performed the searches, TJ and ES performed the first screen and 
CH checked these initial screening of studies. One reviewer 
(ES) extracted data for each study, and a second reviewer (CH) 
checked and edited the extraction. We extracted information on the 
study characteristics, the study population, setting and methods, 
and the main results from included studies. We also extracted 
data on the type of study, setting, sample source and methods, 
RT-PCR positive samples for SARS-CoV-2 RNA including 
cycle threshold (Ct) and copies per m3, viral culture methods and 
results, size of air particles (when reported) and proportion in 
the sample. We tabulated the data and summarised the data nar-
ratively by type of sample. Because of substantial heterogeneity 
across the included studies, we did not perform a meta-analysis. 
We assessed quality using a modified QUADAS 2 risk of bias 
tool,8. We simplified the tool as the included studies were not 
designed as primary diagnostic accuracy studies and the qual-
ity of transmission studies is known to be low9. We gave partic-
ular importance to the description of methods for air sampling 
and the reporting of sufficient detail to replicate. We summa-
rise data narratively and report the outcomes as stated in the 
paper, including quantitative estimates when reported and 
the detection of culture of SARS-CoV-2.

Results
We identified 89 studies (see Figure 1; 19 full-text studies 
were excluded because they were not reviews or there was no 
SARs-CoV-2 airborne transmission outcome studied and we 
excluded four laboratory studies: see Extended data: Appen-
dix 3 for a list of excluded studies7). We included 67 primary 
studies and 22 systematic reviews (see Extended data: Appen-
dix 3 for references to included studies and Table 1 and 
Table 2 for the characteristics of the included studies7).

Reviews
We found 22 reviews on SARS-CoV-2: 16 reviews [Anderson 
EL 2020, Agarwal 2020, Bahl P 2020, Birgand G 2020, 
Carducci A 2020, Chen PZ 2020, Comber L 2020, Ekram W 2020, 
Ji B 2020, Mehraeen E 2020, Niazi S 2020, Noorimotlagh Z 2020, 
Rahmani 2020, Ren Y 2020, Singhal S 2020, and Wilson NM 
2020] were about airborne transmission and prevention; three 
reviews on airborne transmission and procedures [Hussain A 2020, 
Kay JK 2020, and Schünemann HJ] and three on ventilation, air 
conditioning filtration and recirculation [Mousavi EH 2020, 
Chirico F 2020, and Correia G 2020] (see Table 2). The final 
search date of these reviews varied from April up to 27 October 
2020. Only five reviews met systematic review methods criteria 
that include systematically searching for all available evidence, 
appraising the quality of the included studies, and synthesising 
the evidence into a usable form10.

Quality of included primary studies (n=67)
All included primary studies were observational (some with 
experimental components) and low quality (see Table 3). We 
could not identify a published protocol for any of the studies. Most 
studies were based on convenience sampling. While the descrip-
tion of methods provided sufficient detail to replicate 91% of 
studies (see Figure 2), the research often lacked standard 
methods, standard sampling sizes and reporting. In 69% of the 
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Figure 1. Flow chart.

studies, the sample sources were clear, however, outcomes that 
aimed to demonstrate the detection of viable, replicable viruses 
were lacking. Limitations of the sampling methods and the 
poor-quality reporting make it difficult to discriminate between 
airborne or droplet nuclei transmission. Interpretation is further 
limited by the variability in reporting of patient distance from the 
sampler, use of protective or oxygen masks by patients, patient 
activities (coughing and sneezing during sampling time), air 
movement, air conditioning sampler type, sampling, storage 
and transfer conditions.

Primary studies
We included 67 primary studies, of which 53 (79%) reported 
binary data on RT-PCR air samples (see Table 1). All were descrip-
tive observational and none were comparative. Twelve studies 
reported Ct values and 18 report copies per sample volume 
(see Table 4). Two studies reported a Ct value < 25: Razzini K 
2020 et al. reports in the intensive care unit the mean Ct was 
22.6, and Guo ZD 2020 et al. report a Ct of 12.5 near the doctor’s 
office area. Ten studies report Ct values > 35; two [Guo ZD 2020, 
Lei H 2020] report Ct > 40, and three studies [Dumont- 
Leblond 2020, Kenarkoohi 2020, Nissen 2020] report the 
detection of single genes.

Table 5 shows eight studies reporting the size of detectable par-
ticles containing RNA [Binder 2020, Chia PY 2020, Chirizzi D 
2020, Feng B 2020, Hernández JL 2020, Liu Y & Ning Z 2020, 
McGain F 2020, and Santarpia 2020a]. Overall the report-
ing was heterogeneous. SARS-CoV-2 RNA was detectable in a 
range of air sample sizes from <1 μm through to >18 μm. 

Seven studies detected particles below <4 μm, and Chirizzi D 
2020 et al. reported on coarse particles up to diameter > 18 μm. 
In one study, different samplers detected different size parti-
cles: McGain F 2020 et al. reported that the APS detected larger 
aerosols (> 0.37 μm) and MiniWRAS smaller particles 
(0.01–0.35 μm) (see Figure 3).

We found 36 different descriptions of air samplers deployed: 
the two most used samplers were the MD8 sampler, Sartorius, 
Goettingen, Germany (n=7 studies) and the National Institute for 
Occupational Safety and Health (NIOSH) BC 251 Aerosol sam-
pler (n=6 studies) (see Extended data: Appendix 47). One study 
used four different methods [Ding Z 2020], and in seven stud-
ies the sampler used was unclear [Hernández JL 2020, Horve PF 
2020, Kang M 2020, Kwon KS 2020, Seyyed Mahdi SM 2020, 
Tan L 2020 and Zhang D 2020].

Hospital. There were 50 studies conducted in healthcare settings: 
45 studies included binary RT-PCR air samples (42 hospitals, 
2 outdoors and 1 student healthcare centre).

Of the 42 studies that reported air sampling RT-PCR data within 
a hospital environment, 24 (57%) reported positive samples 
(142 positives out of 1,403 samples: average 10.1%). Samples 
taken per study varied from 2 to 135. In two studies [Ahn 2020 
and Santarpia JL 2020b] the denominator was unclear. There 
was no pattern observed in terms of the type of hospital setting 
(ICU versus non-ICU) and RT-PCR positivity. Three studies 
involving ICUs reported 0% of samples were positive [Ma J, 
Song Z, Wu S] (see Figure 4).

Page 5 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021



Ta
bl

e 
1.

 S
tu

dy
 c

ha
ra

ct
er

is
ti

cs
: p

ri
m

ar
y 

st
ud

ie
s.

Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Ah
n 

JY
 2

02
0

H
os

pi
ta

l
Ch

in
a

Ai
r (

an
d 

su
rfa

ce
) s

am
pl

es
 

co
lle

ct
ed

. V
iru

s 
cu

ltu
re

 
w

as
 a

tte
m

pt
ed

 o
n 

PC
R 

po
sit

ive
 s

am
pl

es
.

Ai
r s

am
pl

in
g 

at
 1

.2
 m

 a
bo

ve
 fl

oo
r l

ev
el

, 1
.0

 m
 

fro
m

 e
ac

h 
pa

tie
nt

, u
sin

g 
an

 S
KC

 B
io

Sa
m

pl
er

 
an

d 
a 

Sw
ab

 s
am

pl
er

. 

0/
 (d

en
om

in
at

or
 u

nc
le

ar
) 

sa
m

pl
es

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
Vi

ra
l R

N
A 

w
as

 d
et

ec
te

d 
in

 th
e 

ai
r 

ou
tle

t f
an

 o
n 

th
e 

ce
ilin

g 
su

gg
es

tin
g 

ai
rb

or
ne

 c
on

ta
m

in
at

io
n 

by
 

ae
ro

so
ls.

 O
nl

y 
th

e 
ou

ts
id

e 
su

rfa
ce

 
of

 th
e 

en
do

tra
ch

ea
l t

ub
es

 in
 th

e 
ar

ea
 c

on
ne

ct
ed

 to
 th

e 
ve

nt
ila

to
r 

cir
cu

it 
te

st
ed

 p
os

iti
ve

 fo
r S

AR
S-

Co
V-

2 
Vi

ab
le

 v
iru

se
s 

de
te

ct
ed

 
on

 th
e 

ou
ts

id
e 

su
rfa

ce
 o

f t
he

 
en

do
tra

ch
ea

l t
ub

e 
an

d 
an

d 
se

ve
n 

sit
es

 in
 p

at
ie

nt
 3

’s 
ro

om
.

Ba
ys

 D
 2

02
0

H
ea

lth
ca

re
 s

et
tin

g
U

SA
Tw

o 
de

ta
ile

d 
ca

se
 s

tu
di

es
N

o 
sa

m
pl

in
g 

pe
rfo

rm
ed

N
ot

 a
tte

m
pt

ed
.

N
/A

N
/A

N
/A

A 
to

ta
l o

f 4
21

 h
ea

lth
 c

ar
e 

w
or

ke
rs

 w
er

e 
ex

po
se

d 
in

 to
ta

l, 
an

d 
th

e 
re

su
lts

 o
f t

he
 c

as
e 

co
nt

ac
t i

nv
es

tig
at

io
ns

 id
en

tifi
ed

 
8 

se
co

nd
ar

y 
in

fe
ct

io
ns

 in
 h

ea
lth

 
ca

re
 w

or
ke

rs
. I

n 
al

l 8
 c

as
es

, t
he

 
st

aff
 h

ad
 c

lo
se

 c
on

ta
ct

 w
ith

 th
e 

in
de

x 
pa

tie
nt

s 
w

ith
ou

t s
uffi

cie
nt

 
pe

rs
on

al
 p

ro
te

ct
ive

 e
qu

ip
m

en
t. 

Im
po

rt
an

tly
, d

es
pi

te
 m

ul
tip

le
 

ae
ro

so
l g

en
er

at
in

g 
pr

oc
ed

ur
es

, 
th

er
e 

w
as

 n
o 

ev
id

en
ce

 o
f a

irb
or

ne
 

tra
ns

m
iss

io
n.

Bi
nd

er
 2

02
0

H
os

pi
ta

l
U

SA
Ca

se
 s

er
ie

s 
of

 2
0 

pa
tie

nt
s 

ho
sp

ita
liz

ed
 w

ith
 

co
ro

na
vir

us
 d

ise
as

e 

8 
N

at
io

na
l I

ns
tit

ut
e 

fo
r O

cc
up

at
io

na
l 

Sa
fe

ty
 a

nd
 H

ea
lth

 (N
IO

SH
) B

C 
25

1 
Ae

ro
so

l 
Sa

m
pl

er
s 

(F
ig

ur
e 

S3
) w

er
e 

pl
ac

ed
 1

.5
m

 fr
om

 
th

e 
gr

ou
nd

, a
t ~

1 
m

et
er

, ~
1.

4 
m

et
er

s, 
~2

.2
 

m
et

er
s, 

an
d 

~3
.2

 m
et

er
s 

fro
m

 th
e 

SA
RS

-C
oV

-
2 

pa
tie

nt
’s 

he
ad

 a
nd

 s
ub

se
qu

en
tly

 ru
n 

fo
r 

~4
 h

ou
rs

. 1
95

 a
ir 

sa
m

pl
es

 w
er

e 
co

lle
ct

ed
 

3/
19

5 
sa

m
pl

es
 fr

om
 3

 
pa

tie
nt

s 
0/

3 
via

bl
e 

vir
us

Sa
m

pl
e 

at
 1

.4
m

, <
4u

M
 fi

rs
t 

PC
R 

Ct
 3

6.
6,

 s
ec

on
d 

PC
R 

Ct
 3

7.
1 

Sa
m

pl
e 

at
 2

.2
m

, <
4u

M
 fi

rs
t 

PC
R 

37
.4

, s
ec

on
d 

PC
R 

Ct
 3

9.
9 

Sa
m

pl
e 

at
 2

.2
m

, >
4u

M
 fi

rs
t 

PC
R 

39
.1

, s
ec

on
d 

PC
R 

Ct
 3

9.
6

de
te

ct
ed

 in
 a

er
os

ol
s 

pa
rt

icl
e 

siz
e 

<4
 µ

m
 

fo
r c

ap
tu

re
d 

dr
op

le
t s

ize
, t

he
 

N
IO

SH
 s

am
pl

er
 h

as
 ro

ug
hl

y 
a 

95
%

 
co

lle
ct

io
n 

effi
cie

nc
y 

fo
r a

er
os

ol
s 

w
ith

 a
 d

ia
m

et
er

 o
f 7

 µ
m

 o
r l

es
s, 

w
hi

ch
 d

ec
re

as
es

 t\
o 

ap
pr

ox
im

at
el

y 
40

%
 e

ffi
cie

nc
y 

fo
r a

er
os

ol
s 

~8
0 

µm
 

in
 d

ia
m

et
er

. D
ry

 c
yc

lo
ne

 a
er

os
ol

 
sa

m
pl

er
s, 

w
hi

ch
 a

re
 n

ot
 a

s 
w

el
l-

su
ite

d 
fo

r v
ia

bl
e 

vir
us

 c
ol

le
ct

io
n 

w
he

n 
co

m
pa

re
d 

to
 li

qu
id

 c
ol

le
ct

io
n 

m
ed

iu
m

-b
as

ed
 b

io
ae

ro
so

l 
sa

m
pl

er
s

Ch
ar

lo
tt

e 
N

 2
02

0
Ch

oi
r p

ra
ct

ice
Fr

an
ce

Fo
llo

w
-u

p 
of

 a
 c

ho
ir 

pr
ac

tic
e:

 2
7 

pa
rt

ici
pa

nt
s, 

in
clu

di
ng

 2
5 

m
al

e 
sin

ge
rs

, a
 c

on
du

ct
or

 a
nd

 
an

 a
cc

om
pa

ni
st

 a
tte

nd
ed

 
a 

ch
oi

r p
ra

ct
ice

 o
n 

12
 

M
ar

ch
 2

02
0.

N
o 

sa
m

pl
in

g 
pe

rfo
rm

ed
N

ot
 a

tte
m

pt
ed

.
N

ot
 a

tte
m

pt
ed

.
N

/A
N

/A
70

%
 o

f t
he

 p
ar

tic
ip

an
ts

 (1
9/

27
) 

w
er

e 
di

ag
no

se
d 

w
ith

 C
O

VI
D-

19
 

fro
m

 1
 to

 1
2 

da
ys

 a
fte

r t
he

 
re

he
ar

sa
l (

m
ed

ia
n 

5.
1 

da
ys

).

Ch
en

g 
VC

C 
20

20
a

H
os

pi
ta

l
Ch

in
a

Ai
r s

am
pl

in
g:

 6
 p

at
ie

nt
s’ 

ai
r s

am
pl

ed
, a

nd
 5

 
po

sit
ive

 c
on

tro
ls 

Th
e 

ai
r s

am
pl

er
 w

as
 p

er
pe

nd
icu

la
rly

 
po

sit
io

ne
d 

10
 c

m
 a

w
ay

 fr
om

 th
e 

pa
tie

nt
’s 

ch
in

, c
ol

le
ct

in
g 

at
 a

 ra
te

 o
f 5

0 
L/

m
in

ut
e.

 A
n 

ai
r t

en
t w

as
 u

se
d 

to
 in

cr
ea

se
 th

e 
pr

op
or

tio
n 

of
 e

xh
al

ed
 a

ir 
co

lle
ct

ed
. P

ar
tic

ip
an

ts
 

sn
ee

ze
d 

di
re

ct
ly 

on
to

 g
el

at
in

 fi
lte

r a
nd

 s
pi

t 
sa

liv
a 

dr
op

le
ts

 o
nt

o 
ge

la
tin

 fi
lte

r.

0/
6 

N
ot

 a
tte

m
pt

ed
.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

In
fe

ct
io

n 
iso

la
tio

n 
ro

om
s 

ha
d 

12
 

ai
r c

ha
ng

es
 p

er
 h

ou
r. 

5%
 s

ur
fa

ce
 

sa
m

pl
es

 w
er

e 
fo

un
d 

to
 b

e 
PC

R-
po

sit
ive

.

Ch
en

g 
VC

C 
20

20
b

H
os

pi
ta

l
Ch

in
a 

Ai
r s

am
pl

in
g 

us
in

g 
IS

O
 

18
0 

m
od

el
 8

68
34

 a
ir 

sa
m

pl
er

 w
as

 p
er

fo
rm

ed
 

in
 th

e 
ro

om
 o

f a
 p

at
ie

nt
.

Ai
r s

am
pl

es
 w

er
e 

co
lle

ct
ed

 1
0 

cm
 fr

om
 th

e 
on

e 
pa

tie
nt

’s 
ch

in
. T

he
 p

at
ie

nt
 p

er
fo

rm
ed

 4
 

di
ffe

re
nt

 m
an

oe
uv

re
s (

no
rm

al
 b

re
at

hi
ng

, d
ee

p 
br

ea
th

in
g,

 sp
ea

kin
g 

“1
, 2

, 3
” c

on
tin

uo
us

ly,
 a

nd
 

co
ug

hi
ng

 co
nt

in
uo

us
ly)

 w
hi

le
 p

ut
tin

g 
on

 a
nd

 
re

m
ov

in
g 

th
e 

su
rg

ica
l m

as
k.

 

0/
8 

N
ot

 a
tte

m
pt

ed
.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

SA
RS

-C
oV

-2
 w

as
 id

en
tifi

ed
 in

 1
 o

f 
13

 e
nv

iro
nm

en
ta

l s
ur

fa
ce

 s
am

pl
es

 
of

 th
e 

pa
tie

nt
’s 

ro
om

.

Page 6 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.1016/j.jhin.2020.08.014
https://www.cambridge.org/core/journals/infection-control-and-hospital-epidemiology/article/investigation-of-nosocomial-sarscov2-transmission-from-two-patients-to-health-care-workers-identifies-close-contact-but-not-airborne-transmission-events/B022319BD3D7E23D4817E114AED150A5
https://www.ncbi.nlm.nih.gov/pubmed/32905595
https://doi.org/10.1101/2020.07.19.20145326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7327164/
https://www.cambridge.org/core/journals/infection-control-and-hospital-epidemiology/article/escalating-infection-control-response-to-the-rapidly-evolving-epidemiology-of-the-coronavirus-disease-2019-covid19-due-to-sarscov2-in-hong-kong/52513ACC56587859F9C601DC747EB6EC


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Ch
ia

 P
Y 

20
20

H
os

pi
ta

l
Si

ng
ap

or
e

Ai
r (

an
d 

su
rfa

ce
) 

sa
m

pl
in

g 
su

rr
ou

nd
in

g 
61

 
ho

sp
ita

liz
ed

 C
O

VI
D-

19
 

pa
tie

nt
s 

in
 a

irb
or

ne
 

in
fe

ct
io

n 
iso

la
tio

n 
ro

om
s

Ai
r s

am
pl

in
g 

w
as

 p
er

fo
rm

ed
 in

 th
re

e 
of

 th
e 

27
 a

irb
or

ne
 in

fe
ct

io
n 

iso
la

tio
n 

ro
om

s 
(A

IIR
s)

. 
Bi

oa
er

os
ol

 s
am

pl
er

s 
us

ed
 to

 c
ol

le
ct

 a
ir 

sa
m

pl
es

, s
et

 a
t a

 fl
ow

-ra
te

 o
f 3

.5
 L

/m
in

 a
nd

 
ru

n 
fo

r f
ou

r h
ou

rs
, c

ol
le

ct
in

g 
a 

to
ta

l o
f 5

,0
40

 
L 

of
 a

ir 
fro

m
 e

ac
h 

pa
tie

nt
’s 

ro
om

.

2/
3

N
ot

 a
tte

m
pt

ed
.

To
ta

l S
AR

S-
Co

V-
2 

co
nc

en
tra

tio
ns

 in
 a

ir 
ra

ng
ed

 
fro

m
 1

.8
4 ×

 10
3 

to
 3

.3
8 ×

 10
3  

RN
A 

co
pi

es
 p

er
 m

3  a
ir 

sa
m

pl
ed

. 

po
sit

ive
 p

ar
tic

le
s 

of
 s

ize
s 

>4
 µ

m
 a

nd
 

1–
4 µ

m
 d

et
ec

te
d 

in
 

tw
o 

ro
om

s

Pa
tie

nt
 1

 in
te

rm
itt

en
tly

 fa
ce

d 
th

e 
sa

m
pl

er
s 

se
at

ed
 1

m
 fr

om
 th

e 
1s

t 
tr

ip
od

 a
nd

 2
.1

m
 fr

om
 th

e 
2n

d.
 

In
 th

e 
ro

om
s 

of
 P

at
ie

nt
s 

2 
an

d 
3,

 th
re

e 
N

IO
SH

 s
am

pl
er

s 
w

er
e 

at
ta

ch
ed

 to
 e

ac
h 

of
 tw

o 
tr

ip
od

 
st

an
ds

 a
t 1

.2
m

, 0
.9

m
, a

nd
 0

.7
m

 
he

ig
ht

. P
at

ie
nt

s 
2 

&
 3

 re
m

ai
ne

d 
in

 b
ed

 w
ith

in
 1

 m
 fr

om
 a

ll 
6 

ai
r 

sa
m

pl
er

s. 
Pa

tie
nt

 3
 w

as
 a

lso
 

ta
lk

in
g 

on
 th

e 
ph

on
e 

fo
r m

uc
h 

of
 

th
at

 ti
m

e.
 

Ch
ir

iz
zi

 D
 2

02
0

O
ut

do
or

Ita
ly

St
ud

y 
of

 th
e 

ou
td

oo
r 

co
nc

en
tra

tio
ns

 a
nd

 
siz

e 
di

st
rib

ut
io

ns
 o

f 
vir

us
-la

de
n 

ae
ro

so
l 

sim
ul

ta
ne

ou
sly

 c
ol

le
ct

ed
, 

in
 M

ay
 2

02
0,

 in
 n

or
th

er
n 

(V
en

et
o)

 a
nd

 s
ou

th
er

n 
(A

pu
lia

) r
eg

io
ns

 o
f I

ta
ly.

 

G
en

et
ic 

m
at

er
ia

l o
f S

AR
S-

Co
V-

2 
(R

N
A)

 w
as

 
de

te
rm

in
ed

, u
sin

g 
bo

th
 re

al
 ti

m
e 

RT
-P

CR
 

an
d 

dd
PC

R,
 in

 a
ir 

sa
m

pl
es

 c
ol

le
ct

ed
 u

sin
g 

PM
10

 s
am

pl
er

s 
an

d 
ca

sc
ad

e 
im

pa
ct

or
s 

ab
le

 to
 s

ep
ar

at
e 

12
 s

ize
 ra

ng
es

 fr
om

 
na

no
pa

rt
icl

es
 (d

ia
m

et
er

 D
 &

 0
.0

56
 µ

m
) u

p 
to

 
co

ar
se

 p
ar

tic
le

s 
(D

 >
 1

8 
µm

).

O
ut

do
or

 a
tm

os
ph

er
ic 

co
nc

en
tra

tio
ns

 o
f S

AR
S-

Co
V-

2 
w

er
e 

ve
ry

 s
m

al
l (

<0
.8

 
co

pi
es

 m
−3

) 

N
ot

 a
tte

m
pt

ed
.

SA
RS

-C
oV

-2
 c

on
ce

nt
ra

tio
ns

 
w

er
e 

<0
.8

 c
op

ie
s 

m
−3

 fo
r 

ea
ch

 s
ize

 ra
ng

e.

(D
 <

 0
.0

56
 µ

m
) u

p 
to

 
co

ar
se

 p
ar

tic
le

s 
(D

 >
 

18
 µ

m
) 

It 
is 

po
ss

ib
le

 to
 c

on
clu

de
 th

at
 

ou
td

oo
r a

ir 
in

 re
sid

en
tia

l a
nd

 
ur

ba
n 

ar
ea

s 
w

as
 g

en
er

al
ly 

no
t 

in
fe

ct
io

us
 a

nd
 s

af
e 

fo
r t

he
 p

ub
lic

 in
 

bo
th

 n
or

th
er

n 
an

d 
so

ut
he

rn
 It

al
y, 

w
ith

 th
e 

po
ss

ib
le

 e
xc

lu
sio

n 
of

 v
er

y 
cr

ow
de

d 
sit

es
 (S

ee
 L

iu
 2

02
0)

D
ec

le
m

en
ti

 M
 2

02
0

H
os

pi
ta

l
Ita

ly 
Ai

r s
am

pl
in

g 
to

 
as

se
ss

 e
nv

iro
nm

en
ta

l 
co

nt
am

in
at

io
n 

in
 a

 
CO

VI
D-

19
 n

on
-In

te
ns

ive
 

Ca
re

 U
ni

t. 
Tw

o 
pa

tie
nt

s 
ad

m
itt

ed
 to

 th
e 

ho
sp

ita
l 

ro
om

s 
w

er
e 

po
sit

ive
 fo

r 
CO

VI
D-

19
 fo

r m
or

e 
th

an
 

a 
w

ee
k.

 

8 
ai

r s
am

pl
es

 w
er

e 
co

lle
ct

ed
 b

ef
or

e 
an

d 
af

te
r t

he
 a

pp
lic

at
io

n 
of

 tw
o 

di
ffe

re
nt

 
sa

ni
tiz

at
io

n 
de

vic
es

. P
um

ps
 w

er
e 

pl
ac

ed
 

in
 4

 s
ite

s: 
pa

tie
nt

 1
 ro

om
, p

at
ie

nt
 2

 ro
om

, 
an

 e
m

pt
y 

ro
om

 n
ea

rb
y 

pa
tie

nt
s’ 

ro
om

s, 
co

rr
id

or
 o

ut
sid

e 
th

e 
ro

om
s. 

Pu
m

ps
 (4

7 
m

m
 fi

lte
r c

as
se

tte
s 

an
d 

0.
45

 μ
m

 fi
lte

rs
 in

 
po

lyt
et

ra
flu

or
oe

th
yle

ne
-P

TF
E)

 p
os

iti
on

ed
 

1 
m

et
er

 a
bo

ve
 th

e 
flo

or
 fo

r 3
40

 m
in

ut
es

 
at

 1
5 

l/m
in

. 

0/
8 

N
ot

 a
tte

m
pt

ed
.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

 
Su

rfa
ce

 s
am

pl
es

 c
ol

le
ct

ed
 b

ef
or

e 
an

d 
af

te
r s

an
iti

za
tio

n 
(n

=2
4)

 
w

er
e 

al
l n

eg
at

ive
. P

at
ie

nt
 1

 
rh

in
op

ha
ry

ng
ea

l s
w

ab
 w

as
 p

os
iti

ve
 

w
hi

le
 p

at
ie

nt
 2

 rh
in

op
ha

ry
ng

ea
l 

sw
ab

 w
as

 n
eg

at
ive

 (T
ab

le
 2

).

D
e 

M
an

 P
 2

02
0

Ca
re

 h
om

e
Th

e 
N

et
he

rla
nd

s
Ca

se
 s

er
ie

s. 
Re

sp
on

di
ng

 
to

 a
n 

ou
tb

re
ak

 in
 a

 c
ar

e 
ho

m
e,

 th
e 

ve
nt

ila
tio

n 
sy

st
em

 o
f t

he
 o

ut
br

ea
k 

w
ar

d 
w

as
 in

ve
st

ig
at

ed
 

in
 a

dd
iti

on
 to

 ro
ut

in
e 

so
ur

ce
 a

nd
 c

on
ta

ct
 

tra
cin

g

N
o 

ai
r s

am
pl

es
 c

ol
le

ct
ed

.
N

ot
 a

tte
m

pt
ed

.
N

/A
N

/A
 

N
/A

 
Th

e 
ve

nt
ila

tio
n 

sy
st

em
 a

llo
w

ed
 

re
cir

cu
la

tio
n 

of
 a

ir 
be

lo
w

 a
 

ce
rt

ai
n 

CO
2 

lim
it.

 T
he

 o
ut

br
ea

k 
w

ar
d 

w
as

 a
dd

iti
on

al
ly 

co
ol

ed
 b

y 
2 

ai
r c

on
di

tio
ni

ng
 u

ni
ts

, w
hi

ch
 

re
cir

cu
la

te
d 

ai
r t

hr
ou

gh
 a

 1
-m

m
 

m
es

h 
du

st
 fi

lte
r. 

Th
e 

ot
he

r 6
 w

ar
ds

 
(n

o 
ou

tb
re

ak
) w

er
e 

ve
nt

ila
te

d 
w

ith
 

ou
ts

id
e 

ai
r. 

D
i C

ar
lo

 P
 2

02
0

In
sid

e 
a 

bu
s

Ita
ly

O
bs

er
va

tio
na

l 
m

ea
su

re
m

en
ts

 w
er

e 
ca

rr
ie

d 
ou

t a
cr

os
s 

th
e 

la
st

 w
ee

k 
of

 th
e 

lo
ck

do
w

n 
an

d 
th

e 
fir

st
 

w
ee

k 
w

he
n,

 g
ra

du
al

ly,
 a

ll 
tra

ve
l r

es
tr

ict
io

ns
 w

er
e 

re
m

ov
ed

. 1
2 

to
 2

2 
M

ay
 

20
20

 in
 C

hi
et

i, 
Ita

ly.
 

Sa
m

pl
es

 o
f a

ir 
in

sid
e 

th
e 

bu
s 

w
er

e 
ta

ke
n 

ev
er

y 
da

y 
of

 th
e 

tw
o 

ob
se

rv
at

io
na

l w
ee

ks
, 

ex
clu

di
ng

 w
ee

ke
nd

s. 
Tw

o 
m

icr
ob

io
lo

gi
ca

l 
ge

la
tin

e 
m

em
br

an
e 

sa
m

pl
e 

fil
te

rs
 o

f 8
0 

m
m

 d
ia

m
et

er
 w

er
e 

in
st

al
le

d 
on

 b
oa

rd
: o

ne
 

clo
se

 to
 th

e 
tic

ke
t m

ac
hi

ne
, t

he
 o

th
er

 o
n 

th
e 

re
ar

 p
ar

t o
f t

he
 b

us
. A

ll 
th

e 
ai

r s
am

pl
es

 
w

er
e 

ga
th

er
ed

 d
ur

in
g 

th
e 

6.
5 

ho
ur

s 
da

ily
 

op
er

at
io

n 
of

 th
e 

bu
s,

0/
14

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
 

Du
rin

g 
th

e 
w

ho
le

 o
bs

er
va

tio
n 

pe
rio

d 
ab

ou
t 1

10
0 

pa
ss

en
ge

rs
 

tra
ve

lle
d 

on
 th

e 
tr

ol
le

yb
us

. H
an

d 
sa

ni
tiz

in
g 

w
as

 a
 s

tr
ict

 re
qu

ire
m

en
t 

to
 g

et
 o

n 
th

e 
bu

s, 
an

d 
ru

le
 o

f 
w

ea
rin

g 
a 

fa
cia

l m
as

k 
du

rin
g 

tr
av

el
, 

an
d 

th
e 

re
co

m
m

en
da

tio
n 

to
 k

ee
p 

th
e 

w
in

do
w

s 
op

en
 to

 a
llo

w
 h

ig
h 

ai
r 

ve
nt

ila
tio

n.

D
in

g 
Z 

20
20

H
os

pi
ta

l
Ch

in
a

Sa
m

pl
in

g,
 in

clu
di

ng
 o

f 
ai

r, 
w

ith
in

 a
nd

 a
ro

un
d 

4 
iso

la
tio

n 
ro

om
s 

ea
ch

 w
ith

 
3 

pa
tie

nt
s. 

O
th

er
 a

re
as

 in
 

th
e 

ho
sp

ita
l a

nd
 it

s 
ro

of
 

ai
r-

ex
ha

us
ts

 w
er

e 
al

so
 

sa
m

pl
ed

. 

46
 a

ir 
sa

m
pl

es
, t

w
o 

ex
ha

le
d 

co
nd

en
sa

te
 

sa
m

pl
es

, a
nd

 tw
o 

ex
pi

re
d 

ai
r s

am
pl

es
 (a

lso
 

47
 s

ur
fa

ce
 s

am
pl

es
) w

er
e 

co
lle

ct
ed

 w
ith

in
 

an
d 

be
yo

nd
 th

e 
4 

th
re

e-
be

d 
iso

la
tio

n 
ro

om
s. 

1/
46

 a
ir 

sa
m

pl
es

 w
ea

kl
y 

po
sit

ive
. B

ot
h 

ex
ha

le
d 

co
nd

en
sa

te
 s

am
pl

es
 

ne
ga

tiv
e.

 
Bo

th
 e

xp
ire

d 
ai

r s
am

pl
es

 
ne

ga
tiv

e.

N
ot

 a
tte

m
pt

ed
.

RN
A 

co
pi

es
 fo

r w
ea

kl
y 

po
sit

ive
 s

am
pl

e 
no

t 
ca

lcu
la

te
d.

N
R

Th
e 

to
ile

t a
re

a 
w

as
 th

e 
ar

ea
 m

os
t 

co
nt

am
in

at
ed

 b
y 

SA
RS

-C
oV

-2
 R

N
A 

as
 d

et
ec

te
d 

by
 P

CR
. T

w
o 

ex
ha

le
d 

co
nd

en
sa

te
 s

am
pl

es
 a

nd
 th

e 
tw

o 
ex

pi
re

d 
ai

r s
am

pl
es

 w
er

e 
ne

ga
tiv

e 
.

D
oh

la
 M

 2
02

0
Q

ua
ra

nt
in

ed
 

ho
us

eh
ol

ds
G

er
m

an
y

St
ud

y 
of

 4
3 

ad
ul

ts
 a

nd
 

15
 c

hi
ld

re
n 

liv
in

g 
in

 2
1 

ho
us

eh
ol

ds
; a

ir 
(a

lso
 

su
rfa

ce
 a

nd
 w

as
te

w
at

er
) 

sa
m

pl
es

 ta
ke

n.

Ai
r s

am
pl

es
 o

bt
ai

ne
d 

us
in

g 
Co

rio
lis

 M
icr

o-
Ai

r s
am

pl
er

; a
ir 

co
lle

ct
or

s 
w

er
e 

po
sit

io
ne

d 
in

 th
e 

m
id

dl
e 

of
 th

e 
ro

om
 u

se
d 

m
os

t 
fre

qu
en

tly
 b

y 
th

e 
re

sid
en

ts
 (u

su
al

ly 
th

e 
liv

in
g 

ro
om

 o
r k

itc
he

n)
 - 

no
 ro

om
s 

ha
d 

ve
nt

ila
tio

n 
eq

ui
pm

en
t. 

Cl
os

e 
co

nt
ac

t t
o 

th
e 

ai
r s

am
pl

er
 

w
as

 a
vo

id
ed

 (e
.g

. s
pe

ak
in

g 
in

 a
 ra

ng
e 

be
lo

w
 

2 
m

 b
ut

 n
ot

 a
bo

ve
 3

 m
). 

0/
15

 
In

fe
ct

io
us

 v
iru

s 
co

ul
d 

no
t b

e 
iso

la
te

d 
in

 
Ve

ro
 E

6 
ce

lls
 fr

om
 a

ny
 

en
vir

on
m

en
ta

l s
am

pl
e.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

 
26

 o
f a

ll 
43

 te
st

ed
 a

du
lts

 w
er

e 
po

sit
ive

 b
y 

RT
-P

CR
.  

10
 o

f 6
6 

w
as

te
w

at
er

 s
am

pl
es

 a
nd

 
4/

11
9 

su
rfa

ce
 s

w
ab

 s
am

pl
es

 w
er

e 
po

sit
ive

 fo
r S

AR
S-

Co
V-

2

Page 7 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://www.nature.com/articles/s41467-020-16670-2
https://doi.org/10.1016/j.envint.2020.106255
https://www.mattioli1885journals.com/index.php/lamedicinadellavoro/article/view/9991
https://doi.org/10.1093/cid/ciaa1270
https://doi.org/10.1371/journal.pone.0235943
http://medrxiv.org/lookup/doi/10.1101/2020.04.03.20052175
https://doi.org/10.1101/2020.05.28.20114041


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

D
um

on
t-

Le
bl

on
d 

N
 2

02
0

H
os

pi
ta

l
Ca

na
da

Ai
r s

am
pl

in
g 

in
 a

cu
te

 
ca

re
 h

os
pi

ta
l r

oo
m

s 
ov

er
 

th
e 

co
ur

se
 o

f n
ea

rly
 tw

o 
m

on
th

s

10
0 

ai
r s

am
pl

es
 in

 a
cu

te
 c

ar
e 

ho
sp

ita
l r

oo
m

s 
ho

st
in

g 
22

 p
at

ie
nt

s 
us

in
g 

th
re

e 
di

ffe
re

nt
 a

ir 
sa

m
pl

in
g 

pr
ot

oc
ol

s. 
Tw

o 
co

nd
uc

tiv
e 

pl
as

tic
 

In
st

itu
te

 o
f O

cc
up

at
io

na
l M

ed
ici

ne
 (I

O
M

) 
sa

m
pl

er
s 

w
ith

 3
 µ

m
 g

el
at

in
e 

fil
te

rs
 o

r o
ne

 
IO

M
 a

nd
 a

 3
7 

m
m

 c
as

se
tte

 w
ith

 0
.8

 µ
m

 
po

lyc
ar

bo
na

te
 fi

lte
rs

.

11
/1

00
 fr

om
 6

 p
at

ie
nt

 
ro

om
s

Vi
ra

l c
ul

tu
re

s 
w

er
e 

ne
ga

tiv
e

Am
on

g 
11

 p
os

iti
ve

s 
fo

r N
 

ge
ne

 ta
rg

et
, C

t r
an

ge
d 

fro
m

 
36

.4
6 

to
 3

9.
8,

 m
ea

n 
37

.9
9.

 
Am

on
g 

8 
po

sit
ive

s 
fo

r O
RF

1b
 

ta
rg

et
, C

t r
an

ge
d 

fro
m

 3
2.

07
 

to
 3

5.
15

, m
ea

n 
33

.6
9 

Am
on

g 
th

e 
8 

po
sit

ive
 fo

r 
bo

th
 N

 a
nd

 O
rf1

b,
 v

ira
l 

co
nc

en
tra

tio
ns

 ra
ng

ed
 fr

om
 

9.
86

 to
 5

14
.1

7,
 m

ea
n 

20
1.

64
 

ge
no

m
es

 /m
3  

N
R

Ev
en

 w
he

n 
th

e 
IO

M
 a

nd
 c

as
se

tte
 

w
er

e 
po

sit
ive

 (p
at

ie
nt

 D
), 

SA
RS

-
Co

V-
2 

co
ul

d 
no

t b
e 

re
co

ve
re

d 
in

 th
e 

ai
r u

sin
g 

th
e 

SA
SS

®
31

00
 

ac
co

rd
in

g 
to

 th
e 

pr
ot

oc
ol

. 7
/1

1 
po

sit
ive

 a
ir 

sa
m

pl
es

 c
ol

le
ct

ed
 

us
in

g 
IO

M
s. 

W
he

n 
bo

th
 IO

M
s 

an
d 

ca
ss

et
te

s 
w

er
e 

us
ed

 , 
ca

ss
et

te
s 

le
ad

 to
 p

os
iti

ve
 re

su
lts

 m
or

e 
of

te
n 

th
an

 IO
M

s 
(5

/5
 v

s. 
3/

5)
 a

nd
 h

ig
he

r 
co

nc
en

tra
tio

ns
 o

ve
ra

ll. 
“N

o 
liv

e 
vir

us
 w

as
 is

ol
at

ed
 fr

om
 a

ir 
sa

m
pl

es
, 

ei
th

er
 d

ue
 to

 v
ira

l i
na

ct
iva

tio
n 

th
ro

ug
h 

th
e 

sa
m

pl
in

g 
pr

oc
es

s 
or

 th
e 

tr
ue

 a
bs

en
ce

 o
f w

ho
le

, 
in

fe
ct

io
us

 v
iri

on
s.”

Fa
ri

di
 S

 2
02

0
H

os
pi

ta
l

Ira
n

Ai
r s

am
pl

in
g 

in
 w

ar
ds

 
of

 C
ov

id
-1

9 
pa

tie
nt

s 
w

ith
 s

ev
er

e 
an

d 
cr

iti
ca

l 
sy

m
pt

om
s.

10
 a

ir 
sa

m
pl

es
 w

er
e 

co
lle

ct
ed

 in
to

 th
e 

st
er

ile
 

st
an

da
rd

 m
id

ge
t i

m
pi

ng
er

s 
co

nt
ai

ni
ng

 2
0 

m
L 

DM
EM

 w
ith

 1
00

 μ
g/

m
L 

st
re

pt
om

yc
in

, 
10

0 
U

/m
L 

pe
ni

cil
lin

 a
nd

 1
%

 a
nt

ifo
am

 
re

ag
en

t f
or

 1
 h

. A
ir 

sa
m

pl
er

s 
pl

ac
ed

 1
.5

 to
 

1.
8 

m
 a

bo
ve

 th
e 

flo
or

 a
nd

 a
pp

ro
xi

m
at

el
y 

2 
to

 5
 m

 a
w

ay
 fr

om
 th

e 
pa

tie
nt

s’ 
be

ds
. 

So
m

e 
pa

tie
nt

s 
co

ug
he

d 
du

rin
g 

th
e 

sa
m

pl
e 

co
lle

ct
io

n.
 

0/
10

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
. 

Ai
r s

am
pl

es
 w

hi
ch

 w
er

e 
co

lle
ct

ed
 2

 
to

 5
 m

 fr
om

 th
e 

pa
tie

nt
s’ 

be
ds

 

Fe
ng

 B
 2

02
0

H
os

pi
ta

l
Ch

in
a

En
vir

on
m

en
ta

l 
co

nt
am

in
at

io
n 

in
ve

st
ig

at
ed

 a
ro

un
d 

21
 

CO
VI

D-
19

 p
at

ie
nt

s 
in

 th
e 

la
te

r s
ta

ge
 o

f i
nf

ec
tio

n

Fo
r s

am
pl

in
g 

of
 is

ol
at

io
n 

ro
om

 a
ir,

 a
 N

IO
SH

 
sa

m
pl

er
 w

as
 p

la
ce

d 
on

 a
 tr

ip
od

 1
.2

 m
 in

 
he

ig
ht

 a
nd

 0
.2

 m
 a

w
ay

 fr
om

 th
e 

be
d 

at
 th

e 
sid

e 
of

 th
e 

pa
tie

nt
’s 

he
ad

. T
he

 s
am

pl
in

g 
du

ra
tio

n 
w

as
 3

0 
m

in
, a

nd
 a

 to
ta

l o
f 1

05
-L

 
ro

om
 a

ir 
w

as
 s

am
pl

ed
. (

9 
Ex

ha
le

d 
Br

ea
th

 
(E

B)
 s

am
pl

es
, 8

 E
xh

al
ed

 B
re

at
h 

Co
nd

en
sa

te
 

(E
BC

) s
am

pl
es

, 1
2 

be
ds

id
e 

ai
r s

am
pl

es
)

0/
14

 E
B 

2/
8 

EB
C 

1/
12

 ro
om

 a
ir

N
ot

 a
tte

m
pt

ed
.

RN
A 

de
te

ct
ed

 in
 a

ir 
sa

m
pl

e,
 

w
ith

 v
iru

s 
co

nc
en

tra
tio

ns
 

of
 1

11
1 

co
pi

es
/m

3  a
nd

 7
44

 
co

pi
es

/m
3  i

n 
th

e 
<1

 μ
m

 a
nd

 
>4

 μ
m

 fr
ac

tio
ns

, r
es

pe
ct

ive
ly

RN
A 

de
te

ct
ed

 in
 a

ir 
sa

m
pl

e 
in

 <
1 

μm
 a

nd
 

>4
 μ

m
 fr

ac
tio

ns
, 

An
 e

xh
al

ed
 a

er
os

ol
 c

ol
le

ct
io

n 
sy

st
em

 w
as

 d
ev

el
op

ed
 a

nd
 th

e 
pa

tie
nt

s 
w

er
e 

as
ke

d 
to

 b
re

at
he

 
no

rm
al

ly 
th

ro
ug

h 
a 

m
as

k 
fo

r 3
0 

m
in

, a
nd

 a
sk

ed
 to

 p
er

fo
rm

 1
0 

fo
rc

ed
 c

ou
gh

s 
du

rin
g 

th
is 

tim
e.

G
e 

XY
 2

02
0

H
os

pi
ta

l
Ch

in
a 

En
vir

on
m

en
ta

; a
ir 

sa
m

pl
es

 fr
om

 6
 d

iff
er

en
t 

sit
es

 o
f 3

 h
os

pi
ta

ls

Ai
r s

am
pl

es
 w

er
e 

co
lle

ct
ed

 fo
r 3

0 
m

in
 u

sin
g 

th
e 

N
at

io
na

l I
ns

tit
ut

e 
fo

r O
cc

up
at

io
na

l 
Sa

fe
ty

 a
nd

 H
ea

lth
 (N

IO
SH

) b
io

ae
ro

so
l 

sa
m

pl
er

 (B
C2

51
) w

ith
 a

ir 
pu

m
ps

 (X
R5

00
0,

 
SK

C)
. T

he
 s

tre
am

 o
f a

ir 
ha

s 
be

en
 s

et
 to

 3
.5

 
L 

/ m
in

ut
e.

 

IC
U

 3
/3

 
H

ae
m

od
ya

lys
is 

cli
ni

c 
0/

12
 

fe
ve

r c
lin

ic 
0/

12
 

re
sp

ira
to

ry
 w

ar
d 

0/
6

N
ot

 a
tte

m
pt

ed
.

IC
U

: C
t 3

6.
5 

- 3
7.

8
N

R

G
ün

th
er

 T
 2

02
0

M
ea

t P
ro

ce
ss

in
g 

Pl
an

t 
G

er
m

an
y

St
aff

 te
st

ed
 b

as
ed

 o
n 

se
lf‐

re
po

rt
ed

 s
ym

pt
om

s, 
po

ss
ib

le
 c

on
ta

ct
s 

to
 

ot
he

r i
nf

ec
te

d 
pe

rs
on

s, 
re

tu
rn

in
g 

to
 w

or
k 

af
te

r 
m

or
e 

th
an

 9
6 

h 
ab

se
nc

e 
fro

m
 w

or
k

Ei
gh

t a
ir 

co
nd

iti
on

in
g 

un
its

 p
la

ce
d 

ne
ar

 
th

e 
ce

ilin
g 

in
 th

e 
pr

ox
im

al
 h

al
f o

f t
he

 ro
om

 
co

ns
ta

nt
ly 

co
ol

 th
e 

ai
r. 

Fa
ns

 p
ro

je
ct

 th
e 

ai
r i

n 
a 

la
te

ra
l d

ire
ct

io
n,

 e
ith

er
 d

ire
ct

ly 
fro

m
 fr

on
ta

l 
op

en
in

gs
 in

 th
e 

un
it 

or
 v

ia
 p

er
fo

ra
te

d 
ho

se
s 

m
ou

nt
ed

 u
nd

er
ne

at
h 

th
e 

ce
ilin

g

N
ot

 a
tte

m
pt

ed
 

N
ot

 a
tte

m
pt

ed
.

N
/A

. 
N

/A
. 

Lo
w

 te
m

pe
ra

tu
re

, l
ow

 a
ir 

ex
ch

an
ge

 ra
te

s, 
an

d 
co

ns
ta

nt
 

ai
r r

ec
irc

ul
at

io
n,

 to
ge

th
er

 w
ith

 
re

la
tiv

el
y 

clo
se

 d
ist

an
ce

 b
et

w
ee

n 
w

or
ke

rs
 a

nd
 d

em
an

di
ng

 p
hy

sic
al

 
w

or
k,

 m
ay

 h
av

e 
pr

om
ot

ed
 e

ffi
cie

nt
 

ae
ro

so
l t

ra
ns

m
iss

io
n.

G
uo

 Z
D

 2
02

0
H

os
pi

ta
l

Ch
in

a
Ai

r (
an

d 
su

rfa
ce

) s
am

pl
es

 
of

 IC
U

 a
nd

 C
ov

id
-1

9 
w

ar
ds

.

In
do

or
 a

ir 
an

d 
th

e 
ai

r o
ut

le
ts

 w
er

e 
sa

m
pl

ed
 

to
 d

et
ec

t a
er

os
ol

 e
xp

os
ur

e.
 A

ir 
sa

m
pl

es
 

w
er

e 
co

lle
ct

ed
 b

y 
us

in
g 

a 
SA

SS
 2

30
0 

W
et

te
d 

W
al

l C
yc

lo
ne

 S
am

pl
er

 a
t 3

00
 L

/m
in

 fo
r 3

0 
m

in
. S

am
pl

es
 w

er
e 

te
st

ed
 fo

r t
he

 o
pe

n 
re

ad
in

g 
fra

m
e 

1a
b 

an
d 

nu
cle

op
ro

te
in

 (N
) 

ge
ne

s 
of

 S
AR

S-
Co

V-
2 

by
 q

RT
- P

CR

AI
r s

am
pl

es
:  

14
/4

0 
IC

U
* 

2/
16

 G
en

er
al

 W
ar

d 
 

Ai
r o

ut
le

t s
w

ab
 s

am
pl

es
: 

8/
12

 fo
r I

CU
s 

 
1/

12
 fo

r G
W

s. 

N
ot

 a
tte

m
pt

ed
.

In
do

or
 a

ir 
ne

ar
 th

e 
ai

r o
ut

le
t: 

Ct
 3

5.
7,

 3
.8

/L
 

In
do

or
 a

ir 
ne

ar
 th

e 
pa

tie
nt

s: 
Ct

 4
4.

4.
 1

.4
/L

 
In

do
or

 a
ir 

ne
ar

 th
e 

do
ct

or
’s’

 
offi

ce
 a

re
a:

 C
t 1

2.
5 

0.
52

/L

N
R

*I
CU

 h
ig

h-
ris

k 
ar

ea
 w

as
 th

e 
pa

tie
nt

 
ca

re
 a

nd
 tr

ea
tm

en
t a

re
a,

 w
he

re
 

ra
te

 o
f p

os
iti

vit
y 

w
as

 4
0.

6%
 (1

3/
32

). 
Th

e 
lo

w
-r

isk
 a

re
a 

w
as

 th
e 

do
ct

or
’s’

 
offi

ce
 a

re
a,

 w
he

re
 ra

te
 o

f p
os

iti
vit

y 
w

as
 1

2.
5%

 (1
/8

).

H
am

ne
r L

 2
02

0 
an

d 
M

ill
er

 S
L 

20
20

Ch
oi

r P
ra

ct
ice

U
SA

Fo
llo

w
 u

p 
of

 c
ho

ir 
pr

ac
tic

e 
at

te
nd

ee
s 

In
 to

ta
l, 

78
 m

em
be

rs
 a

tte
nd

ed
 th

e 
3r

d 
M

ar
ch

 2
02

0 
pr

ac
tic

e,
 a

nd
 6

1 
at

te
nd

ed
 

th
e 

10
th

 M
ar

ch
 2

02
0 

pr
ac

tic
e.

 O
ve

ra
ll, 

51
 

(6
5.

4%
) o

f t
he

 3
rd

 M
ar

ch
 p

ra
ct

ice
 a

tte
nd

ee
s 

be
ca

m
e 

ill;
 a

ll 
bu

t o
ne

 o
f t

he
se

 p
er

so
ns

 a
lso

 
at

te
nd

ed
 th

e 
10

th
 M

ar
ch

 p
ra

ct
ice

. A
m

on
g 

60
 a

tte
nd

ee
s 

at
 th

e 
10

th
 M

ar
ch

 p
ra

ct
ice

 
(e

xc
lu

di
ng

 th
e 

pa
tie

nt
 w

ho
 b

ec
am

e 
ill 

7t
h 

M
ar

ch
, w

ho
 a

lso
 a

tte
nd

ed
), 

52
 (8

6.
7%

) c
ho

ir 
m

em
be

rs
 s

ub
se

qu
en

tly
 b

ec
am

e 
ill.

 3
2 

w
er

e 
co

nfi
rm

ed
 a

nd
 2

0 
pr

ob
ab

le
 s

ec
on

da
ry

 
CO

VI
D-

19
 c

as
es

 o
cc

ur
re

d.

N
ot

 a
tte

m
pt

ed
.

N
ot

 a
tte

m
pt

ed
.

N
/A

N
/A

At
te

nd
ee

s 
ha

d 
a 

15
-m

in
ut

e 
br

ea
k,

 d
ur

in
g 

w
hi

ch
 c

oo
ki

es
 a

nd
 

or
an

ge
s 

w
er

e 
av

ai
la

bl
e 

at
 th

e 
ba

ck
 o

f t
he

 la
rg

e 
ro

om
. N

o 
on

e 
re

po
rt

ed
 p

hy
sic

al
 c

on
ta

ct
 b

et
w

ee
n 

at
te

nd
ee

s. 
Th

e 
se

at
in

g 
ch

ar
t w

as
 

no
t r

ep
or

te
d 

be
ca

us
e 

of
 c

on
ce

rn
s 

ab
ou

t p
at

ie
nt

 p
riv

ac
y. 

O
ne

 h
ou

r o
f 

th
e 

pr
ac

tic
e 

oc
cu

rr
in

g 
ou

ts
id

e 
of

 
th

e 
se

at
in

g 
ar

ra
ng

em
en

t, 

Page 8 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7734095/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7734095/
https://www.sciencedirect.com/science/article/abs/pii/S0048969720319148?via%3Dihub
https://doi.org/10.1016/j.jhazmat.2020.123771
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7375302/
https://doi.org/10.15252/emmm.202013296
https://wwwnc.cdc.gov/eid/article/26/7/20-0885_article
https://onlinelibrary.wiley.com/servlet/linkout?suffix=null&dbid=8&doi=10.1002/rmv.2184&key=32407303
https://onlinelibrary.wiley.com/servlet/linkout?suffix=null&dbid=8&doi=10.1002/rmv.2184&key=32407303
https://www.sciencedirect.com/science/article/abs/pii/S0048969720319148?via=ihub


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

H
er

ná
nd

ez
 JL

 2
02

0
H

os
pi

ta
l

M
ex

ico
Ai

r s
am

pl
es

 o
f 

Em
er

ge
nc

y 
ar

ea
s 

an
d 

Co
vid

-1
9 

pa
tie

nt
s 

ro
om

s.

Ai
r s

am
pl

ed
 in

 th
re

e 
ar

ea
s: 

Em
er

ge
nc

y 
ar

ea
 

(C
lin

ic 
A)

, I
nt

er
na

l m
ed

ici
ne

 (C
lin

ic 
A)

, C
O

VI
D 

19
 p

at
ie

nt
 a

re
a 

(C
lin

ic 
A)

, a
nd

 C
O

VI
D-

19
 

pa
tie

nt
s 

ca
re

 ro
om

 (C
lin

ic 
B)

. S
am

pl
in

g 
in

 
al

l a
re

as
 w

as
 a

cc
om

pl
ish

ed
 in

 3
 h

. F
ilt

er
s 

of
 

25
 m

m
 d

ia
m

et
er

 w
ith

 0
.2

2 
μm

 p
or

es
 w

er
e 

ut
iliz

ed
 (M

illi
po

re
, A

AW
P0

25
00

), 
pl

ac
ed

 in
 a

 
st

er
iliz

ed
 fi

lte
r h

ol
de

r (
M

illi
po

re
, S

W
IN

N
X)

 
co

up
le

d 
to

 a
 v

ac
uu

m
 s

ys
te

m
 th

ro
ug

h 
a 

pr
ev

io
us

ly 
di

sin
fe

ct
ed

 p
la

st
ic 

ho
se

, fi
lte

rin
g 

th
e 

ai
r w

ith
 a

 fl
ow

 o
f 9

.6
 L

/m
in

 in
 e

ac
h 

fil
te

r 
ho

ld
er

.

3/
15

 
N

ot
 a

tte
m

pt
ed

.
N

ot
 re

po
rt

ed
fil

tra
tio

n 
th

ro
ug

h 
0.

22
 

μm
 p

or
es

.
Al

l t
hr

ee
 p

os
iti

ve
 s

am
pl

es
 w

er
e 

in
 

CO
VI

D 
19

 p
at

ie
nt

 a
re

a 
(C

lin
ic 

A)

H
or

ve
 P

F 
20

20
H

os
pi

ta
l

U
SA

Ai
r h

an
dl

in
g 

un
its

 (A
H

U
s)

 
sa

m
pl

ed
, i

nc
lu

di
ng

 th
e 

pr
e-

fil
te

rs
, fi

na
l fi

lte
rs

, 
an

d 
su

pp
ly 

ai
r d

am
pe

rs
.

Sa
m

pl
es

 w
er

e 
co

lle
ct

ed
 u

sin
g 

Pu
rit

an
 

Pu
rF

lo
ck

 U
ltr

a 
sw

ab
s 

an
d 

sw
ab

s 
w

er
e 

ta
ke

n 
in

 tr
ip

lic
at

e 
at

 e
ac

h 
AH

U
 lo

ca
tio

n 
fro

m
 th

e 
le

ft,
 m

id
dl

e,
 a

nd
 ri

gh
t s

id
e 

of
 e

ac
h 

ar
ea

 a
lo

ng
 th

e 
pa

th
 o

f a
irfl

ow
. S

w
ab

s 
w

er
e 

pr
e-

m
oi

st
en

ed
 u

sin
g 

vir
al

 tr
an

sp
or

t m
ed

ia
. 

Sw
ab

bi
ng

 o
cc

ur
re

d 
fo

r 2
0 

se
co

nd
s 

on
 a

n 
ar

ea
 a

pp
ro

xi
m

at
el

y 
20

 X
 3

0 
cm

 a
t e

ac
h 

lo
ca

tio
n 

an
d 

sw
ab

s 
w

er
e 

im
m

ed
ia

te
ly 

pl
ac

ed
 

in
to

 1
5 

m
L 

co
ni

ca
l t

ub
es

 (C
ol

e-
Pa

rm
er

, 
ca

ta
lo

g 
#U

X-
06

33
6-

89
) c

on
ta

in
in

g 
1.

5 
m

L 
vir

al
 tr

an
sp

or
t m

ed
ia

 a
nd

 s
to

re
d 

on
 ic

e 
fo

r t
ra

ns
po

rt
 to

 a
 B

SL
-2

 la
bo

ra
to

ry
 w

ith
 

en
ha

nc
ed

 p
re

ca
ut

io
ns

 (B
SL

2+
) l

ab
 fo

r 
pr

oc
es

sin
g,

 w
hi

ch
 ty

pi
ca

lly
 o

cc
ur

re
d 

w
ith

in
 

tw
o 

ho
ur

s 
af

te
r c

ol
le

ct
io

n.
 

14
/5

6 
s 

N
ot

 a
tte

m
pt

ed
.

Th
e 

hi
gh

es
t a

bu
nd

an
ce

 
sa

m
pl

e 
(~

24
5 

ge
ne

 c
op

ie
s)

 
w

as
 fo

un
d 

on
 th

e 
pr

e-
fil

te
rs

, 
w

he
re

 o
ut

sid
e 

ai
r m

ix
es

 w
ith

 
re

cir
cu

la
te

d 
bu

ild
in

g 
ai

r. 
[O

th
er

 c
op

y 
nu

m
be

r d
at

a 
no

t 
fo

un
d 

in
 re

po
rt

.]

N
R

H
ig

he
st

 a
bu

nd
an

ce
 s

am
pl

e 
(~

24
5 

ge
ne

 c
op

ie
s)

 w
as

 fo
un

d 
on

 th
e 

pr
e-

fil
te

rs
, w

he
re

 o
ut

sid
e 

ai
r m

ix
es

 w
ith

 
re

cir
cu

la
te

d 
bu

ild
in

g 
ai

r. 
O

f t
he

 
sa

m
pl

es
 c

ol
le

ct
ed

, 3
5%

 (7
/2

0)
 o

f 
sa

m
pl

es
 a

t t
he

 p
re

-fi
lte

rs
, 1

6.
67

%
 

(2
/1

2)
 o

f s
am

pl
es

 a
t t

he
 fi

na
l fi

lte
r, 

an
d 

20
.8

%
 (5

/2
4)

 o
f s

am
pl

es
 a

t 
th

e 
su

pp
ly 

ai
r d

am
pe

rs
 c

on
ta

in
ed

 
de

te
ct

ab
le

 S
AR

S1
61

 C
oV

-2
 R

N
A

H
u 

J 2
02

0
H

os
pi

ta
l

Ch
in

a
In

do
or

 a
nd

 o
ut

do
or

 a
ir 

sa
m

pl
es

 in
 IC

U
s 

an
d 

CT
 

ro
om

s 

Ae
ro

so
l s

am
pl

es
 w

er
e 

co
lle

ct
ed

 o
ve

r 3
0 

m
in

 in
te

rv
al

s 
w

ith
 th

e 
us

e 
of

 a
 c

en
tr

ifu
ga

l 
ae

ro
so

l-t
o-

hy
dr

os
ol

 s
am

pl
er

 (W
A-

40
0,

 
Be

ijin
g 

Di
ng

bl
ue

 T
ec

hn
ol

og
y 

Co
., 

Lt
d.

, 
Ch

in
a)

. T
w

en
ty

-th
re

e 
m

as
ks

 fr
om

 p
at

ie
nt

s 
an

d 
24

 s
w

ab
s 

fro
m

 s
ur

fa
ce

s 
in

 IC
U

s 
w

er
e 

al
so

 c
ol

le
ct

ed
 a

nd
 a

na
lyz

ed
. T

en
 3

M
TM

 
Ve

rs
afl

oTM
 T

R-
60

0 
re

sp
ira

to
r fi

lte
rs

 a
nd

 4
0 

m
as

ks
 fr

om
 h

ea
lth

y 
w

or
ke

rs
 in

 th
e 

P3
 la

b 
of

 
W

uh
an

 In
st

itu
te

 o
f V

iro
lo

gy
 w

er
e 

co
lle

ct
ed

 
fo

r v
ira

l R
N

A 
de

te
ct

io
n.

 T
he

 a
irfl

ow
 ra

te
 o

f 
th

e 
re

sp
ira

to
ry

 fi
lte

rs
 w

as
 1

90
 L

/m
in

 a
nd

 
th

e 
su

rfa
ce

 a
re

a 
w

as
 ~

30
 c

m
2.

 A
ll 

vir
al

 R
N

A 
po

sit
ive

 a
er

os
ol

 s
am

pl
es

 w
er

e 
su

bj
ec

te
d 

to
 c

el
l c

ul
tu

re
. A

ll 
vir

al
 R

N
A 

po
sit

ive
 a

er
os

ol
 

sa
m

pl
es

 w
er

e 
su

bj
ec

te
d 

to
 c

el
l c

ul
tu

re
 to

 
de

te
rm

in
e 

w
he

th
er

 v
ia

bl
e 

vir
us

 c
ou

ld
 b

e 
re

co
ve

re
d 

fro
m

 th
em

.

Ae
ro

so
l s

am
pl

es
  

8/
38

 fr
om

 IC
U

s 
 

1/
6 

fro
m

 C
T 

ro
om

s 
 

sa
m

pl
es

 fr
om

 m
ed

ica
l 

st
aff

 re
st

 a
re

as
 a

nd
 

co
rr

id
or

s, 
w

er
e 

al
l n

eg
at

ive
 

(d
en

om
in

at
or

 n
ot

 c
le

ar
)

Al
l p

os
iti

ve
 a

er
os

ol
 

sa
m

pl
es

 w
er

e 
ne

ga
tiv

e 
af

te
r t

hr
ee

 p
as

sa
ge

s 
of

 
Ve

ro
-E

6 
ce

lls
 in

oc
ul

at
ed

 
in

 a
 b

lin
d 

te
st

. 

Th
e 

ra
ng

e 
of

 v
iru

s 
co

nc
en

tra
tio

ns
 in

 th
e 

po
sit

ive
 

ae
ro

so
l s

am
pl

es
 w

as
 1

.1
1 

× 
10

3  t
o 

1.
12

 ×
 1

04
 R

N
A 

co
pi

es
 m

3  .
 In

 1
0%

 o
f t

he
 

ou
td

oo
r a

ir 
sa

m
pl

es
 c

ol
le

ct
ed

 
10

 m
 fr

om
 th

e 
do

or
s 

of
 

in
pa

tie
nt

 a
nd

 o
ut

pa
tie

nt
 

bu
ild

in
gs

, r
es

pe
ct

ive
ly,

 v
ira

l 
co

nc
en

tra
tio

ns
 ra

ng
ed

 
fro

m
 0

.8
9 

to
 1

.6
5 

× 
10

3  R
N

A 
co

pi
es

 m
3 .

N
R

5 
su

rfa
ce

 s
w

ab
s 

(c
ab

in
et

, p
at

ie
nt

’s 
be

d 
ra

il, 
do

or
 h

an
dl

e,
 a

nd
 p

at
ie

nt
 

m
on

ito
r) 

ou
t o

f 2
4 

fro
m

 th
e 

IC
U

 
w

er
e 

po
sit

ive
 fo

r S
AR

S-
Co

V-
2,

 
w

ith
 v

ira
l R

N
A.

 A
fte

r r
ig

or
ou

s 
di

sin
fe

ct
io

n,
 n

o 
vir

al
 R

N
A 

w
as

 
de

te
ct

ed
 in

 a
 s

ec
on

d 
ba

tc
h 

sa
m

pl
es

 fr
om

 th
e 

sa
m

e 
pl

ac
es

. 
Po

sit
ive

 ra
te

s 
fo

r t
he

 m
as

k 
sa

m
pl

es
 

w
er

e 
re

la
tiv

el
y 

hi
gh

 c
om

pa
re

d 
w

ith
 

th
e 

ae
ro

so
l o

r s
ur

fa
ce

 s
am

pl
es

. 
Al

l p
os

iti
ve

 m
as

ks
 w

er
e 

su
bj

ec
te

d 
to

 c
el

l c
ul

tu
re

 a
nd

 in
oc

ul
at

ed
 w

ith
 

Ve
ro

-E
6 

ce
lls

 a
fte

r b
lin

d 
pa

ss
ag

e 
fo

r t
hr

ee
 g

en
er

at
io

ns
. O

ne
 m

as
k 

fro
m

 a
 c

rit
ica

lly
 il

l p
at

ie
nt

 d
et

ec
te

d 
po

sit
ive

.

Jia
ng

 Y
 2

02
0

H
os

pi
ta

l
Ch

in
a

In
do

or
 a

ir 
sa

m
pl

es
 fr

om
 

Co
vid

-1
9 

iso
la

tio
n 

w
ar

d
Ai

r w
as

 c
ol

le
ct

ed
 b

y 
tw

o 
m

et
ho

ds
: n

at
ur

al
 

se
di

m
en

ta
tio

n 
an

d 
a 

m
icr

ob
ia

l a
ir 

sa
m

pl
er

 
(M

AS
-1

00
 E

CO
), 

fo
r w

hi
ch

 th
e 

st
re

am
 o

f a
ir 

w
as

 s
et

 to
 e

xa
ct

ly 
10

0 
lit

er
s/

m
in

ut
e 

(M
er

ck
, 

G
er

m
an

y)
.

1/
28

 a
ir 

sa
m

pl
es

 
N

ot
 a

tte
m

pt
ed

.
N

ot
 re

po
rt

ed
 

N
R

Th
e 

iso
la

tio
n 

w
ar

d 
w

ith
 a

n 
IC

U
 

pa
tie

nt
 w

as
 p

os
iti

ve
. B

as
ed

 o
n 

th
e 

or
ig

in
al

 2
4 

ho
ur

s 
of

 U
V 

ai
r 

fil
te

rin
g 

an
d 

10
00

-2
00

0 
m

g/
L 

ch
lo

rin
e-

co
nt

ai
ni

ng
 d

isi
nf

ec
ta

nt
 fo

r 
am

bi
en

t a
ir 

an
d 

flo
or

 d
isi

nf
ec

tio
n,

 
th

e 
fre

qu
en

cie
s 

an
d 

du
ra

tio
n 

tim
es

 
of

 a
ir 

di
sin

fe
ct

an
ts

 w
er

e 
ex

te
nd

ed
. 

Ke
y 

su
rfa

ce
s 

su
ch

 a
s 

co
m

pu
te

r 
ke

yb
oa

rd
s 

ea
sil

y 
ov

er
lo

ok
ed

 
w

er
e 

cle
ar

ly 
no

te
d 

an
d 

ca
re

fu
lly

 
di

sin
fe

ct
ed

. T
he

 s
am

pl
es

 fr
om

 th
e 

po
sit

ive
 a

re
a 

an
d 

in
do

or
 a

ir 
w

er
e 

co
lle

ct
ed

 2
4 

ho
ur

s 
la

te
r, 

an
d 

th
e 

te
st

 re
su

lts
 w

er
e 

ne
ga

tiv
e.

 

Jin
 T

 2
02

0
H

os
pi

ta
l

Ch
in

a
Ai

r a
nd

 s
ur

fa
ce

 s
am

pl
es

 
of

 IC
U

 o
f o

ne
 C

ov
id

-1
9 

pa
tie

nt
.

Tw
o 

ho
ur

s 
af

te
r r

ou
tin

e 
cle

an
in

g,
 h

ig
h-

vo
lu

m
e 

ai
r s

am
pl

es
 w

er
e 

ta
ke

n 
0.

5m
 fr

om
 

th
e 

pa
tie

nt
 b

ed
 a

nd
 in

 th
e 

st
aff

 P
PE

 d
re

ss
in

g 
ro

om
, u

sin
g 

a 
W

A 
40

0 
Po

rt
ab

le
 v

ira
l a

er
os

ol
 

sa
m

pl
er

 a
t 4

00
 L

/m
in

 fo
r 1

5 
m

in
 a

t 1
.5

m
 

he
ig

ht
, w

hi
le

 th
e 

pa
tie

nt
 w

as
 p

re
se

nt
 a

nd
 

w
as

 n
ot

 w
ea

rin
g 

a 
m

as
k.

Ai
r s

am
pl

e:
 

0/
1 

st
aff

 P
PE

 d
re

ss
in

g 
ro

om
  

1/
1 

IC
U

 p
at

ie
nt

 is
ol

at
io

n 
ro

om
 

N
ot

 a
tte

m
pt

ed
.

N
ot

 re
po

rt
ed

N
R

Al
l s

ur
fa

ce
 s

am
pl

es
 te

st
ed

 
ne

ga
tiv

e.
 T

he
 c

on
ce

nt
ra

tio
n 

of
 

ai
rb

or
ne

 S
AR

S-
Co

V-
2 

w
as

 n
ot

 
qu

an
tifi

ed
. T

he
 a

er
od

yn
am

ic 
siz

e 
di

st
rib

ut
io

n 
of

 S
AR

S-
Co

V-
2 

ae
ro

so
ls 

w
as

 n
ot

 e
va

lu
at

ed
.

Page 9 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.1016/j.ijid.2020.10.089
https://doi.org/10.1101/2020.06.26.20141085
https://academic.oup.com/nsr/advance-article/doi/10.1093/nsr/nwaa250/5912468
https://www.medrxiv.org/content/10.1101/2020.02.25.20028043v2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7428766/


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Ka
ng

 M
 2

02
0

Bl
oc

k 
of

 fl
at

s
Ch

in
a

Ai
r (

an
d 

su
rfa

ce
) 

sa
m

pl
in

g,
 a

nd
 

ex
pe

rim
en

ta
l a

ir 
flo

w
 

st
ud

y. 

Ai
r s

am
pl

es
 fr

om
 1

1 
of

 th
e 

83
 fl

at
s 

in
 

th
e 

bu
ild

in
g,

 p
ub

lic
 a

re
as

, a
nd

 b
ui

ld
in

g 
dr

ai
na

ge
 s

ys
te

m
s.I

nv
es

tig
at

ed
 g

as
 fl

ow
s 

an
d 

di
sp

er
sio

n 
as

 a
n 

in
di

ca
to

r o
f t

he
 m

ov
em

en
t 

of
 v

iru
s-

la
de

n 
dr

op
le

ts
 in

 th
e 

dr
ai

na
ge

 
sy

st
em

, t
ra

ce
r g

as
 (e

th
an

e)
 w

as
 re

le
as

ed
 

in
to

 b
at

hr
oo

m
s. 

Th
e 

hy
dr

au
lic

 in
te

ra
ct

io
ns

 
of

 to
ile

t w
as

te
w

at
er

 a
nd

 th
e 

st
ac

k 
w

er
e 

ob
se

rv
ed

. 

0/
11

 a
ir 

sa
m

pl
es

N
ot

 a
tte

m
pt

ed
.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

Vi
ru

s-
co

nt
ai

ni
ng

 fe
ca

l a
er

os
ol

s 
m

ay
 h

av
e 

be
en

 p
ro

du
ce

d 
du

rin
g 

to
ile

t fl
us

hi
ng

 b
y 

in
de

x 
ca

se
s. 

Th
e 

in
fe

ct
ed

 fa
m

ilie
s 

liv
ed

 in
 3

 
ve

rt
ica

lly
 a

lig
ne

d 
fla

ts
 c

on
ne

ct
ed

 
by

 d
ra

in
ag

e 
pi

pe
s 

in
 th

e 
m

as
te

r 
ba

th
ro

om
s. 

Th
er

e 
w

er
e 

9 
in

fe
ct

ed
 

pa
tie

nt
s, 

19
3 

ot
he

r r
es

id
en

ts
 o

f t
he

 
bu

ild
in

g,
 a

nd
 2

4 
m

em
be

rs
 o

f t
he

 
bu

ild
in

g’
s 

m
an

ag
em

en
t s

ta
ff.

Ke
na

rk
oo

hi
 A

 2
02

0
H

os
pi

ta
l

Ira
n

Ai
r s

am
pl

in
g 

th
ro

ug
h 

ho
sp

ita
l w

ar
ds

 in
do

or
 a

ir 
by

 c
on

fir
m

ed
 C

O
VI

D-
19

 
pa

tie
nt

s 
on

 7
th

 M
ay

 
20

20
.

A 
liq

ui
d 

im
pi

ng
er

 b
io

sa
m

pl
er

 c
al

ib
ra

te
d 

fo
r 

a 
flo

w
 ra

te
 o

f 1
2 

L.
m

in
−1

 a
t 1

.5
 m

 a
bo

ve
 

gr
ou

nd
 fl

oo
r a

nd
 a

t l
ea

st
 2

 m
 a

w
ay

 fr
om

 
th

e 
pa

tie
nt

 b
ed

s 
w

as
 u

se
d 

to
 ta

ke
 fo

ur
te

en
 

ai
r s

am
pl

es
 in

 d
iff

er
en

t w
ar

ds
 o

f t
he

 in
do

or
 

ai
r o

f t
he

 h
os

pi
ta

l: 
IC

U,
 IC

U
 e

nt
ra

nc
e 

ha
ll, 

ho
sp

ita
l e

nt
ra

nc
e 

ha
ll, 

la
bo

ra
to

ry
 w

ar
d,

 C
T 

sc
an

, r
ad

io
lo

gy
, m

en
 in

te
rn

al
 w

ar
d,

 w
om

an
 

in
te

rn
al

 w
ar

d 
an

d 
em

er
ge

nc
y 

w
ar

d.

2/
14

 a
ir 

sa
m

pl
es

 (b
ot

h 
in

 IC
U

) 
N

ot
 a

tte
m

pt
ed

.
Cy

cle
 th

re
sh

ol
d 

(C
T)

 v
al

ue
s 

w
er

e 
ar

ou
nd

 3
8 

an
d 

35
 fo

r 
O

RF
1a

b 
an

d 
nu

cle
op

ro
te

in
 

ge
ne

, r
es

pe
ct

ive
ly.

Th
e 

pa
rt

icu
la

te
 

m
at

te
r P

M
1,

 
PM

2.
5 

an
d 

PM
10

 
co

nc
en

tra
tio

ns
 d

ur
in

g 
th

e 
ai

r 
sa

m
pl

in
g 

in
 th

e 
ho

sp
ita

l w
ar

ds
 w

as
 

re
po

rt
ed

 b
ut

 n
o 

RN
A 

sa
m

pl
es

 

Tw
o 

of
 1

4 
ai

r s
am

pl
es

 c
on

ta
in

ed
 

SA
RS

-C
oV

-2
 R

N
A.

 D
ro

pl
et

 
vs

 a
irb

or
ne

 c
ou

ld
 n

ot
 b

e 
di

st
in

gu
ish

ed
.

Ki
m

 U
J 2

02
0

H
os

pi
ta

l
Ko

re
a

Su
rfa

ce
 a

nd
 a

ir 
sa

m
pl

in
g.

Th
e 

ro
om

s 
of

 8
 C

O
VI

D-
19

 p
at

ie
nt

s 
in

 
fo

ur
 h

os
pi

ta
ls.

 O
n 

da
ys

 0
, 3

, 5
, a

nd
 7

 o
f 

ho
sp

ita
liz

at
io

n,
 th

e 
su

rfa
ce

s 
in

 th
e 

ro
om

s 
an

d 
an

te
ro

om
s 

w
er

e 
sw

ab
be

d,
 a

nd
 a

ir 
sa

m
pl

es
 w

er
e 

co
lle

ct
ed

 2
 m

 fr
om

 th
e 

pa
tie

nt
 

an
d 

fro
m

 th
e 

an
te

ro
om

s. 

0/
52

 a
ir 

sa
m

pl
es

 p
os

iti
ve

 
fo

r S
AR

S-
Co

V-
2 

RN
A

N
ot

 a
tte

m
pt

ed
.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

Al
l 5

2 
ai

r s
am

pl
es

 fr
om

 8
 C

ov
id

-1
9 

pa
tie

nt
s’ 

ro
om

s 
w

er
e 

ne
ga

tiv
e 

fo
r S

AR
S-

Co
V-

2 
RN

A.
 S

ur
fa

ce
 

co
nt

am
in

at
io

n 
w

ith
 S

AR
S-

Co
V-

2 
RN

A 
w

as
 w

id
es

pr
ea

d;
 n

eg
at

ive
 

af
te

r d
isi

nf
ec

ta
nt

 c
le

an
in

g.

Kw
on

 K
S 

20
20

Co
m

m
un

ity
Ko

re
a

In
ve

st
ig

at
io

n 
w

as
 

im
pl

em
en

te
d 

ba
se

d 
on

 p
er

so
na

l i
nt

er
vie

w
s 

an
d 

da
ta

 c
ol

le
ct

io
n 

on
 

clo
se

d-
cir

cu
it 

te
le

vis
io

n 
im

ag
es

, a
nd

 c
el

l p
ho

ne
 

lo
ca

tio
n 

da
ta

. 

A 
to

ta
l o

f 3
9 

en
vir

on
m

en
ta

l s
am

pl
es

 o
f 

in
le

ts
 a

nd
 o

ut
le

ts
 o

f a
ir 

co
nd

iti
on

er
s, 

ta
bl

e 
se

at
 o

f c
as

e 
A,

 a
nd

 n
ea

rb
y 

ta
bl

es
 a

nd
 c

ha
irs

 
in

 c
on

sid
er

at
io

n 
of

 a
ir 

flo
w

 d
ire

ct
io

n 
w

er
e 

co
lle

ct
ed

 o
n 

Ju
ne

 2
3 

fo
r t

es
tin

g 
of

 S
AR

S-
Co

V-
2 

in
 th

e 
en

vir
on

m
en

t a
nd

 w
er

e 
an

al
yz

ed
 

by
 rR

T-
PC

R 
te

st
. A

ir 
sp

ee
d 

an
d 

di
re

ct
io

n 
at

 
se

ve
ra

l s
pe

cifi
ed

 p
os

iti
on

s 
w

er
e 

pr
ec

ise
ly 

m
ea

su
re

d 
us

in
g 

a 
po

rt
ab

le
 a

ne
m

om
et

er
 

0/
39

 p
os

iti
ve

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
M

ax
im

um
 a

ir 
flo

w
 v

el
oc

ity
 o

f 
1.

2 
m

/s
 w

as
 m

ea
su

re
d 

be
tw

ee
n 

th
e 

in
fe

ct
or

 a
nd

 in
fe

ct
ee

 in
 

a 
re

st
au

ra
nt

 e
qu

ip
pe

d 
w

ith
 

ce
ilin

g-
ty

pe
 a

ir 
co

nd
iti

on
er

s. 
En

vir
on

m
en

ta
l s

am
pl

es
 w

er
e 

co
lle

ct
ed

 a
t 1

1 
da

ys
 a

fte
r t

he
 

in
sp

ec
to

r v
isi

t.

Le
dn

ic
ky

 JA
 2

02
0a

H
os

pi
ta

l
U

SA
Ai

r s
am

pl
es

 c
ol

le
ct

ed
, 

an
d 

vir
us

 c
ul

tu
re

 
at

te
m

pt
ed

VI
VA

S 
ai

r s
am

pl
es

 fr
om

 th
e 

ro
om

 o
f t

w
o 

CO
VI

D-
19

 p
at

ie
nt

s 
w

er
e 

se
t u

p 
2m

 to
 4

.8
m

 
aw

ay
 fr

om
 th

e 
pa

tie
nt

s. 
Th

re
e 

se
ria

l 3
-h

r a
ir 

sa
m

pl
es

 w
er

e 
co

lle
ct

ed
. F

or
 e

ac
h 

sa
m

pl
er

, 
th

e 
se

co
nd

 o
f t

he
 th

re
e 

sa
m

pl
in

gs
 w

as
 

pe
rfo

rm
ed

 w
ith

 a
 h

ig
h 

effi
cie

nc
y 

pa
rt

icu
la

te
 

ar
re

st
an

ce
 (H

EP
 A

) fi
lte

r a
ffi

xe
d 

to
 th

e 
in

le
t 

tu
be

, a
 p

ro
ce

ss
 to

 re
ve

al
 w

he
th

er
 v

iru
s 

de
te

ct
ed

 in
 c

on
se

cu
tiv

e 
sa

m
pl

in
gs

 re
fle

ct
 

tr
ue

 c
ol

le
ct

io
n 

an
d 

no
t d

et
ec

tio
n 

of
 re

sid
ua

l 
vir

us
 w

ith
in

 th
e 

co
lle

ct
or

.

4/
4 

ai
r s

am
pl

es
 w

ith
ou

t a
 

H
EP

A 
fil

te
r  

0/
2 

sa
m

pl
es

 u
sin

g 
a 

H
EP

A 
fil

te
r

Vi
ru

s-
in

du
ce

d 
CP

E 
w

er
e 

ob
se

rv
ed

 fo
r 4

/4
 R

N
A-

po
sit

ive
 a

ir 
sa

m
pl

es
.

Fo
ur

 p
os

iti
ve

 s
am

pl
es

 
es

tim
at

ed
 to

 c
on

ta
in

: 
2.

82
E+

03
, 9

.1
2E

+0
2,

 
1.

15
E+

03
, 4

.6
8E

+0
2 

ge
no

m
e 

eq
ui

va
le

nt
s/

 2
5 

μL
, w

ith
 C

yc
le

 
qu

an
tifi

ca
tio

n 
(C

q)
 v

al
ue

s 
36

.0
2,

 3
7.

69
, 3

7.
42

, 3
8.

69
, 

re
sp

ec
tiv

el
y 

(m
ea

n 
Cq

 3
7.

46
)

N
R

N
o 

ot
he

r r
es

pi
ra

to
ry

 v
iru

s 
w

as
 

id
en

tifi
ed

 in
 th

e 
sa

m
pl

es
 u

sin
g 

a 
Bi

oF
ire

 F
ilm

Ar
ra

y 
Re

sp
ira

to
ry

 2
 

Pa
ne

l. 
Th

e 
am

ou
nt

 o
f a

irb
or

ne
 

vir
us

 d
et

ec
te

d 
pe

r l
ite

r o
f a

ir 
w

as
 

sm
al

l. 
Pl

aq
ue

 a
ss

ay
s 

co
ul

d 
no

t b
e 

pe
rfo

rm
ed

 d
ue

 to
 a

 n
at

io
nw

id
e 

no
n 

av
ai

la
bi

lit
y 

of
 s

om
e 

cr
iti

ca
l 

m
ed

ia
 c

om
po

ne
nt

s 
(d

ue
 to

 C
O

VI
D-

19
 p

an
de

m
ic-

re
la

te
d 

te
m

po
ra

ry
 

lo
ck

do
w

n 
of

 p
ro

du
ct

io
n 

fa
cil

iti
es

), 
so

 T
CI

D5
0 

as
sa

ys
 w

er
e 

pe
rfo

rm
ed

 
in

 V
er

o 
E6

 c
el

ls 
to

 e
st

im
at

e 
th

e 
pe

rc
en

ta
ge

 o
f t

he
 c

ol
le

ct
ed

 
vir

us
 p

ar
tic

le
s 

th
at

 w
er

e 
via

bl
e.

 
Es

tim
at

es
 ra

ng
ed

 fr
om

 2
 to

 7
4 

TC
ID

50
 u

ni
ts

/L
 o

f a
ir

Le
dn

ic
ky

 JA
 2

02
0b

St
ud

en
t 

H
ea

lth
ca

re
 c

en
tre

U
SA

Ai
r s

am
pl

es
 c

ol
le

ct
ed

, 
an

d 
vir

us
 c

ul
tu

re
 

at
te

m
pt

ed

Th
e 

ai
r s

am
pl

in
g 

de
vic

e 
w

as
 p

la
ce

d 
in

 a
 

ha
llw

ay
 a

lo
ng

 w
hi

ch
 p

ot
en

tia
l C

ov
id

-1
9 

ca
se

s 
w

al
ke

d,
 w

ea
rin

g 
a 

m
as

k,
 to

 re
ac

h 
cli

ni
ca

l e
va

lu
at

io
n 

ro
om

s. 
Th

e 
ai

r i
nl

et
 w

as
 

ap
pr

ox
im

at
el

y 
1.

5m
 a

bo
ve

 fl
oo

r l
ev

el
.

1/
2

G
en

er
al

 v
iru

s-
in

du
ce

d 
cy

to
pa

th
ic 

eff
ec

ts
 w

er
e 

ob
se

rv
ed

 w
ith

in
 tw

o 
da

ys
 p

os
t-i

no
cu

la
tio

n

0.
87

 v
iru

s 
ge

no
m

e 
eq

ui
va

le
nt

s 
L 

-1
 o

f a
ir;

 C
t 

va
lu

e 
39

.1
3

N
R

Th
e 

am
ou

nt
 o

f v
iru

s 
pr

es
en

t i
n 

39
0 

L 
of

 s
am

pl
ed

 a
ir 

w
as

 lo
w

 
(a

pp
ro

xi
m

at
el

y 
34

0 
vir

us
 g

en
om

e 
eq

ui
va

le
nt

s)
. P

CR
 te

st
s 

fo
r S

AR
S-

Co
V-

2 
vR

N
A 

fro
m

 c
el

l c
ul

tu
re

 w
er

e 
ne

ga
tiv

e.
 T

hr
ee

 re
sp

ira
to

ry
 v

iru
se

s 
w

er
e 

id
en

tifi
ed

 u
sin

g 
th

e 
Bi

ofi
re

 
RV

P:
 In

flu
en

za
 A

 H
1N

1,
 In

flu
en

za
 

A 
H

3N
2,

 a
nd

 H
um

an
 c

or
on

av
iru

s 
O

C4
3

Page 10 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7464151/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387923/
https://jkms.org/DOIx.php?id=10.3346/jkms.2020.35.e332
https://doi.org/10.3346/jkms.2020.35.e415
https://pubmed.ncbi.nlm.nih.gov/32949774/
https://doi.org/10.4209/aaqr.2020.05.0202


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Le
i H

 2
02

0
H

os
pi

ta
l

Ch
in

a
Ai

r a
nd

 s
ur

fa
ce

 s
am

pl
es

 
fro

m
 th

e 
in

te
ns

ive
 

ca
re

 u
ni

t (
IC

U
) a

nd
 a

n 
iso

la
tio

n 
w

ar
d 

fo
r C

O
VI

D-
19

 p
at

ie
nt

s. 

Ai
r s

am
pl

es
 w

er
e 

co
lle

ct
ed

 w
ith

 a
 tw

o‐
st

ag
e 

cy
clo

ni
c 

bi
oa

er
os

ol
 s

am
pl

er
 (N

IO
SH

) a
nd

 a
n 

ae
ro

so
l p

ar
tic

le
 li

qu
id

 c
on

ce
nt

ra
to

r, 
be

tw
ee

n 
8a

m
 a

nd
 1

2 
no

on
. T

he
 N

IO
SH

 s
am

pl
er

 w
as

 
pl

ac
ed

 o
n 

a 
tr

ip
od

 a
t t

he
 h

ea
d 

of
 th

e 
be

d 
w

ith
in

 1
m

 o
f t

he
 p

at
ie

nt
’s 

he
ad

 a
t a

 h
ei

gh
t 

of
 1

.3
 m

. I
n 

th
e 

iso
la

tio
n 

w
ar

d,
 th

e 
sa

m
pl

er
 

w
as

 a
lso

 u
se

d 
in

 th
e 

ba
th

ro
om

 b
y 

m
ou

nt
in

g 
it 

on
 a

n 
in

fu
sio

n 
su

pp
or

t n
ea

r t
he

 s
in

k,
 <

 1
m

 
fro

m
 th

e 
to

ile
t. 

Su
rfa

ce
 a

nd
 a

ir:
 

1/
21

8 
IC

U
 s

am
pl

es
  

2/
18

2 
iso

la
tio

n 
w

ar
d 

sa
m

pl
es

N
ot

 a
tte

m
pt

ed
.

ne
ar

 th
e 

he
ad

 o
f t

he
 p

at
ie

nt
 

Ct
 4

1.
25

.
N

R
Th

e 
nu

m
be

r o
f a

ir 
sa

m
pl

es
 is

 
un

cle
ar

. O
ne

 a
ir 

sa
m

pl
e 

co
lle

ct
ed

 
us

in
g 

th
e 

Di
ng

Bl
ue

 s
am

pl
er

 p
la

ce
d 

ne
ar

 th
e 

he
ad

 o
f t

he
 p

at
ie

nt
 in

 b
ed

 
14

 s
ho

w
ed

 a
m

pl
ifi

ca
tio

n 
at

 c
yc

le
 

th
re

sh
ol

d 
(C

t) 
41

.2
5.

 
Th

e 
de

te
ct

io
n 

of
 v

ira
l R

N
A 

w
as

 a
lso

 
in

 th
e 

ai
r s

am
pl

es
 in

 th
e 

ba
th

ro
om

.

Li
 Y

H
 &

 F
an

 Y
Z 

20
20

H
os

pi
ta

l
Ch

in
a

Ae
ro

so
l s

am
pl

es
 &

 
su

rfa
ce

 sa
m

pl
es

 c
ol

le
ct

ed
 

in
 a

 h
os

pi
ta

l f
or

 s
ev

er
e 

CO
VI

D-
19

 p
at

ie
nt

s

Ae
ro

so
l s

am
pl

es
 c

ol
le

ct
ed

 b
y 

an
 

im
pi

ng
em

en
t a

ir 
sa

m
pl

er
 B

IO
-C

ap
tu

re
r-

6.
 

13
5 

13
5 

ae
ro

so
l s

am
pl

es
 fr

om
 4

5 
lo

ca
tio

ns
 

ta
ke

n 
fro

m
 th

e 
IC

U
 w

ar
d,

 g
en

er
al

 is
ol

at
io

n 
w

ar
ds

, f
ev

er
 c

lin
ic,

 s
to

ra
ge

 ro
om

 fo
r m

ed
ica

l 
w

as
te

, c
on

fe
re

nc
e 

ro
om

s 
an

d 
th

e 
pu

bl
ic 

ar
ea

.

0/
13

5 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
 

Th
e 

IC
U

 w
ar

d 
ha

s 
12

 a
ir 

in
le

ts
 

w
ith

 1
6 

di
sc

ha
rg

es
 p

er
 h

ou
r; 

iso
la

tio
n 

ro
om

 8
 a

ir 
in

le
ts

 w
ith

 1
2 

di
sc

ha
rg

es
 p

er
 h

ou
r. 

CO
VI

D-
19

 
pa

tie
nt

s 
in

 a
 w

ar
d 

w
er

e 
se

pa
ra

te
d 

by
 a

 m
in

im
um

 o
f 1

.5
 m

. A
ir 

w
as

 
cle

an
ed

 w
ith

 4
-ti

m
e-

da
ily

 a
ir 

di
sin

fe
ct

io
n 

us
in

g 
a 

pl
as

m
a 

ai
r 

st
er

ilis
er

. w
ith

 th
e 

ex
ce

pt
io

n 
of

 tw
o 

sa
m

pl
es

 fr
om

 a
 C

O
VI

D-
19

 p
at

ie
nt

’s 
m

as
k,

 a
ll 

90
 e

nv
iro

nm
en

ta
l 

su
rfa

ce
s 

sa
m

pl
ed

 w
er

e 
ne

ga
tiv

e 
fo

r S
AR

S-
Co

V-
2.

 

Li
 Y

 &
 Q

ia
n 

H
 2

02
0

Re
st

au
ra

nt
Ch

in
a 

O
bs

er
va

tio
na

l a
nd

 
ex

pe
rim

en
ta

l: 
Da

ta
 

fro
m

 a
 v

id
eo

 re
co

rd
 

an
d 

a 
pa

tro
n 

se
at

in
g-

ar
ra

ng
em

en
t f

ro
m

 th
e 

re
st

au
ra

nt
 in

 H
on

g 
Ko

ng
 

w
er

e 
co

lle
ct

ed
. S

ec
on

dl
y, 

th
e 

di
sp

er
sio

n 
of

 a
 w

ar
m

 
tra

ce
r g

as
 w

as
 a

ss
es

se
d,

 
as

 a
 s

ur
ro

ga
te

 fo
r 

ex
ha

le
d 

dr
op

le
ts

N
o 

sa
m

pl
in

g 
pe

rfo
rm

ed
N

ot
 a

tte
m

pt
ed

.
N

/A
N

/A
 

N
/A

 

Li
n 

G
 2

02
0

Bl
oc

k 
of

 fl
at

s
Ch

in
a 

Ca
se

 s
er

ie
s: 

N
in

e 
CO

VI
D-

19
 c

as
es

 in
 

on
e 

co
m

m
un

ity
 in

 
G

ua
ng

zh
ou

 w
ho

 li
ve

d 
in

 
th

re
e 

ve
rt

ica
lly

 a
lig

ne
d 

un
its

 o
f o

ne
 b

ui
ld

in
g 

sh
ar

in
g 

th
e 

sa
m

e 
pi

pi
ng

 
sy

st
em

.

G
ive

n 
th

at
 a

ll 
th

e 
ca

se
s 

oc
cu

rr
ed

 in
 th

e 
sa

m
e 

un
it 

an
d 

th
at

 th
es

e 
ho

us
eh

ol
ds

 
sh

ar
ed

 a
 c

om
m

on
 p

ip
e 

sy
st

em
, w

e 
th

er
ef

or
e 

co
nd

uc
te

d 
a 

tra
ce

r-
ga

s 
ex

pe
rim

en
t 

to
 s

im
ul

at
e 

th
e 

pr
oc

es
s 

of
 p

ot
en

tia
l 

tra
ns

m
iss

io
n 

th
ro

ug
h 

ai
r

N
ot

 a
tte

m
pt

ed
.

N
/A

N
/A

 
N

/A
 

Ai
rfl

ow
 d

et
ec

tio
n 

an
d 

sim
ul

at
io

n 
ex

pe
rim

en
t r

ev
ea

le
d 

th
at

 fl
us

hi
ng

 
th

e 
to

ile
ts

 c
ou

ld
 in

cr
ea

se
 th

e 
sp

ee
d 

of
 a

irfl
ow

 in
 th

e 
pi

pe
s 

an
d 

tra
ns

m
itt

ed
 th

e 
ai

rfl
ow

 fr
om

 
Ap

ar
tm

en
t 1

5-
b 

to
 2

5-
b 

an
d 

27
-b

. 
Re

du
ce

d 
ex

ha
us

t fl
ow

 ra
te

s 
in

 
th

e 
in

fe
ct

ed
 b

ui
ld

in
g 

m
ig

ht
 h

av
e 

co
nt

rib
ut

ed
 to

 th
e 

ou
tb

re
ak

.

Li
u 

Y 
&

 N
in

g 
Z 

20
20

H
os

pi
ta

l a
nd

 
pu

bl
ic 

sp
ac

es
 

Ch
in

a
M

ea
su

re
d 

SA
RS

-C
oV

-2
 

RN
A 

in
 a

ir 
sa

m
pl

es
 fr

om
 

2 
Co

vid
-1

9 
ho

sp
ita

ls,
 

an
d 

qu
an

tifi
ed

 th
e 

co
py

 
co

un
ts

 u
sin

g 
a 

dr
op

le
t 

di
gi

ta
l P

CR
-b

as
ed

 
de

te
ct

io
n 

m
et

ho
d 

O
ve

r a
 2

 w
ee

k 
pe

rio
d:

 3
0 

ae
ro

so
l s

am
pl

es
 

of
 to

ta
l s

us
pe

nd
ed

 p
ar

tic
le

s 
co

lle
ct

ed
 

on
 2

5-
m

m
-d

ia
m

et
er

 fi
lte

rs
 lo

ad
ed

 in
to

 
st

yr
en

e 
fil

te
r c

as
se

tte
s 

(S
KC

) b
y 

sa
m

pl
in

g 
ai

r a
t a

 fi
xe

d 
flo

w
 ra

te
 o

f 5
.0

 l 
m

in
−1

 u
sin

g 
a 

po
rt

ab
le

 p
um

p 
(A

PE
X2

, C
as

el
la

). 
Th

re
e 

siz
e-

se
gr

eg
at

ed
 a

er
os

ol
 s

am
pl

es
 c

ol
le

ct
ed

 
us

in
g 

a 
m

in
ia

tu
re

 c
as

ca
de

 im
pa

ct
or

 (S
io

ut
as

 
Im

pa
ct

or
, S

KC
) t

ha
t s

ep
ar

at
ed

 a
er

os
ol

s 
in

to
 

fiv
e 

ra
ng

es
 (>

2.
5 

μm
, 1

.0
 to

 2
.5

 μ
m

, 0
.5

0 
to

 
1.

0 
μm

 a
nd

 0
.2

5 
to

 0
.5

0 
μm

 o
n 

25
-m

m
 fi

lte
r 

su
bs

tra
te

s, 
an

d 
0 

to
 0

.2
5 

μm
 o

n 
37

-m
m

 
fil

te
rs

) a
t a

 fl
ow

 ra
te

 o
f 9

.0
 l 

m
in

−1
. T

w
o 

ae
ro

so
l d

ep
os

iti
on

 s
am

pl
es

 c
ol

le
ct

ed
 u

sin
g 

80
-m

m
-d

ia
m

et
er

 fi
lte

rs
 p

ac
ke

d 
in

to
 a

 h
ol

de
r 

w
ith

 a
n 

eff
ec

tiv
e 

de
po

sit
io

n 
ar

ea
 o

f 4
3.

0 
cm

2;
 fi

lte
rs

 w
er

e 
pl

ac
ed

 in
ta

ct
 o

n 
th

e 
flo

or
 in

 
tw

o 
co

rn
er

s 
of

 a
n 

IC
U

 fo
r 7

 d
ay

s.

IC
U,

 2
/3

 p
os

iti
ve

  
15

/2
2 

Is
ol

at
io

n 
w

ar
ds

 &
 

ve
nt

ila
te

d 
ro

om
s 

 
4/

11
 p

ub
lic

 a
re

as
 

N
ot

 a
tte

m
pt

ed
.

IC
U

 - 
31

 &
11

3 
co

pi
es

 m
3  

Is
ol

at
io

n 
w

ar
ds

 &
 v

en
til

at
ed

 
ro

om
s 

(c
on

ce
nt

ra
tio

ns
 v

er
y 

lo
w

: <
43

 m
3 . 

pu
bl

ic 
ar

ea
s 

(v
er

y 
lo

w
 

co
nc

en
tra

tio
ns

 (<
11

 m
3  )

 

N
R

N
eg

at
ive

ly 
pr

es
su

riz
ed

 is
ol

at
io

n 
an

d 
hi

gh
 a

ir 
ex

ch
an

ge
 ra

te
s 

w
er

e 
in

sid
e 

th
e 

in
te

ns
ive

 c
ar

e 
un

its
, 

co
ro

na
ry

 c
ar

e 
un

its
 a

nd
 w

ar
d 

ro
om

. R
ep

or
te

d 
va

lu
es

 a
re

 v
iru

s 
ae

ro
so

l d
ep

os
iti

on
 ra

te
s 

in
 c

op
ie

s 
m
−2

 h
−1

. V
er

y 
lo

w
 o

r u
nd

et
ec

ta
bl

e 
co

nc
en

tra
tio

ns
 o

f a
irb

or
ne

 S
AR

S-
Co

V-
2 

w
er

e 
fo

un
d 

in
 m

os
t o

f t
he

 
pa

tie
nt

 a
re

as
 o

f R
en

m
in

 H
os

pi
ta

l. 
Th

e 
au

th
or

s 
su

gg
es

t t
ha

t t
he

 
ne

ga
tiv

el
y 

pr
es

su
riz

ed
 is

ol
at

io
n 

an
d 

hi
gh

 a
ir 

ex
ch

an
ge

 ra
te

 in
sid

e 
th

e 
in

te
ns

ive
 c

ar
e 

un
its

, c
or

on
ar

y 
ca

re
 u

ni
ts

 a
nd

 w
ar

d 
ro

om
 o

f 
Re

nm
in

 H
os

pi
ta

l a
re

 e
ffe

ct
ive

 in
 

lim
iti

ng
 th

e 
ai

rb
or

ne
 tr

an
sm

iss
io

n 
of

 S
AR

S-
Co

V-
2.

Lu
 J 

20
20

Re
st

au
ra

nt
Ch

in
a 

St
ud

y 
of

 a
n 

ou
tb

re
ak

 
ap

pa
re

nt
ly 

ce
nt

re
d 

on
 a

 re
st

au
ra

nt
; a

ir 
flo

w
 s

tu
di

ed
 &

 s
ur

fa
ce

 
sa

m
pl

es
 ta

ke
n

Ai
r s

am
pl

es
 n

ot
 ta

ke
n.

 6
 s

m
ea

r s
am

pl
es

 
ta

ke
n 

fro
m

 th
e 

ai
r c

on
di

tio
ne

r (
3 

fro
m

 th
e 

ai
r o

ut
le

t a
nd

 3
 fr

om
 th

e 
ai

r i
nl

et
)

N
ot

 a
tte

m
pt

ed
.

N
/A

N
/A

 
N

/A
 

0/
6 

sm
ea

r s
am

pl
es

 te
st

ed
 p

os
iti

ve
 

by
 P

CR
.

Page 11 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://onlinelibrary.wiley.com/doi/full/10.1111/irv.12783
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7371847/
https://www.medrxiv.org/content/10.1101/2020.04.16.20067728v1
https://doi.org/10.1016/j.atmosenv.2020.118083
https://www.nature.com/articles/s41586-020-2271-3
https://dx.doi.org/10.3201/eid2607.200764


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Lu
o 

K 
20

20
Bu

s 
tr

ip
 

Ch
in

a
Ca

se
 s

tu
dy

 o
f a

 S
AR

S-
Co

V-
2 

ou
tb

re
ak

 e
ve

nt
 

du
rin

g 
bu

s 
tr

ip
s 

of
 a

n 
in

de
x 

pa
tie

nt
 in

 H
un

an
 

Pr
ov

in
ce

, C
hi

na
.

N
o 

sa
m

pl
in

g 
pe

rfo
rm

ed
N

ot
 a

tte
m

pt
ed

.
N

/A
N

/A
. 

N
/A

. 
Co

ul
d 

no
t v

er
ify

 tr
an

sm
iss

io
n 

via
 fo

m
ite

s 
as

 n
o 

en
vir

on
m

en
ta

l 
sa

m
pl

es
 w

er
e 

co
lle

ct
ed

; (
2)

 th
e 

SA
R 

w
as

 li
ke

ly 
ov

er
es

tim
at

ed
 a

s 
it 

is 
so

le
ly 

ba
se

d 
on

 a
 s

in
gl

e 
la

rg
e 

clu
st

er
; (

3)
 th

er
e 

m
ig

ht
 b

e 
re

ca
ll 

bi
as

 b
ec

au
se

 th
e 

in
fo

rm
at

io
n 

(in
clu

di
ng

 th
e 

se
at

 n
um

be
r) 

w
as

 
co

lle
ct

ed
 re

tro
sp

ec
tiv

el
y; 

(4
) n

o 
vir

al
 g

en
et

ic 
se

qu
en

ce
 d

at
a 

w
er

e 
av

ai
la

bl
e 

fro
m

 th
es

e 
ca

se
s 

to
 

pr
ov

e 
lin

ka
ge

; a
nd

 (5
) s

om
e 

of
 th

e 
se

co
nd

ar
y 

an
d 

te
rt

ia
ry

 c
as

es
 c

ou
ld

 
ha

ve
 b

ee
n 

ex
po

se
d 

to
 u

nk
no

w
n 

in
fe

ct
io

ns

M
a 

J 2
02

0
H

os
pi

ta
l a

nd
 

qu
ar

an
tin

e 
ho

te
l 

Ch
in

a
Ex

ha
le

d 
br

ea
th

 
co

nd
en

sa
te

 (E
BC

) 
sa

m
pl

es
 w

er
e 

co
lle

ct
ed

 
fro

m
 2

0 
im

po
rt

ed
 C

O
VI

D-
19

 c
as

es
, 2

9 
lo

ca
l c

as
es

 
an

d 
15

 h
ea

lth
y 

co
nt

ro
ls.

 

EB
C 

sa
m

pl
es

 w
er

e 
co

lle
ct

ed
 u

sin
g 

a 
Bi

oS
cr

ee
n 

de
vic

e 
de

ve
lo

pe
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

. 2
42

 s
ur

fa
ce

 s
w

ab
s 

fro
m

 
qu

ar
an

tin
e 

ho
te

ls 
an

d 
ho

sp
ita

ls 
or

 fr
om

 
pe

rs
on

al
 it

em
s 

of
 C

O
VI

D-
19

 p
at

ie
nt

s 
w

er
e 

ob
ta

in
ed

 u
sin

g 
w

et
 c

ot
to

n 
sw

ab
s

14
/5

2 
EB

C 
sa

m
pl

e 
po

sit
ive

;  
1/

26
 a

ir 
sa

m
pl

es
 p

os
iti

ve
N

ot
 a

tte
m

pt
ed

.
EB

C 
sa

m
pl

es
, 1

4 
po

sit
ive

: 
Ct

 v
al

ue
s 

35
.5

4 
± 

3.
14

 w
er

e 
ob

ta
in

ed
 fo

r e
ac

h 
po

sit
ive

. 
Th

e 
br

ea
th

 e
m

iss
io

n 
ra

te
 

w
as

 e
st

im
at

ed
 to

 b
e 

fro
m

 
1.

03
 ×

 1
0 

5 
to

 2
.2

5 
× 

10
 7

 
vir

us
es

 p
er

 h
ou

r. 
Th

e 
po

sit
ive

 
ai

r s
am

pl
e 

w
as

 e
st

im
at

ed
 

to
 c

on
ta

in
 6

.0
7 

× 
10

 3
 

vir
us

es
/m

3.
 

N
R

In
 th

e 
w

ar
d 

of
 p

at
ie

nt
 C

, t
he

 v
iru

s 
w

as
 p

re
se

nt
 o

n 
th

e 
su

rfa
ce

 o
f a

n 
ai

r v
en

til
at

io
n 

du
ct

 e
nt

ra
nc

e 
th

at
 

w
as

 lo
ca

te
d 

be
lo

w
 th

e 
pa

tie
nt

’s 
be

d.
 C

yc
le

 th
re

sh
ol

d 
ra

ng
e 

(N
 o

r 
O

RF
1a

/b
) f

or
 E

BC
 s

am
pl

es
 3

5.
5 

± 
3.

1 
an

d 
ai

r s
am

pl
es

 C
T 

= 
38

.4
. 1

 
sa

m
pl

e 
(a

ir-
1)

 fr
om

 a
n 

un
ve

nt
ila

te
d 

qu
ar

an
tin

e 
ho

te
l t

oi
le

t r
oo

m
 w

as
 

po
sit

iv 
SA

RS
-C

oV
-2

 e
m

iss
io

n 
do

es
 

no
t c

on
tin

ue
 a

t t
he

 s
am

e 
ra

te
 b

ut
 

ra
th

er
 is

 a
 s

po
ra

di
c 

ev
en

t. 
Fo

r 
ex

am
pl

e,
 2

 E
BC

 s
am

pl
es

 (E
BC

-1
, 

EB
C-

2)
 c

ol
le

ct
ed

 fr
om

 p
at

ie
nt

 E
 b

ut
 

on
 d

iff
er

en
t d

at
es

 a
nd

 u
sin

g 
th

e 
sa

m
e 

m
et

ho
d 

re
tu

rn
ed

 d
iff

er
en

t 
te

st
 re

su
lts

M
ar

ch
et

ti
 R

 2
02

0
H

os
pi

ta
l

Ita
ly

Ai
r s

am
pl

in
g 

in
 th

re
e 

di
ffe

re
nt

 h
os

pi
ta

ls 
in

 
M

ila
n,

 It
al

y.

Fo
r p

ar
tic

le
s’ 

sa
m

pl
in

g 
th

e 
AE

RO
TR

AK
™

 
Po

rt
ab

le
 A

irb
or

ne
 P

ar
tic

le
 C

ou
nt

er
 w

as
 u

se
d 

fo
r c

le
an

ro
om

 p
ar

tic
le

s 
cla

ss
ifi

ca
tio

n.
 F

or
 

m
icr

ob
io

lo
gi

ca
l a

ir 
sa

m
pl

in
g,

 th
e 

SA
S 

Su
pe

r 
IA

Q
 S

ur
fa

ce
 A

ir 
Sy

st
em

 (m
od

el
 9

05
93

), 
w

hi
ch

 c
on

ve
ys

 a
 k

no
w

n 
vo

lu
m

e 
of

 a
ir 

du
rin

g 
a 

fix
ed

 p
er

io
d 

on
 P

et
ri 

Pl
at

es
 fi

lle
d 

w
ith

 
St

an
da

rd
 P

la
te

 C
ou

nt
 A

ga
r (

PC
A)

 w
as

 u
se

d.
 

Te
n 

AI
Rc

el
 u

ni
ts

 p
er

 h
os

pi
ta

l w
er

e 
pl

ac
ed

 
in

 th
re

e 
di

ffe
re

nt
 h

os
pi

ta
ls 

in
 M

ila
n,

 It
al

y. 
In

 
to

ta
l 6

8 
sa

m
pl

es
 w

er
e 

pr
oc

es
se

d 
in

 th
re

e 
di

st
in

ct
 te

st
 s

es
sio

ns
 b

et
w

ee
n 

Ap
ril

 a
nd

 
Ju

ne
 2

02
0,

 u
sin

g 
th

e 
Q

IA
G

EN
 R

ot
or

-G
en

e 
th

er
m

al
 c

yc
le

r.

E 
ge

ne
 1

9/
68

 s
am

pl
es

,  
O

RF
1a

b 
+ 

N
 d

et
ec

te
d 

in
 

7/
68

 s
am

pl
es

. 
.

N
ot

 a
tte

m
pt

ed
.

N
ot

 re
po

rt
ed

 
N

R
Th

e 
re

su
lt 

of
 th

e 
RT

-P
CR

 s
ho

w
ed

 a
 

m
ar

ke
d 

pr
es

en
ce

 o
f t

he
 ta

rg
et

 β
-

co
ro

na
vir

us
 E

 g
en

e 
fo

r 1
9 

of
 th

e 
68

 
sa

m
pl

es
, w

hi
le

 th
e 

ta
rg

et
 O

RF
1a

b 
+ 

N
 w

as
 d

et
ec

te
d 

in
 7

 s
am

pl
es

. I
n 

pa
rt

icu
la

r, 
at

 S
ac

co
 H

os
pi

ta
l, 

th
e 

te
st

 re
su

lts
 s

ho
w

 th
e 

de
te

ct
io

n 
of

 
O

RF
1a

b 
+ 

N
 a

nd
/o

r E
 g

en
e 

in
 1

5 
sa

m
pl

es
 o

ut
 o

f 4
0.

M
as

ou
m

be
ig

i H
 

20
20

M
ilit

ar
y 

ho
sp

ita
l

Ira
n

Ra
nd

om
 a

ir 
sa

m
pl

in
g 

w
ith

 c
on

tin
uo

us
ly 

st
er

ilis
ed

 s
am

pl
e 

eq
ui

pm
en

t

Al
l p

at
ie

nt
s 

ag
ed

 5
5-

65
 w

er
e 

ei
th

er
 

in
tu

ba
te

d 
or

 h
ad

 s
ev

er
e 

sy
m

pt
om

s. 
Sa

m
pl

in
g 

of
 1

00
-1

00
0 

l f
or

 2
0 

m
in

s 
in

 tw
o 

ra
nd

om
ly 

ch
os

en
 s

ta
tio

ns
 0

.5
 m

et
re

s 
fro

m
 

th
e 

be
ds

. R
T-

PC
R 

pe
rfo

rm
ed

 a
t 4

2 
cy

cle
s. 

Ai
r s

am
pl

in
g 

w
as

 d
on

e 
(n

 = 
31

) o
n 

se
le

ct
ed

 
w

ar
ds

 in
clu

di
ng

 E
m

er
ge

nc
y 

1,
 E

m
er

ge
nc

y 
2,

 b
ed

rid
de

n 
(4

-B
, 1

0-
D)

, I
CU

 2
, I

CU
 3

, C
T-

SC
AN

, a
nd

 la
un

dr
y.

0/
31

N
ot

 a
tte

m
pt

ed
.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

. 
Cy

cle
 th

re
sh

ol
d 

fo
r d

et
ec

tio
n 

us
ed

 =
 4

2

M
cG

ai
n 

F 
20

20
H

os
pi

ta
l

Au
st

ra
lia

Ca
se

 re
po

rt
 o

f a
 

tra
ch

eo
st

om
y 

pr
oc

ed
ur

e;
 

ai
r s

am
pl

es
 w

er
e 

co
lle

ct
ed

 th
ro

ug
ho

ut

Tw
o 

sp
ec

tro
m

et
er

s 
to

 m
ea

su
re

 a
er

os
ol

 
pa

rt
icl

es
: t

he
 p

or
ta

bl
e 

M
in

i W
id

e 
Ra

ng
e 

Ae
ro

so
l S

ize
r 1

37
1 

(M
in

iW
RA

S)
 a

nd
 th

e 
Ae

ro
dy

na
m

ic 
Pa

rt
icl

e 
Si

ze
r (

AP
S)

. D
ur

in
g 

th
e 

pr
oc

ed
ur

e,
 th

e 
ae

ro
so

l d
et

ec
to

r i
nl

et
 w

as
 

po
sit

io
ne

d 
30

 c
m

 d
ire

ct
ly 

ab
ov

e 
th

e 
pa

tie
nt

’s 
ne

ck
, r

ep
re

se
nt

in
g 

th
e 

su
rg

eo
n’s

 b
re

at
hi

ng
 

ai
r s

pa
ce

N
ot

 a
tte

m
pt

ed
.

N
ot

 a
tte

m
pt

ed
.

N
/A

 
AP

S 
de

te
ct

ed
 la

rg
er

 
ae

ro
so

ls 
(>

 0
.3

7 
m

m
) a

nd
 M

in
iW

RA
S 

sm
al

le
r p

ar
tic

le
s 

(0
.0

1–
0.

35
 m

m
).

M
ax

im
um

 a
er

os
ol

 p
ar

tic
le

s 
w

er
e 

ge
ne

ra
te

d 
du

rin
g 

di
at

he
rm

y, 
bu

t 
ov

er
al

l l
ow

 le
ve

ls.
 It

 is
 u

nl
ik

el
y 

th
at

 v
iru

se
s 

w
ill 

su
rv

ive
 th

e 
hi

gh
 

te
m

pe
ra

tu
re

 o
f d

ia
th

er
m

y.

Page 12 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.1093/ofid/ofaa430
https://doi.org/10.1093/cid/ciaa1283
https://doi.org/10.1101/2020.11.24.20237040
https://doi.org/10.1007/s40201-020-00543-3
https://doi.org/10.1007/s40201-020-00543-3
https://ccr.cicm.org.au/config/cicm-ccr/media/pdf/covid-19/ccr_-mcgain307_dec2020_v8.pdf


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

M
or

en
o 

T 
20

20
Bu

se
s 

an
d 

Su
bw

ay
 T

ra
in

s
Sp

ai
n

75
 s

am
pl

es
 fr

om
 b

us
es

 
an

d 
24

 fr
om

 s
ub

w
ay

 
tra

in
s, 

co
lle

ct
ed

 fr
om

 
su

rfa
ce

s 
us

in
g 

sw
ab

s 
(7

8 
sa

m
pl

es
), 

fro
m

 a
m

bi
en

t 
ai

r (
12

 s
am

pl
es

), 
an

d 
fro

m
 a

ir-
co

nd
iti

on
in

g 
fil

te
rs

 (9
 s

am
pl

es
)

Ai
r s

am
pl

in
g 

in
 th

e 
su

bw
ay

 to
ok

 p
la

ce
 Ju

ne
 

17
–1

9,
 2

02
0 

on
 th

re
e 

co
ns

ec
ut

ive
 d

ay
s. 

Si
x 

sa
m

pl
es

 o
f p

ar
tic

ul
at

e 
m

at
te

r w
ith

 a
 

di
am

et
er

 o
f <

2.
5 

µm
 (P

M
2.

5)
 w

er
e 

co
lle

ct
ed

 
in

sid
e 

6 
tra

in
s 

us
in

g 
47

 m
m

 T
efl

on
 fi

lte
rs

 
w

ith
 P

EM
 (P

er
so

na
l E

nv
iro

nm
en

ta
l M

on
ito

r) 
eq

ui
pm

en
t. 

Th
e 

sa
m

pl
in

g 
of

 th
e 

bu
se

s 
to

ok
 

pl
ac

e 
be

tw
ee

n 
20

:0
0 

an
d 

03
:0

0 
on

 th
e 

ni
gh

t 
of

 M
ay

 2
5–

26
, 2

02
0 

in
 o

ne
 o

f t
he

 fo
ur

 m
ai

n 
bu

s 
de

po
ts

 in
 B

ar
ce

lo
na

. A
fte

r s
am

pl
in

g,
 th

e 
bu

s 
w

as
 d

isi
nf

ec
te

d.
 

1/
6 

ai
r s

am
pl

es
 o

n 
bu

se
s 

ga
ve

 w
ea

k 
po

sit
ive

 re
su

lt 
2/

6 
su

bw
ay

 tr
ai

ns

N
ot

 a
tte

m
pt

ed
.

Bu
s: 

Po
sit

ive
 s

am
pl

e 
ge

no
m

e 
co

un
t v

al
ue

s 
ra

ng
ed

 b
et

w
ee

n 
14

 to
 4

46
/m

2 
fo

r I
P2

, 9
 to

 
49

0/
m

2 
fo

r I
P4

 a
nd

 5
 to

 
37

8/
m

2 
fo

r E
. S

ub
w

ay
: fi

rs
t 

po
sit

ive
 s

am
pl

e 
es

tim
at

ed
 

vir
al

 lo
ad

 2
3.

4 
G

C/
m

3,
 

se
co

nd
 p

os
iti

ve
 s

am
pl

e 
th

e 
am

pl
ifi

ed
 ta

rg
et

 g
en

e 
re

gi
on

s 
w

er
e 

IP
2 

(1
8.

8 
G

C/
m

3)
 a

nd
 

th
e 

en
ve

lo
pe

 p
ro

te
in

 E
 (5

.6
 

G
C/

m
3)

.

N
R

O
nl

y 
fra

gm
en

ts
 o

f 1
 o

r 2
 g

en
e 

ta
rg

et
s 

w
er

e 
id

en
tifi

ed
, n

ot
 a

n 
in

fe
ct

io
us

 v
iri

on
, a

nd
 fu

rt
he

rm
or

e,
 

ev
en

 if
 th

ey
 w

er
e 

in
fe

ct
io

us
 

vir
us

es
, i

t i
s 

es
tim

at
ed

 th
at

 o
nl

y 
on

e 
pa

rt
icl

e 
in

 1
0 

m
illi

on
 w

ou
ld

 
be

 a
bl

e 
to

 p
ro

du
ce

 a
n 

in
fe

ct
io

us
 

cy
cle

. B
us

 c
al

cu
la

te
d 

vir
al

 lo
ad

 
(s

up
po

sin
g 

th
at

 R
N

A 
re

pr
es

en
ts

 
th

e 
un

lik
el

y 
w

or
st

 s
itu

at
io

n 
of

 
be

in
g 

re
pr

es
en

ta
tiv

e 
of

 in
fe

ct
ive

 
vir

us
 lo

ad
) o

f 1
.4

4 
G

C/
m

3.
 6

 P
M

2.
5 

sa
m

pl
es

 c
ol

le
ct

ed
 in

 a
m

bi
en

t a
ir 

2 
ga

ve
 a

 p
os

iti
ve

 s
ig

na
l .

 In
 th

e 
fir

st
 c

as
e 

th
e 

ta
rg

et
 g

en
e 

re
gi

on
 

id
en

tifi
ed

 w
as

 IP
2,

 w
ith

 a
 fi

gu
re

d 
vir

al
 lo

ad
 o

f 2
3.

4 
G

C/
m

3.
 In

 th
e 

se
co

nd
 c

as
e 

th
e 

am
pl

ifi
ed

 ta
rg

et
 

ge
ne

 re
gi

on
s 

w
er

e 
IP

2 
(1

8.
8 

G
C/

m
3)

 a
nd

 th
e 

en
ve

lo
pe

 p
ro

te
in

 E
 

(5
.6

 G
C/

m
3)

M
or

io
ka

 S
 2

02
0

H
os

pi
ta

l
Ja

pa
n

2 
ca

se
 re

po
rt

s 
Ai

r w
as

 s
am

pl
ed

 u
sin

g 
an

 M
D8

 a
irs

ca
n 

sa
m

pl
in

g 
de

vic
e 

an
d 

st
er

ile
 g

el
at

in
 fi

lte
rs

. 
Ai

r w
as

 s
am

pl
ed

 tw
ice

 a
t a

 s
pe

ed
 o

f 5
0 

L/
m

in
ut

e 
fo

r 2
0 

m
in

ut
es

 in
 th

e 
ne

ga
tiv

e-
pr

es
su

re
 ro

om
s 

of
 tw

o 
pa

tie
nt

s 
an

d 
its

 
as

so
cia

te
d 

ba
th

ro
om

s. 

0/
2 

pa
tie

nt
 1

  
0/

2 
pa

tie
nt

 2
 

N
ot

 a
tte

m
pt

ed
.

N
/A

. 
N

/A
. 

In
tu

ba
tio

n 
w

as
 p

er
fo

rm
ed

 fo
r 

pa
tie

nt
 1

 th
re

e 
da

ys
 b

ef
or

e 
th

e 
sa

m
pl

in
g.

 P
at

ie
nt

 2
 w

as
 

as
ym

pt
om

at
ic 

w
he

n 
th

e 
sa

m
pl

in
g 

w
as

 c
on

du
ct

ed
. 

M
po

np
on

su
o 

K 
20

20
H

os
pi

ta
l

Ca
na

da
Ep

id
em

io
lo

gi
ca

l 
st

ud
y 

in
ve

st
ig

at
in

g 
ai

rb
or

ne
 v

er
su

s 
dr

op
le

t 
tra

ns
m

iss
io

n 
of

 S
AR

S-
Co

V-
2 

Ai
r s

am
pl

es
 n

ot
 ta

ke
n.

 F
ro

m
 5

 H
CW

s 
w

ith
 

po
sit

ive
 S

AR
S-

Co
V-

2 
te

st
s 

an
d 

Co
vid

-1
9 

sy
m

pt
om

s, 
no

 o
nw

ar
d 

tra
ns

m
iss

io
n 

w
as

 
ob

se
rv

ed
 fr

om
 7

2 
ex

po
su

re
s

N
ot

 a
tte

m
pt

ed
.

N
ot

 a
tte

m
pt

ed
.

N
/A

. 
N

/A
. 

N
o 

tra
ns

m
iss

io
n 

fro
m

 m
ul

tip
le

 
hi

gh
-r

isk
 e

xp
os

ur
es

 fr
om

 5
  

CO
VI

D-
19

 H
CW

s 
to

 e
ith

er
 p

at
ie

nt
s 

or
 o

th
er

 s
ta

ff.

N
ak

am
ur

a 
K 

20
20

H
os

pi
ta

l
Ja

pa
n

N
as

op
ha

ry
ng

ea
l, 

en
vir

on
m

en
ta

l a
nd

 a
ir 

sa
m

pl
es

 fr
om

 p
at

ie
nt

s 

11
 a

ir 
sa

m
pl

es
 in

 th
re

e 
ne

ga
tiv

e 
pr

es
su

re
 

ba
ys

 (B
ay

 1
 to

 B
ay

 3
), 

a 
sin

gl
e 

ne
ga

tiv
e 

pr
es

su
re

 ro
om

 in
 a

 g
en

er
al

 w
ar

d 
(R

oo
m

 
1)

 a
nd

 a
 s

in
gl

e 
ne

ga
tiv

e 
pr

es
su

re
 ro

om
 

in
 a

n 
iso

la
tio

n 
w

ar
d 

(R
oo

m
 2

) u
sin

g 
an

 
M

D8
 a

irs
ca

n 
sa

m
pl

in
g 

de
vic

e 
(S

ar
to

riu
s, 

G
oe

tti
ng

en
, G

er
m

an
y)

 a
nd

 s
te

ril
e 

ge
la

tin
 

fil
te

rs
 (8

0 
m

m
 d

ia
m

et
er

 a
nd

 3
 μ

m
 p

or
es

; 
Sa

rt
or

iu
s)

. W
e 

pl
ac

ed
 th

e 
de

vic
e 

on
 th

e 
flo

or
 

ab
ou

t 1
.5

 m
et

er
s–

2 
m

et
er

s 
aw

ay
 fr

om
 th

e 
pa

tie
nt

’s 
he

ad
. A

ir 
w

as
 s

am
pl

ed
 tw

ice
, a

t a
 

sp
ee

d 
of

 5
0 

L/
m

in
ut

e 
fo

r 2
0 

m
in

ut
es

, i
n 

th
e 

ne
ga

tiv
e 

pr
es

su
re

 ro
om

s 
an

d 
its

 a
ss

oc
ia

te
d 

re
st

ro
om

s

0/
11

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
 (n

o 
ai

r s
am

pl
es

 
po

sit
ive

)
4/

14
1 

sw
ab

 s
am

pl
es

 c
ol

le
ct

ed
 

fro
m

 th
e 

th
re

e 
ba

ys
 a

nd
 tw

o 
sin

gl
e 

ro
om

s 
w

er
e 

po
sit

ive
 

N
is

se
n 

K 
20

20
H

os
pi

ta
l

Sw
ed

en
O

bs
er

va
tio

na
l: 

su
rfa

ce
 

sw
ab

s 
an

d 
flu

id
 

sa
m

pl
es

 c
ol

le
ct

ed
, a

nd
 

ex
pe

rim
en

ta
l: 

vir
us

 
cu

ltu
re

 w
as

 a
tte

m
pt

ed
.

In
 a

 C
ov

id
-1

9 
w

ar
d,

 s
ur

fa
ce

 s
am

pl
es

 w
er

e 
ta

ke
n 

at
 a

ir 
ve

nt
 o

pe
ni

ng
s 

in
 is

ol
at

io
n 

ro
om

s 
an

d 
in

 fi
lte

rs
. F

lu
id

 s
am

pl
e 

co
lle

ct
io

ns
 w

er
e 

do
ne

 in
 th

e 
ve

nt
ila

tio
n 

sy
st

em
.se

pa
ra

te
 

H
EP

A 
fil

te
r s

ys
te

m
s, 

di
st

an
ce

 m
ea

su
re

d 
to

 b
et

w
ee

n 
49

 a
nd

 5
6 

m
et

er
s. 

Ad
m

itt
ed

 
pa

tie
nt

s 
in

 th
e 

w
ar

d 
w

er
e 

be
tw

ee
n 

da
y 

5 
an

d 
23

 a
fte

r s
ym

pt
om

 o
ns

et
 

7/
19

 ro
om

 v
en

ts
  

11
 d

ay
s 

la
te

r, 
4/

19
 fo

r b
ot

h 
ge

ne
s. 

 
8/

9 
m

ai
n 

ex
ha

us
t fi

lte
rs

 +
ve

 
fo

r b
ot

h 
ge

ne
s. 

N
o 

sig
ni

fic
an

t C
PE

 
w

as
 s

ee
n 

af
te

r t
hr

ee
 

pa
ss

ag
es

 o
n 

Ve
ro

 E
6 

ce
lls

 fr
om

 s
am

pl
es

 
re

tr
ie

ve
d 

fro
m

 w
ar

d 
ve

nt
 o

pe
ni

ng
s 

or
 c

en
tra

l 
ve

nt
ila

tio
n 

du
ct

s 
or

 
fil

te
rs

Pe
tr

i d
ish

es
 C

t v
al

ue
s 

35
.3

2 
an

d 
33

.1
6 

fo
r N

 a
nd

 E
 g

en
es

 
re

sp
ec

tiv
el

y. 
 W

ar
d 

1 
+v

e 
sp

ec
im

en
 h

ad
 C

t 
va

lu
e 

33
.0

0,
 fo

r E
 g

en
e 

on
ly.

N
R

Cy
cle

 th
re

sh
ol

d 
(C

t) 
va

lu
es

 v
ar

ie
d 

be
tw

ee
n 

35
.3

 a
nd

 3
9.

8 
fo

r t
he

 
N

 a
nd

 E
 g

en
e.

 V
iru

s 
cu

ltu
re

 w
as

 
at

te
m

pt
ed

: R
N

A 
de

te
ct

ed
 in

 
se

qu
en

tia
l p

as
sa

ge
s 

bu
t C

PE
 

no
t o

bs
er

ve
d.

 P
et

ri 
di

sh
es

 o
f c

el
l 

m
ed

iu
m

, p
la

ce
d 

in
 in

sp
ec

tio
n 

ha
tc

he
s 

in
 th

e 
ce

nt
ra

l v
en

til
at

io
n 

sy
st

em
 p

rio
r t

o 
th

e 
ex

ha
us

t fi
lte

rs
, 

w
er

e 
+v

e 
fo

r b
ot

h 
N

 a
nd

 E
 g

en
es

. 
1/

3 
sp

ec
im

en
s 

fro
m

 w
ar

d 
1 

co
nt

ai
ne

d 
on

ly 
th

e 
E 

ge
ne

. 

Page 13 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.1016/j.envint.2020.106326
https://doi.org/10.1016/j.infpip.2020.100079
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7445459/
https://doi.org/10.1016/j.infpip.2020.100098
https://www.nature.com/articles/s41598-020-76442-2


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

O
ga

w
a 

Y 
20

20
H

os
pi

ta
l

Ja
pa

n
O

bs
er

va
tio

na
l s

tu
dy

 o
f 

15
 H

CP
 w

ho
 h

ad
 c

on
ta

ct
 

ex
po

su
re

s 
(1

5/
15

) a
nd

 
ae

ro
so

l e
xp

os
ur

es
 (7

/1
5)

 
to

 a
 h

os
pi

ta
liz

ed
 C

ov
id

-
19

 p
at

ie
nt

 w
ho

 re
-te

st
ed

 
po

sit
ive

 1
8 

da
ys

 a
fte

r 
in

iti
al

 n
eg

at
ive

 P
CR

. 

Ai
r s

am
pl

in
g 

no
t p

er
fo

rm
ed

, A
ll 

PC
R 

te
st

s 
pe

rfo
rm

ed
 o

n 
ex

po
se

d 
H

CW
s 

us
in

g 
a 

na
so

ph
ar

yn
ge

al
 s

w
ab

 o
bt

ai
ne

d 
on

 th
e 

10
th

 
da

y 
af

te
r t

he
 e

xp
os

ur
e 

w
er

e 
ne

ga
tiv

e,
 a

nd
 

th
e 

re
su

lts
 o

f t
he

 te
st

s 
fo

r I
gG

 a
nt

ib
od

ie
s 

to
 S

AR
S-

Co
V-

2 
on

 th
e 

sp
ec

im
en

s 
co

lle
ct

ed
 

ap
pr

ox
im

at
el

y 
20

 d
ay

s 
af

te
r e

xp
os

ur
e 

w
er

e 
al

so
 n

eg
at

ive
.

N
ot

 a
tte

m
pt

ed
.

N
/A

N
/A

. 
N

/A
Du

e 
to

 s
ud

de
n 

ch
an

ge
 in

 
sy

m
pt

om
s, 

th
e 

pa
tie

nt
 u

nd
er

w
en

t 
na

so
ph

ar
yn

ge
al

 a
nd

 s
pu

tu
m

 P
CR

 
te

st
in

g 
fo

r S
AR

S-
Co

V-
2 

ag
ai

n;
 

th
e 

re
su

lts
 w

er
e 

re
-p

os
iti

ve
. D

ue
 

to
 th

is,
 s

ev
er

al
 H

CP
 w

ho
 h

ad
 

in
te

ra
ct

ed
 w

ith
 th

is 
pa

tie
nt

 h
ad

 to
 

be
 m

ar
ke

d 
fo

r a
ct

ive
 is

ol
at

io
n.

 T
he

 
co

re
 is

su
e 

is 
de

te
rm

in
in

g 
w

he
th

er
 

th
e 

pa
tie

nt
s 

w
ho

se
 P

CR
 te

st
 re

su
lts

 
ar

e 
re

-p
os

iti
ve

 a
re

 in
fe

ct
io

us
. A

 
lo

w
 p

ro
ba

bi
lit

y 
of

 in
fe

ct
io

n 
fro

m
 a

 
re

-p
os

iti
ve

 c
as

e.
 

O
ng

 S
W

X 
20

20
H

os
pi

ta
l

Si
ng

ap
or

e
Ai

r, 
su

rfa
ce

 a
nd

 P
PE

 s
w

ab
 

sa
m

pl
es

 c
ol

le
ct

ed
 fo

r 3
 

ho
sp

ita
liz

ed
 C

ov
id

-1
9 

pa
tie

nt
s.

Ai
r s

am
pl

in
g 

w
as

 d
on

e 
on

 2
 d

ay
s 

us
in

g 
SK

C 
U

ni
ve

rs
al

 p
um

ps
 (w

ith
 

37
-m

m
 fi

lte
r c

as
se

tte
s 

an
d 

0.
3-

μm
 

po
lyt

et
ra

flu
or

oe
th

yle
ne

 fi
lte

rs
 fo

r 4
 h

ou
rs

 
at

 5
 L

/m
in

) i
n 

th
e 

ro
om

 a
nd

 a
nt

er
oo

m
 a

nd
 

a 
Sa

rt
or

iu
s 

M
D8

 m
icr

ob
io

lo
gi

ca
l s

am
pl

er
 

(w
ith

 g
el

at
in

 m
em

br
an

e 
fil

te
r f

or
 1

5 
m

in
ut

es
 

at
 6

 m
3/

h)
 o

ut
sid

e 
th

e 
ro

om
. S

up
pl

em
en

ta
l 

fil
e 

Bl
ue

 ic
on

s 
la

be
lle

d 
A 

to
 E

 in
di

ca
te

 th
e 

po
sit

io
n 

of
 th

e 
ai

r s
am

pl
er

s 
w

ith
in

 th
e 

ro
om

 (A
 to

 C
), 

an
te

ro
om

 (D
), 

an
d 

co
m

m
on

 
co

rr
id

or
 (E

).

0/
5 

N
ot

 a
tte

m
pt

ed
.

N
/A

 (n
o 

ai
r s

am
pl

es
 p

os
iti

ve
)

N
/A

Su
rfa

ce
 c

on
ta

m
in

at
io

n 
w

ith
 S

AR
S-

Co
V-

2 
RN

A 
w

as
 w

id
es

pr
ea

d 
bu

t 
un

de
te

ct
ab

le
 a

fte
r c

le
an

in
g;

 s
w

ab
s 

ta
ke

n 
at

 a
ir 

ou
tle

ts
 te

st
ed

 p
os

iti
ve

 
su

gg
es

tin
g 

dr
op

le
t d

ep
os

iti
on

; a
ll 

ai
r s

am
pl

es
 w

er
e 

ne
ga

tiv
e.

O
re

ne
s-

Pi
ñe

ro
 E

 
20

20
H

os
pi

ta
l

Sp
an

ish
 

St
ud

y 
of

 C
O

VI
D-

19
 tr

ap
s 

to
 m

ea
su

re
 th

e 
ca

pa
cit

y 
of

 S
AR

S-
Co

V-
2 

ae
ro

so
l 

tra
ns

m
iss

io
n.

“C
O

VI
D-

19
 tr

ap
s”

w
er

e 
pl

ac
ed

 o
nl

y 
in

 th
e 

ro
om

s 
of

 p
at

ie
nt

s 
w

ith
 a

 c
on

fir
m

ed
 p

os
iti

ve
 

di
ag

no
st

ic.
 In

te
re

st
in

gl
y, 

th
e 

ro
om

s 
w

he
re

 
CO

VI
D-

19
 p

at
ie

nt
s 

w
er

e 
iso

la
te

d 
ha

d 
a 

ve
nt

ila
tio

n 
ra

te
 o

f 1
80

0 
m

3/
h.

 6
 d

iff
er

en
t 

su
rfa

ce
s 

tra
pp

ed
 in

 b
ox

es
 w

ith
 p

la
st

ic,
 

pr
ot

ec
tiv

e 
gr

id
s 

to
 a

vo
id

 th
at

 s
am

pl
es

 
co

ul
d 

be
 to

uc
he

d 
by

 th
e 

pa
tie

nt
 o

r b
y 

th
e 

he
al

th
ca

re
 p

er
so

nn
el

. T
he

 d
iff

er
en

t s
ur

fa
ce

s 
w

er
e:

 p
ol

yp
ro

py
le

ne
 (P

P)
, g

la
ss

, p
ol

yv
in

yl 
ch

lo
rid

e 
(P

VC
), 

m
et

ha
cr

yla
te

, a
ga

r m
ed

iu
m

 
an

d 
ca

rb
on

 s
te

el
. P

P 
su

rfa
ce

s 
w

er
e 

ob
ta

in
ed

 
fro

m
 P

P 
bl

ac
k 

pa
ne

ls 
an

d 
ha

d 
a 

se
m

i-g
lo

ss
 

fin
ish

 w
ith

 a
 th

ick
ne

ss
 o

f 2
 m

m
.

0/
18

 IC
U

 “t
ra

ps
” 

2/
18

 C
ov

id
 w

ar
ds

 “t
ra

ps
”

N
ot

 a
tte

m
pt

ed
.

Ct
 fr

om
 p

os
iti

ve
 s

ur
fa

ce
s 

w
er

e 
m

or
e 

th
an

 1
0 

cy
cle

s 
af

te
r t

ha
n 

th
os

e 
ob

ta
in

ed
 

fro
m

 th
e 

pa
tie

nt
, i

nd
ica

tin
g 

th
at

 th
e 

vir
al

 lo
ad

 w
as

 lo
w

er
 

in
 th

e 
ro

om
 e

nv
iro

nm
en

t.

N
R

N
o-

on
e 

co
ul

d 
to

uc
h 

th
e 

su
rfa

ce
s 

of
 th

e 
‘tr

ap
s”

 a
nd

 p
at

ie
nt

s 
w

er
e 

iso
la

te
d 

in
 th

ei
r r

oo
m

s. 
RN

A 
w

as
 

fo
un

d 
in

 tw
o 

di
ffe

re
nt

 s
ur

fa
ce

s 
at

 
72

 h
 in

 th
e 

ro
om

 o
f a

 p
at

ie
nt

 w
ith

 
a 

na
sa

l c
an

nu
la

. N
o 

po
sit

ive
s 

w
er

e 
fo

un
d 

at
 2

4 
or

 4
8 

h 
on

 th
e 

sa
m

e 
su

rfa
ce

s. 
Th

e 
re

st
 o

f s
ur

fa
ce

s, 
pl

ac
ed

 in
 ro

om
s 

w
ith

 p
at

ie
nt

s 
w

ith
 

no
 re

sp
ira

to
ry

 s
up

po
rt

, w
er

e 
no

t 
po

sit
ive

 .

Ra
zz

in
i K

 2
02

0
H

os
pi

ta
l

Ita
ly

O
bs

er
va

tio
na

l; 
5 

ai
r (

&
 

37
 s

ur
fa

ce
) s

am
pl

es
 

co
lle

ct
ed

 in
 th

e 
IC

U
 fo

r 
Co

vid
-1

9 
pa

tie
nt

s.

Ai
r s

am
pl

es
 d

on
e 

us
in

g 
an

 M
D8

 A
irp

or
t 

Po
rt

ab
le

 A
ir 

Sa
m

pl
er

 w
ith

 g
el

at
in

e 
m

em
br

an
e 

fil
te

rs
, 1

 fi
lte

r f
or

 e
ac

h 
m

on
ito

re
d 

ar
ea

.  
Ea

ch
 a

sp
ira

tio
n 

cy
cle

 w
as

 4
0 

m
in

 w
ith

 a
 fl

ow
 

of
 5

0 
l/m

in
. T

he
 d

et
ec

to
r w

as
 p

os
iti

on
ed

 
1.

5 
m

 a
bo

ve
 th

e 
flo

or
. A

ir 
(n

 =
 5

) s
am

pl
es

 
w

er
e 

co
lle

ct
ed

 fr
om

 th
re

e 
zo

ne
s 

cla
ss

ifi
ed

 
as

 c
on

ta
m

in
at

ed
 (c

or
rid

or
 fo

r p
at

ie
nt

s 
an

d 
IC

U
), 

se
m

i-c
on

ta
m

in
at

ed
 (u

nd
re

ss
in

g 
ro

om
) 

an
d 

cle
an

 a
re

as
: (

lo
ck

er
s 

an
d 

pa
ss

ag
e 

fo
r 

th
e 

m
ed

ica
l s

ta
ff 

an
d 

a 
dr

es
sin

g 
ro

om
). 

20
/2

0 
fro

m
 th

e 
co

nt
am

in
at

ed
 a

re
a 

 
0/

8 
se

m
i-c

on
ta

m
in

at
ed

  
0/

9 
cle

an
 a

re
as

.

N
ot

 a
tte

m
pt

ed
.

M
ea

n 
Ct

 fo
r I

CU
 a

ir 
sa

m
pl

es
 

22
.6

 
M

ea
n 

Ct
 fo

r c
or

rid
or

 a
ir 

sa
m

pl
es

 3
1.

1 

N
R

Su
rfa

ce
 c

on
ta

m
in

at
io

n 
w

ith
 

SA
RS

-C
oV

-2
 R

N
A 

in
 C

ov
id

-1
9 

w
ar

ds
 

w
as

 w
id

es
pr

ea
d,

 b
ut

 n
ot

 fo
un

d 
in

 
ho

sp
ita

l “
cle

an
” a

re
as

. A
 to

ta
l o

f 
37

 s
w

ab
 s

am
pl

es
 w

er
e 

co
lle

ct
ed

 
w

ith
in

 th
e 

fiv
e 

ar
ea

s 
an

d 
24

%
 

w
er

e 
po

sit
ive

 fo
r v

ira
l. 

Ai
r s

am
pl

es
 

co
lle

ct
ed

 fr
om

 IC
U

 a
nd

 c
or

rid
or

 fo
r 

pa
tie

nt
s 

w
er

e 
po

sit
ive

 fo
r v

ira
l R

N
A 

w
ith

 m
ea

n 
co

nc
en

tr
at

io
ns

 o
f 2

2.
6 

an
d 

31
.1

 C
t v

al
ue

, r
es

pe
ct

ive
ly.

 In
 

th
e 

pr
es

en
t s

tu
dy

 th
e 

co
rr

el
at

io
n 

be
tw

ee
n 

th
e 

vir
us

 c
on

ce
nt

ra
tio

n 
an

d 
th

e 
di

st
an

ce
 fr

om
 p

at
ie

nt
s 

w
as

 a
lso

 e
va

lu
at

ed
. T

he
 S

pe
ar

m
an

 
co

effi
cie

nt
 s

ug
ge

st
s 

th
at

 th
er

e 
m

ay
 b

e 
a 

m
od

er
at

e 
co

rr
el

at
io

n 
an

d 
th

at
 th

e 
vir

al
 lo

ad
 o

f t
he

 
su

rfa
ce

s 
in

cr
ea

se
s 

w
ith

 th
e 

pa
tie

nt
 

pr
ox

im
ity

.

Page 14 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.1186/s13104-020-05365-y
https://jamanetwork.com/journals/jama/fullarticle/2762692
https://doi.org/10.1016/j.scitotenv.2020.142317
https://doi.org/10.1016/j.scitotenv.2020.142317
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7319646/


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Sa
nt

ar
pi

a 
JL

 2
02

0a
H

os
pi

ta
l

U
SA

Si
ze

-fr
ac

tio
na

te
d 

ae
ro

so
l 

sa
m

pl
es

 c
ol

le
ct

ed
; v

iru
s 

cu
ltu

re
 w

as
 a

tte
m

pt
ed

.

Ai
r s

am
pl

er
s 

w
er

e 
pl

ac
ed

 in
 v

ar
io

us
 p

la
ce

s 
in

 th
e 

vic
in

ity
 o

f t
he

 p
at

ie
nt

, i
nc

lu
di

ng
 o

ve
r 

2m
 d

ist
an

t. 
Pe

rs
on

al
 a

ir 
sa

m
pl

in
g 

de
vic

es
 

w
er

e 
w

or
n 

by
 s

tu
dy

 p
er

so
nn

el
 o

n 
tw

o 
da

ys
 

du
rin

g 
sa

m
pl

in
g.

 M
ea

su
re

m
en

ts
 w

er
e 

m
ad

e 
to

 c
ha

ra
ct

er
ize

 th
e 

siz
e 

di
st

rib
ut

io
n 

of
 a

er
os

ol
 p

ar
tic

le
s, 

an
d 

siz
e-

fra
ct

io
na

te
d,

 
ae

ro
so

l s
am

pl
es

 w
er

e 
co

lle
ct

ed
 to

 a
ss

es
s 

th
e 

pr
es

en
ce

 o
f i

nf
ec

tio
us

 v
iru

s 
in

 p
ar

tic
le

s 
siz

es
 o

f >
4.

1 
µm

, 1
-4

 µ
m

, a
nd

 <
1 

µm
 in

 
th

e 
pa

tie
nt

 e
nv

iro
nm

en
t. 

An
 A

er
od

yn
am

ic 
Pa

rt
icl

e 
Si

ze
r S

pe
ct

ro
m

et
er

 w
as

 u
se

d 
to

 
m

ea
su

re
 a

er
os

ol
 c

on
ce

nt
ra

tio
ns

 a
nd

 s
ize

 
di

st
rib

ut
io

ns
 fr

om
 0

.5
42

 µ
m

 u
p 

to
 2

0 
µm

. A
 

N
IO

SH
 B

C2
51

 s
am

pl
er

 w
as

 u
se

d 
to

 p
ro

vid
e 

siz
e 

se
gr

eg
at

ed
 a

er
os

ol
 s

am
pl

es
 fo

r b
ot

h 
rR

T-
PC

R 
an

d 
cu

ltu
re

 a
na

lys
is.

6/
6 

pa
tie

nt
 ro

om
s.

In
 3

 a
er

os
ol

 s
am

pl
es

 o
f 

siz
e 

<1
 μ

m
, c

el
l c

ul
tu

re
 

re
su

lte
d 

in
 in

cr
ea

se
d 

vir
al

 R
N

A.
  

Vi
ra

l r
ep

lic
at

io
n 

of
 

ae
ro

so
l w

as
 a

lso
 

ob
se

rv
ed

 in
 th

e 
1 

to
 4

 μ
m

 s
ize

 b
ut

 d
id

 
no

t r
ea

ch
 s

ta
tis

tic
al

 
sig

ni
fic

an
ce

.

M
os

t R
N

A 
w

as
 id

en
tifi

ed
 in

 <
1 

m
icr

oM
 p

ar
tic

le
s 

(ra
th

er
 th

an
 

1-
4 

m
icr

oM
 o

r >
4.

1 
m

icr
oM

); 
co

nc
en

tra
tio

ns
 u

p 
to

 a
ro

un
d 

7.
5 

TC
ID

 5
0 

/ m
3 

of
 a

ir.

Tw
o 

of
 1

-4
 

µm
 s

am
pl

es
 

de
m

on
st

ra
te

d 
vir

al
 

gr
ow

th
, b

et
w

ee
n 

90
%

 
an

d 
95

%
 c

on
fid

en
ce

W
es

te
rn

 b
lo

t a
ss

ay
 w

as
 d

on
e 

us
in

g 
th

e 
an

tib
od

y 
ag

ai
ns

t S
AR

S-
Co

V 
N

 p
ro

te
in

, i
n 

ce
ll 

su
pe

rn
at

an
t 

sa
m

pl
es

 w
ith

 s
ta

tis
tic

al
ly 

sig
ni

fic
an

t e
vid

en
ce

 o
f r

ep
lic

at
io

n.
Th

e 
pr

es
en

ce
 o

f S
AR

S-
Co

V-
2 

w
as

 re
po

rt
ed

 to
 b

e 
ob

se
rv

ed
 v

ia
 

w
es

te
rn

 b
lo

t f
or

 a
ll 

bu
t o

ne
 o

f t
he

 
sa

m
pl

es
 (<

1 
um

, R
oo

m
 7

B)
 w

ith
 

st
at

ist
ica

lly
 s

ig
ni

fic
an

t e
vid

en
ce

 
of

 re
pl

ica
tio

n,
 b

y 
rR

T-
PC

R 
(F

ig
ur

e 
2)

. I
nt

ac
t v

iru
s 

w
as

 re
po

rt
ed

 to
 b

e 
ob

se
rv

ed
 v

ia
 T

EM
 in

 th
e 

su
bm

icr
on

 
sa

m
pl

e 
fro

m
 R

oo
m

 5
 , 

an
d 

re
po

rt
ed

 a
s 

“in
di

ca
tin

g 
ac

tiv
e 

vir
al

 
re

pl
ica

tio
n 

in
 th

at
 s

am
pl

e.
” 

Sa
nt

ar
pi

a 
JL

 2
02

0b
H

ea
lth

ca
re

 c
en

tre
U

SA
H

ig
h-

vo
lu

m
e 

(5
0 

Lp
m

) 
an

d 
lo

w
-v

ol
um

e 
(4

 L
pm

) 
pe

rs
on

al
 a

ir 
sa

m
pl

es
 

(&
 s

ur
fa

ce
 s

am
pl

es
) 

co
lle

ct
ed

 fr
om

 1
3 

Co
vid

-
19

 p
at

ie
nt

s; 
vir

us
 c

ul
tu

re
 

w
as

 a
tte

m
pt

ed
.

W
e 

in
iti

at
ed

 a
n 

on
go

in
g 

st
ud

y 
of

 
en

vir
on

m
en

ta
l c

on
ta

m
in

at
io

n 
ob

ta
in

in
g 

su
rfa

ce
 a

nd
 a

ir 
sa

m
pl

es
 in

 2
 N

BU
 h

os
pi

ta
l 

an
d 

9 
N

Q
U

 re
sid

en
tia

l i
so

la
tio

n 
ro

om
s 

ho
us

in
g 

in
di

vid
ua

ls 
te

st
in

g 
po

sit
ive

 fo
r 

SA
RS

-C
oV

-2
. S

am
pl

es
 w

er
e 

ob
ta

in
ed

 in
 th

e 
N

Q
U

 o
n 

da
ys

 5
–9

 o
f o

cc
up

an
cy

 a
nd

 in
 th

e 
N

BU
 o

n 
da

y 
10

63
%

 o
f i

n-
ro

om
 a

ir 
sa

m
pl

es
 

po
sit

ive
 (d

en
om

in
at

or
 

un
cle

ar
)

Cu
lti

va
tio

n 
of

 v
iru

s 
w

as
 

no
t c

on
fir

m
ed

 in
 th

es
e 

ex
pe

rim
en

ts
. A

ut
ho

rs
 

su
gg

es
t t

hi
s 

w
as

 d
ue

 to
 

th
e 

lo
w

 c
on

ce
nt

ra
tio

ns
 

re
co

ve
re

d 
in

 th
e 

sa
m

pl
es

.

Co
nc

en
tra

tio
n 

of
 g

en
e 

co
pi

es
 

pr
es

en
t i

n 
th

e 
re

co
ve

re
d 

liq
ui

d 
sa

m
pl

e 
(c

op
ie

s/
µL

): 
ge

ne
ra

lly
 lo

w
 a

nd
 h

ig
hl

y 
va

ria
bl

e 
fro

m
 s

am
pl

e 
to

 
sa

m
pl

e 
ra

ng
in

g 
fro

m
 0

 to
 

1.
75

 c
op

ie
s/

µL
; w

ith
 th

e 
hi

gh
es

t c
on

ce
nt

ra
tio

n 
re

co
ve

re
d 

fro
m

 a
n 

ai
r 

ha
nd

lin
g 

gr
at

e 
in

 th
e 

N
BU

.

N
R

Ae
ro

so
l s

am
pl

es
 w

er
e 

an
al

yz
ed

 
by

 R
T-

PC
R 

ta
rg

et
in

g 
th

e 
E 

ge
ne

 
of

 S
AR

S-
Co

V-
2.

 P
ar

tia
l e

vid
en

ce
 

of
 v

iru
s 

re
pl

ica
tio

n 
fro

m
 o

ne
 a

ir 
sa

m
pl

e.
 In

 th
e 

N
BU

, f
or

 th
e 

fir
st

 
tw

o 
sa

m
pl

in
g 

ev
en

ts
 p

er
fo

rm
ed

 o
n 

Da
y 

10
, t

he
 s

am
pl

er
 w

as
 p

la
ce

d 
on

 
th

e 
w

in
do

w
 le

dg
e 

aw
ay

 fr
om

 th
e 

pa
tie

nt
, a

nd
 w

as
 p

os
iti

ve
 fo

r R
N

A 
(2

.4
2 

co
pi

es
/L

 o
f a

ir)
. O

n 
Da

y 
18

 in
 

N
BU

 R
oo

m
 B

 o
cc

up
ie

d 
by

 P
at

ie
nt

 
3,

 o
ne

 s
am

pl
er

 w
as

 p
la

ce
d 

ne
ar

 th
e 

pa
tie

nt
 a

nd
 o

ne
 w

as
 p

la
ce

d 
ne

ar
 

th
e 

do
or

 g
re

at
er

 th
an

 2
 m

et
er

s 
fro

m
 th

e 
pa

tie
nt

’s 
be

d 
w

hi
le

 th
e 

pa
tie

nt
 w

as
 re

ce
ivi

ng
 o

xy
ge

n 
(1

L)
 

via
 n

as
al

 c
an

nu
la

. B
ot

h 
sa

m
pl

es
 

w
er

e 
po

sit
ive

 b
y 

PC
R,

 w
ith

 th
e 

on
e 

clo
se

st
 to

 th
e 

pa
tie

nt
 in

di
ca

tin
g 

a 
hi

gh
er

 a
irb

or
ne

 c
on

ce
nt

ra
tio

n 
of

 R
N

A 
(4

.0
7 

as
 c

om
pa

re
d 

to
 2

.4
8 

co
pi

es
/L

 o
f a

ir)
. S

am
pl

es
 ta

ke
n 

ou
ts

id
e 

th
e 

ro
om

s 
in

 th
e 

ha
llw

ay
s 

w
er

e 
58

%
 p

os
iti

ve
 . 

Be
tw

ee
n 

5 
an

d 
16

 s
am

pl
es

 w
er

e 
co

lle
ct

ed
 fr

om
 

ea
ch

 ro
om

, w
ith

 a
 m

ea
n 

of
 7

.3
5 

sa
m

pl
es

 p
er

 ro
om

 a
nd

 a
 m

od
e 

of
 6

 s
am

pl
es

 p
er

 ro
om

.*
in

 tw
o 

of
 

th
e 

sa
m

pl
es

, c
el

l c
ul

tu
re

 in
di

ca
te

d 
so

m
e 

ev
id

en
ce

 fo
r t

he
 p

re
se

nc
e 

of
 

re
pl

ica
tio

n 
co

m
pe

te
nt

 v
iru

s 

Se
tt

i L
 2

02
0

O
ut

do
or

 s
am

pl
in

g
Ita

ly
O

bs
er

va
tio

na
l s

tu
dy

 
of

 p
ar

tic
ul

at
e 

m
at

te
r 

co
lle

ct
ed

 in
 in

du
st

ria
l 

ar
ea

 o
f B

er
ga

m
o 

ov
er

 
a 

co
nt

in
uo

us
 3

-w
ee

k 
pe

rio
d

Pa
rt

icu
la

te
 m

at
te

r w
as

 c
ol

le
ct

ed
 u

sin
g 

fib
er

 
fil

te
rs

 b
y 

us
in

g 
a 

lo
w

-v
ol

um
e 

gr
av

im
et

ric
 a

ir 
sa

m
pl

er
 (3

8.
3 

l/m
in

 fo
r 2

4 
h)

, c
om

pl
ia

nt
 w

ith
 

th
e 

re
fe

re
nc

e 
m

et
ho

d 
EN

12
34

1:
20

14
 fo

r 
PM

10
 m

on
ito

rin
g.

 T
hi

s 
sa

m
pl

in
g 

pr
oc

ed
ur

e 
al

lo
w

s 
co

lle
ct

io
n 

of
 a

er
os

ol
 a

nd
 b

io
ae

ro
so

l, 
by

 fi
lte

rin
g 

55
 m

3 
pe

r d
ay

, i
n 

a 
w

id
e 

di
m

en
sio

na
l r

an
ge

; a
n 

ap
pr

oa
ch

 c
on

sid
er

ed
 

su
ita

bl
e 

fo
r s

en
tin

el
 a

nd
 s

ur
ve

illa
nc

e 
pu

rp
os

es
.

20
/3

4 
PM

 s
am

pl
es

 p
os

iti
ve

 
fo

r o
ne

 g
en

e 
4/

34
 p

os
iti

ve
 fo

r 2
 g

en
es

N
ot

 a
tte

m
pt

ed
.

N
ot

 re
po

rt
ed

.
PM

 re
po

rt
ed

 
pa

rt
icu

la
te

 m
at

te
r i

n 
de

fin
ed

 
co

nd
iti

on
s 

of
 a

tm
os

ph
er

ic 
st

ab
ilit

y 
an

d 
hi

gh
 c

on
ce

nt
ra

tio
ns

 o
f P

M
10

,

Se
yy

ed
 M

ah
di

 S
M

 
20

20
H

os
pi

ta
l 

Ira
n 

Cr
os

s-
se

ct
io

na
l s

tu
dy

 in
 

th
e 

Co
vid

-1
9 

IC
U

 w
ar

d.
 

Ai
r a

nd
 s

ur
fa

ce
 s

am
pl

in
g;

 im
pi

ng
er

 m
et

ho
d 

w
as

 a
pp

lie
d 

fo
r a

ir 
sa

m
pl

in
g:

 a
t a

 d
ist

an
ce

 
of

 1
.5

 to
 1

.8
 m

et
er

s 
fro

m
 th

e 
gr

ou
nd

, t
he

 
ai

r o
f t

he
 IC

U
 w

ar
d 

w
as

 p
as

se
d 

th
ro

ug
h 

a 
sa

m
pl

in
g 

pu
m

p 
w

ith
 a

n 
flo

w
 ra

te
 o

f 1
.5

 
l/m

in
 in

to
 th

e 
po

ro
us

 m
id

ge
t i

m
pe

lle
r-

30
 

m
l c

on
ta

in
in

g 
15

 m
l o

f v
iru

s 
tra

ns
m

iss
io

n 
m

ed
iu

m
 (P

VT
M

) f
or

 4
5 

m
in

ut
es

.

6/
10

 a
ir 

sa
m

pl
es

N
ot

 a
tte

m
pt

ed
.

H
ig

he
st

 R
N

A 
co

nc
en

tra
tio

ns
 

ob
se

rv
ed

 a
t t

he
 p

oi
nt

 
be

tw
ee

n 
be

ds
 6

 a
nd

 7
 (3

91
3 

co
pi

es
 p

er
 m

l)

N
R

H
ig

he
st

 R
N

A 
co

nc
en

tr
at

io
ns

 
ob

se
rv

ed
 a

t t
he

 p
oi

nt
 b

et
w

ee
n 

be
ds

 6
 a

nd
 7

 (3
91

3 
co

pi
es

 p
er

 m
l).

 
M

os
t o

f t
he

 re
po

rt
ed

 n
eg

at
ive

 a
ir 

sa
m

pl
es

 w
er

e 
fro

m
 th

e 
m

id
dl

e 
of

 th
e 

w
ar

d,
 w

hi
ch

 w
as

 fu
rt

he
r 

aw
ay

 fr
om

 th
e 

pa
tie

nt
s 

be
ds

. 
te

n 
sa

m
pl

es
 ta

ke
n 

fro
m

 d
iff

er
en

t 
su

rfa
ce

s 
of

 th
e 

w
ar

d,
 4

 s
am

pl
es

 
w

er
e 

po
sit

ive
 (4

0%
) a

nd
 th

e 
hi

gh
es

t c
on

ce
nt

ra
tio

n 
(8

31
8 

co
pi

es
 

pe
r m

l) 
w

as
 re

la
te

d 
to

 th
e 

ta
bl

e 
ne

xt
 to

 b
ed

 n
um

be
r 3

.

Page 15 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://www.medrxiv.org/content/10.1101/2020.07.13.20041632v2
https://www.nature.com/articles/s41598-020-69286-3#citeas
https://www.sciencedirect.com/science/article/pii/S0013935120306472
http://ioh.iums.ac.ir/article-1-3121-en.html
http://ioh.iums.ac.ir/article-1-3121-en.html


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Sh
en

 Y
 2

02
0

Co
m

m
un

ity
 

in
clu

di
ng

 
tra

ns
po

rt
 o

n 
bu

se
s

Ch
in

a
O

bs
er

va
tio

na
l 

ep
id

em
io

lo
gy

: c
oh

or
t o

f 
12

8 
in

di
vid

ua
ls.

12
8 

in
di

vid
ua

ls 
tra

ve
lle

d 
on

 1
 o

f 2
 b

us
es

 to
 

at
te

nd
 a

 w
or

sh
ip

 e
ve

nt
 in

 E
as

te
rn

 C
hi

na
. 

Th
os

e 
w

ho
 ro

de
 a

 b
us

 w
ith

 a
ir 

re
cir

cu
la

tio
n 

an
d 

w
ith

 a
 p

at
ie

nt
 w

ith
 C

O
VI

D-
19

 h
ad

 a
n 

in
cr

ea
se

d 
ris

k 
of

 S
AR

S-
Co

V-
2 

in
fe

ct
io

n 
co

m
pa

re
d 

w
ith

 th
os

e 
w

ho
 ro

de
 a

 d
iff

er
en

t 
bu

s.

N
ot

 a
tte

m
pt

ed
.

N
ot

 a
tte

m
pt

ed
.

N
/A

. 
N

/A
. 

Fo
m

ite
s 

an
d 

dr
op

le
t t

ra
ns

m
iss

io
n 

ca
n 

no
t r

ea
so

na
bl

y 
be

 e
xc

lu
de

d.

So
ng

 Z
 2

02
0

Pu
bl

ic 
H

ea
lth

 
Cl

in
ica

l C
en

te
r

Ch
in

a 
O

bs
er

va
tio

na
l 

su
rv

ei
lla

nc
e 

to
 e

va
lu

at
e 

th
e 

ris
k 

of
 v

ira
l 

tra
ns

m
iss

io
n 

in
 A

IIR
s 

w
ith

 1
15

 ro
om

s 
in

 th
re

e 
bu

ild
in

gs
 a

t t
he

 S
ha

ng
ha

i 
Pu

bl
ic 

H
ea

lth
 C

lin
ica

l 
Ce

nt
er

, S
ha

ng
ha

i, 
du

rin
g 

th
e 

tre
at

m
en

t o
f 3

34
 

pa
tie

nt
s 

in
fe

ct
ed

 w
ith

 
SA

RS
-C

oV
-2

. 

In
 p

at
ie

nt
 ro

om
s, 

an
 a

ir 
sa

m
pl

er
 w

as
 p

la
ce

d 
on

 th
e 

gr
ou

nd
 w

ith
 a

 d
ist

an
ce

 o
f a

bo
ut

 
1.

0 
m

 fr
om

 p
at

ie
nt

’s 
be

d.
 In

 c
ha

ng
in

g 
ro

om
s, 

it 
w

as
 lo

ca
te

d 
be

tw
ee

n 
ai

r s
up

pl
y 

ou
tle

t a
nd

 a
ir 

ex
ha

us
t t

o 
ca

pt
ur

e 
pa

rt
icl

es
 

fro
m

 th
e 

un
id

ire
ct

io
na

l a
irfl

ow
. I

n 
ad

di
tio

n,
 

H
EP

A 
fil

te
rs

 o
f a

ir 
ex

ha
us

t o
ut

le
t i

n 
AI

IR
s 

in
 

bu
ild

in
g 

2 
w

er
e 

co
lle

ct
ed

.

0/
7 

IC
U

 a
ir 

sa
m

pl
es

  
0/

2 
no

n 
IC

U
 b

ui
ld

in
gs

.
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
. 

W
e 

co
lle

ct
ed

 a
ir 

sa
m

pl
es

 fr
om

 
15

 A
IIR

s, 
in

clu
di

ng
 7

 IC
U

-A
IIR

s 
in

 b
ui

ld
in

g 
3 

an
d 

8 
no

n-
IC

U
 

AI
IR

s 
in

 b
ui

ld
in

gs
 1

 a
nd

 2
. T

w
o 

of
 th

e 
sa

m
pl

es
 w

er
e 

co
lle

ct
ed

 
in

 th
e 

IC
U

-A
IIR

 o
f b

ui
ld

in
g 

3 
w

he
n 

tra
ch

eo
to

m
y 

su
rg

er
y 

w
as

 
pe

rfo
rm

ed
. D

ire
ct

io
na

l a
irfl

ow
 a

nd
 

st
ro

ng
 e

nv
iro

nm
en

ta
l h

yg
ie

ne
 

pr
oc

ed
ur

es
 w

er
e 

in
 p

la
ce

.  
N

on
e 

of
 2

90
 H

CW
s 

w
as

 in
fe

ct
ed

 
w

he
n 

w
or

ki
ng

 in
 th

e 
AI

IR
s 

at
 th

is 
ho

sp
ita

l. 
Ad

di
tio

na
lly

, t
es

tin
g 

of
 a

ll 
su

rfa
ce

 s
am

pl
es

 fr
om

 a
ir 

ex
ha

us
t 

an
d 

H
EP

A 
fil

te
rs

 fa
ile

d 
to

 d
et

ec
t 

an
y 

vir
al

 R
N

A

Ta
n 

L 
20

20
H

os
pi

ta
l

Ch
in

a 
O

bs
er

va
tio

na
l s

tu
dy

 o
f 

ai
r a

nd
 s

ur
fa

ce
 s

am
pl

es
 

co
lle

ct
ed

 fr
om

 is
ol

at
io

n 
w

ar
ds

 a
nd

 IC
U

 fo
r 1

5 
CO

VI
D-

19
 p

at
ie

nt
s.

Ai
r s

am
pl

es
 w

er
e 

ob
ta

in
ed

 b
y 

pl
ac

in
g 

an
 a

ir 
sa

m
pl

er
 w

ith
in

 1
 m

 o
f t

he
 p

at
ie

nt
’s 

he
ad

; 
th

is 
co

nt
in

uo
us

ly 
fil

te
re

d 
ai

r a
t a

 s
pe

ed
 o

f 5
 

l/m
in

 a
nd

 tr
ap

pe
d 

sm
al

l v
iru

s 
pa

rt
icl

es
 o

n 
a 

m
em

br
an

e.
 A

fte
r 1

 h
 th

e 
m

em
br

an
e 

w
as

 
re

m
ov

ed
 a

nd
 c

ut
 in

to
 s

m
al

l p
ie

ce
s 

to
 b

e 
st

or
ed

 in
 V

TM
 p

rio
r t

o 
fu

rt
he

r t
es

tin
g.

 T
he

 
ai

r s
am

pl
er

 w
as

 p
la

ce
d 

at
 th

e 
sa

m
e 

he
ig

ht
 

as
 (o

r s
lig

ht
ly 

lo
w

er
 th

an
) a

n 
el

ec
tro

ni
c 

fa
n 

in
st

al
le

d 
on

 to
p 

of
 th

e 
w

in
do

w
s 

to
 e

xp
el

 
th

e 
ai

r f
ro

m
 th

e 
w

ar
ds

 to
 th

e 
ou

ts
id

e.
 A

ir 
sa

m
pl

es
 w

er
e 

ob
ta

in
ed

 fr
om

 p
at

ie
nt

 ro
om

s, 
th

e 
co

rr
id

or
 o

ut
sid

e 
th

e 
pa

tie
nt

 ro
om

s, 
an

d 
in

 th
e 

ne
ar

by
 n

ur
sin

g 
st

at
io

ns
.

1/
29

 
0/

17
 c

le
an

 a
re

as
 

1/
12

 p
at

ie
nt

 ro
om

s*

N
ot

 a
tte

m
pt

ed
.

N
ot

 a
tte

m
pt

ed
.

N
R

*O
nl

y 
on

e 
sa

m
pl

e 
w

as
 p

os
iti

ve
 fo

r 
SA

RS
-C

oV
-2

, w
hi

ch
 w

as
 c

ol
le

ct
ed

 
w

ith
in

 1
0 

cm
 o

f a
 fe

m
al

e 
pa

tie
nt

 
w

ho
 w

as
 u

nd
er

go
in

g 
en

do
tr

ac
he

al
 

in
tu

ba
tio

n 
fo

r i
nv

as
ive

 m
ec

ha
ni

ca
l 

ve
nt

ila
tio

n.
  

SA
RS

-C
oV

-2
 R

N
A 

w
as

 n
ot

 d
et

ec
te

d 
on

 a
ny

 o
f t

he
 3

6 
su

rg
ica

l m
as

ks
 

fro
m

 1
8 

pa
tie

nt
s 

(1
4 

m
ild

 a
nd

 fo
ur

 
se

ve
re

/c
rit

ica
l),

 a
lth

ou
gh

 s
om

e 
of

 
th

e 
pa

tie
nt

s 
ha

d 
w

or
n 

th
e 

sa
m

e 
m

as
k 

fo
r 2

4 
h.

  
M

os
t p

at
ie

nt
s 

w
er

e 
20

 d
ay

s 
po

st
 

sy
m

pt
om

 o
ns

et
, a

nd
 1

0/
24

 (4
2%

) 
te

st
ed

 p
os

iti
ve

 fo
r S

AR
S-

Co
V-

2 
by

 th
ro

at
 s

w
ab

 o
n 

th
e 

da
y 

of
 

sa
m

pl
in

g.

W
ei

 L
 2

02
0 

(a
)

H
os

pi
ta

l
Ch

in
a 

Sa
m

pl
ed

 th
e 

su
rr

ou
nd

in
gs

 a
nd

 a
ir 

of
 6

 n
eg

at
ive

-p
re

ss
ur

e 
no

n-
IC

U
 ro

om
s 

In
 a

 d
es

ig
na

te
d 

iso
la

tio
n 

w
ar

d 
oc

cu
pi

ed
 

by
 1

3 
Co

vid
-1

9 
pa

tie
nt

s, 
in

clu
di

ng
 2

 
as

ym
pt

om
at

ic 
pa

tie
nt

s. 
Ai

r w
as

 s
am

pl
ed

 
be

tw
ee

n 
10

:3
0 

am
 a

nd
 1

3:
00

 p
m

 d
ur

in
g 

th
e 

ro
ut

in
e 

m
ed

ica
l a

ct
ivi

tie
s 

us
in

g 
an

 a
ir 

sa
m

pl
er

 (F
SC

-1
V;

 H
on

gr
ui

, S
uz

ho
u,

 C
hi

na
) 

w
ith

 0
.2

2-
μm

-p
or

e-
siz

e 
fil

te
r m

em
br

an
es

 
fo

r 1
5 

m
in

 a
t 1

00
 li

te
rs

/m
in

. T
he

 a
ir 

sa
m

pl
er

 
w

as
 p

la
ce

d 
ab

ou
t 0

.6
 m

 a
w

ay
 fr

om
 e

ac
h 

pa
tie

nt
 a

nd
 1

 m
 a

bo
ve

 th
e 

flo
or

 in
 e

ac
h 

ro
om

. T
he

 fi
lte

r m
em

br
an

es
 w

er
e 

w
ip

ed
 

by
 th

e 
us

e 
of

 p
re

 m
oi

st
en

ed
 s

te
ril

e 
sw

ab
s 

(C
op

an
).

0/
6 

ro
om

 a
ir 

sa
m

pl
es

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

R
3/

6 
of

 s
am

pl
es

 fr
om

 a
ir 

ex
ha

us
t 

ou
tle

ts
 in

 th
re

e 
ro

om
s 

w
er

e 
po

sit
ive

 fo
r S

AR
S-

Co
V-

2.
 It

 a
pp

ea
rs

 
th

at
 th

e 
pa

tie
nt

 s
ur

ro
un

di
ng

s 
in

 ro
om

s 
w

ith
 a

 S
AR

S-
Co

V-
2-

po
sit

ive
 a

ir 
ex

ha
us

t o
ut

le
t a

re
 

us
ua

lly
 e

xt
en

siv
e 

co
nt

am
in

at
ed

 
(2

6.
7%

 to
 9

5.
7%

). 
It 

is 
po

ss
ib

le
 

th
at

 s
m

al
l v

iru
s-

la
de

n 
pa

rt
icl

es
 

m
ay

 b
e 

di
sp

la
ce

d 
by

 a
irfl

ow
s 

an
d 

de
po

sit
ed

 o
n 

pa
tie

nt
 s

ur
ro

un
di

ng
s 

as
 s

ug
ge

st
ed

 p
re

vio
us

ly.
 4

4/
11

2 
su

rfa
ce

 s
am

pl
es

 te
st

ed
 p

os
iti

ve
.

Page 16 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://jamanetwork.com/journals/jamainternalmedicine/fullarticle/2770172
https://doi.org/10.1007/s12250-020-00301-7
http://dx.doi.org/10.1016/j.ijid.2020.07.027
https://msphere.asm.org/content/5/3/e00442-20


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

W
ei

 L
 (2

02
0 

(b
)

H
os

pi
ta

l
Ch

in
a 

O
bs

er
va

tio
na

l s
tu

dy
 in

 
pa

tie
nt

 s
ur

ro
un

di
ng

s 
an

d 
on

 P
PE

 in
 a

 n
on

-IC
U

 
iso

la
tio

n 
w

ar
d

Th
e 

ai
r f

ro
m

 ro
om

s 
fo

r n
in

e 
CO

VI
D-

19
 

pa
tie

nt
s 

w
ith

 il
ln

es
s 

or
 p

os
iti

ve
 P

CR
 >

 30
 

da
ys

, b
ef

or
e 

an
d 

af
te

r n
as

op
ha

ry
ng

ea
l/

or
op

ha
ry

ng
ea

l s
w

ab
bi

ng
 a

nd
 b

ef
or

e 
an

d 
af

te
r n

eb
ul

iza
tio

n 
tre

at
m

en
t. 

Ai
r s

am
pl

in
g 

w
as

 p
er

fo
rm

ed
 u

sin
g 

an
 a

ir 
m

icr
ob

io
lo

gi
ca

l 
sa

m
pl

er
 (F

SC
-1

V;
 H

on
gr

ui
, S

uz
ho

u,
 C

hi
na

) 
w

ith
 0

.2
2 

μm
 fi

lte
r m

em
br

an
es

 o
n 

a 
nu

tr
ie

nt
 

ag
ar

 p
la

te
 fo

r 1
5 

m
in

 a
t 1

00
 L

/m
in

, w
hi

ch
 

w
as

 p
la

ce
d 

ab
ou

t 2
 m

 a
w

ay
 fr

om
 p

at
ie

nt
 

an
d 

1.
1 

m
 a

bo
ve

 th
e 

gr
ou

nd
. A

ir 
w

as
 a

lso
 

sa
m

pl
ed

 b
ef

or
e 

an
d 

af
te

r p
er

fo
rm

in
g 

ne
bu

liz
at

io
n 

tre
at

m
en

t f
or

 a
ll 

pa
tie

nt
s 

re
qu

ire
d 

(n
 = 

4 
on

 M
ar

ch
 4

 a
nd

 n
 = 

2 
on

 
M

ar
ch

 1
2,

 2
02

0)
. A

fte
r a

ir 
sa

m
pl

in
g,

 th
e 

fil
te

rs
 a

nd
 th

e 
su

rfa
ce

 o
f a

ga
r w

er
e 

w
ip

ed
 

us
in

g 
st

er
ile

 s
w

ab
s.

0/
34

 ro
om

 a
ir 

sa
m

pl
es

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
En

vir
on

m
en

ta
l s

am
pl

in
g 

w
as

 
no

t p
er

fo
rm

ed
 a

t t
he

 e
ar

ly 
st

ag
e 

of
 C

O
VI

D-
19

 w
he

n 
vir

al
 lo

ad
 in

 
up

pe
r r

es
pi

ra
to

ry
 tr

ac
t i

s 
hi

gh
er

.
SA

RS
-C

oV
-2

 w
as

 n
ot

 d
et

ec
te

d 
at

 
di

st
an

ce
s 

> 1
 m

 a
w

ay
 fr

om
 p

at
ie

nt
s 

w
ith

 a
 S

AR
S-

Co
V-

2-
po

sit
ive

 s
w

ab
 

(n
 = 

5 
fo

r n
as

op
ha

ry
ng

ea
l a

nd
 n

 = 
2 

fo
r o

ro
ph

ar
yn

ge
al

) w
he

n 
co

lle
ct

in
g 

sw
ab

s 
no

r a
fte

r n
eb

ul
iza

tio
n 

fo
r 

pa
tie

nt
s 

w
ith

 p
os

iti
ve

 re
sp

ira
to

ry
 

sa
m

pl
es

W
on

g 
JC

C 
20

20
H

om
e 

re
sid

en
ce

Si
ng

ap
or

e 
O

bs
er

va
tio

na
l s

tu
dy

 
of

 e
nv

iro
nm

en
ta

l 
co

nt
am

in
at

io
n 

of
 

SA
RS

-C
oV

-2
 in

 n
on

 2
4 

he
al

th
ca

re
 s

et
tin

gs
 a

nd
 

as
se

ss
ed

 th
e 

effi
ca

cy
 o

f 
cle

an
in

g 
an

d 
di

sin
fe

ct
io

n 
in

 re
m

ov
in

g 
SA

RS
-C

oV
-2

 
co

nt
am

in
at

io
n.

Ai
r s

am
pl

es
 w

er
e 

co
lle

ct
ed

 (n
=4

) i
n 

an
 

ac
co

m
m

od
at

io
n 

ro
om

 (o
cc

up
ie

d 
by

 C
as

e 
1)

 th
at

 w
as

 th
ou

gh
t t

o 
be

 p
oo

rly
 v

en
til

at
ed

 
an

d 
an

ot
he

r 2
 s

am
pl

es
 w

er
e 

co
lle

ct
ed

 ri
gh

t 
ou

ts
id

e 
th

e 
ro

om
 e

nt
ra

nc
e.

 A
ll 

sa
m

pl
es

 w
er

e 
ta

ke
n 

af
te

r t
he

 in
fe

ct
ed

 p
er

so
ns

 v
ac

at
ed

 th
e 

sit
es

 a
nd

 h
av

e 
be

en
 is

ol
at

ed
 in

 h
ea

lth
ca

re
 

fa
cil

iti
es

. 

0/
6 

ho
m

e 
re

sid
en

ce
 

sa
m

pl
es

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
H

al
f o

f t
he

 s
ur

fa
ce

 s
w

ab
 a

nd
 a

ir 
sa

m
pl

es
 w

er
e 

ta
ke

n 
be

fo
re

 th
e 

cle
an

in
g 

an
d 

di
sin

fe
ct

io
n 

an
d 

th
e 

ot
he

r h
al

f w
as

 ta
ke

n 
af

te
r t

he
 

di
sin

fe
ct

io
n 

pr
oc

ed
ur

e,
 p

er
fo

rm
ed

 
by

 th
ird

 p
ar

ty
 c

om
m

er
cia

l 
co

m
pa

ni
es

 

W
on

g 
SC

Y 
20

20
H

os
pi

ta
l

Ch
in

a 
Ca

se
 re

po
rt

 a
nd

 c
on

ta
ct

 
tra

cin
g 

an
d 

te
st

in
g 

ou
tb

re
ak

 in
ve

st
ig

at
io

n 
of

 
a 

pa
tie

nt
 in

 w
ith

 C
O

VI
D-

19
 w

ho
 w

as
 n

ur
se

d 
pr

io
r t

o 
Co

vid
 d

ia
gn

os
is 

in
 a

n 
op

en
 c

ub
icl

e 
of

 a
 

ge
ne

ra
l h

os
pi

ta
l w

ar
d,

 
H

on
g 

Ko
ng

.

Sa
m

pl
es

 n
ot

 c
ol

le
ct

ed
.

N
ot

 a
tte

m
pt

ed
.

N
ot

 a
tte

m
pt

ed
.

N
/A

 
N

/A
Fi

nd
in

gs
 s

ug
ge

st
 th

at
 S

AR
S-

Co
V-

2 
is 

no
t s

pr
ea

d 
by

 a
n 

ai
rb

or
ne

 ro
ut

e.
 

A 
to

ta
l o

f 7
1 

st
aff

 a
nd

 4
9 

pa
tie

nt
s 

w
er

e 
id

en
tifi

ed
 fr

om
 c

on
ta

ct
 

tra
cin

g,
 7

 s
ta

ff 
an

d 
10

 p
at

ie
nt

s 
fu

lfi
lle

d 
th

e 
cr

ite
ria

 o
f ‘c

lo
se

 
co

nt
ac

t’.
 A

fte
r 2

8-
da

y 
su

rv
ei

lla
nc

e,
 

76
 te

st
s 

w
er

e 
pe

rfo
rm

ed
 o

n 
52

 
co

nt
ac

ts
 a

nd
 a

ll 
w

er
e 

ne
ga

tiv
e,

 
in

clu
di

ng
 a

ll 
pa

tie
nt

 c
lo

se
 c

on
ta

ct
s 

an
d 

6/
7 

st
aff

 c
lo

se
 c

on
ta

ct
s. 

Th
e 

re
m

ai
ni

ng
 c

on
ta

ct
s 

w
er

e 
as

ym
pt

om
at

ic 
th

ro
ug

ho
ut

 th
e 

su
rv

ei
lla

nc
e 

pe
rio

d.
 E

vid
en

ce
 

ag
ai

ns
t a

irb
or

ne
 tr

an
sm

iss
io

n:
 n

o 
po

sit
ive

 te
st

 a
m

on
g 

clo
se

 c
on

ta
ct

s 
up

 to
 2

8 
da

ys
. T

he
 p

at
ie

nt
 c

ou
ld

 
no

t w
ea

r a
 s

ur
gi

ca
l m

as
k 

as
 s

he
 

w
as

 o
n 

ox
yg

en
 th

er
ap

y 
th

ro
ug

h 
a 

sim
pl

e 
fa

ce
m

as
k.

 

W
u 

S 
20

20
H

os
pi

ta
l

Ch
in

a 
O

bs
er

va
tio

na
l s

tu
dy

 o
f 

ai
r a

nd
 s

ur
fa

ce
 s

am
pl

es
 

in
 h

os
pi

ta
l i

nc
lu

di
ng

 re
st

 
ro

om
s 

Ai
r s

am
pl

es
 fr

om
 m

ed
ica

l a
re

as
 w

er
e 

co
lle

ct
ed

 th
ro

ug
h 

na
tu

ra
l p

re
cip

ita
tio

n 
ac

co
rd

in
g 

to
 th

e 
H

yg
ie

ni
c 

St
an

da
rd

 fo
r 

Di
sin

fe
ct

io
n 

in
 H

os
pi

ta
ls.

9 
Al

l s
am

pl
es

 w
er

e 
co

lle
ct

ed
 u

nd
er

 e
m

er
ge

nc
y 

co
nd

iti
on

s 
ar

ou
nd

 8
:0

0 
AM

 b
ef

or
e 

ro
ut

in
e 

cle
an

in
g 

an
d 

di
sin

fe
ct

io
n 

0/
44

 
0/

13
 IC

U
 

0/
13

 W
ar

ds
  

0/
18

 fe
ve

r c
lin

ic

N
/A

 
N

/A
 

N
/A

 
Th

e 
po

sit
ive

 ra
te

s 
in

 2
00

 
en

vir
on

m
en

ta
l s

ur
fa

ce
 s

am
pl

es
 in

 
m

ed
ica

l a
re

as
 (2

4.
83

%
) w

as
 h

ig
he

r 
th

an
 th

at
 in

 li
vin

g 
qu

ar
te

rs
 (3

.6
4%

), 
w

ith
 a

 s
ig

ni
fic

an
t d

iff
er

en
ce

 (P
 

< 
.0

5)
. 

Page 17 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.1186/s13756-020-00839-x
https://www.medrxiv.org/content/10.1101/2020.05.31.20107862v1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7128692/
http://dx.doi.org/10.1016/j.ajic.2020.05.003


Au
th

or
s

Se
tt

in
g

Co
un

tr
y

M
et

ho
d

Sa
m

pl
es

 s
ou

rc
e

Ai
r S

am
pl

es
 P

CR
 p

os
it

iv
e 

fo
r S

AR
s-

Co
V-

2 
RN

A 
(u

nl
es

s 
ot

he
rw

is
e 

st
at

ed
)

Vi
ra

l c
ul

tu
re

Vi
ra

l c
on

ce
nt

ra
ti

on
s 

co
pi

es
/m

3 
or

 c
op

ie
s/

L 
or

 
Cy

cl
e 

th
re

sh
ol

d 
(C

t)

si
ze

 o
f a

ir
 p

ar
ti

cl
es

 
an

d 
pr

op
or

ti
on

 in
 

sa
m

pl
e

N
ot

es

Yu
an

 X
N

 2
02

0
H

os
pi

ta
l

Ch
in

a 
O

bs
er

va
tio

na
l s

tu
dy

 o
f 

th
e 

co
nt

am
in

at
ed

 a
re

a 
in

 
CO

VI
D-

19
 w

ar
ds

Ai
r s

am
pl

es
 fr

om
 th

e 
cle

an
 a

re
a,

 th
e 

bu
ffe

r 
ro

om
 a

nd
 th

e 
co

nt
am

in
at

ed
 a

re
a 

in
 th

e 
CO

VI
D-

19
 w

ar
ds

 u
sin

g 
a 

po
rt

ab
le

 b
io

ae
ro

so
l 

co
nc

en
tra

to
r W

A-
15

. 

0/
90

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

/A
Th

e 
38

 h
ig

h-
fre

qu
en

cy
 c

on
ta

ct
 

su
rfa

ce
s 

sa
m

pl
es

 o
f t

he
 

co
nt

am
in

at
ed

 a
re

a 
an

d 
16

 
su

rfa
ce

 s
am

pl
es

 o
f m

ed
ica

l s
ta

ff’
s 

pr
ot

ec
tiv

e 
eq

ui
pm

en
t i

nc
lu

di
ng

 
ou

te
rm

os
t g

lo
ve

s 
an

d 
iso

la
tio

n 
clo

th
in

g 
w

er
e 

al
l n

eg
at

ive
.

Zh
an

g 
D

 2
02

0
O

ut
do

or
 

en
vir

on
m

en
t o

f 3
 

ho
sp

ita
ls

Ch
in

a 
Ai

r (
an

d 
w

as
te

w
at

er
 a

nd
 

so
il 

sa
m

pl
es

) c
ol

le
ct

ed
 

fro
m

 th
e 

su
rr

ou
nd

in
gs

 o
f 

a 
Co

vid
-1

9 
ho

sp
ita

l.

73
 a

ir 
an

d 
w

as
te

w
at

er
 s

am
pl

es
 fr

om
 th

e 
en

vir
on

m
en

t o
f t

hr
ee

 h
os

pi
ta

ls 
in

 W
uh

an
 

tre
at

in
g 

Co
vid

-1
9 

pa
tie

nt
s. 

3/
16

 
N

ot
 a

tte
m

pt
ed

.
SA

RS
-C

oV
-2

 R
N

A 
fo

un
d 

in
 

ae
ro

so
ls 

ra
ng

ed
 fr

om
 2

85
 to

 
1,

13
0 

co
pi

es
/m

3.
 

In
sid

e 
th

e 
ad

ju
st

in
g 

ta
nk

 o
f 

H
os

pi
ta

l 1
 a

nd
 H

os
pi

ta
l 2

, 
re

sp
ec

tiv
el

y, 
SA

RS
-C

oV
-2

 in
 

ae
ro

so
ls 

w
as

 fo
un

d 
at

 a
 le

ve
l 

of
 2

85
 c

op
ie

s/
m

3 
an

d 
60

3 
co

pi
es

/m
3.

 
 Ae

ro
so

ls 
co

lle
ct

ed
 5

 m
 a

w
ay

 
fro

m
 H

os
pi

ta
l 1

 o
ut

pa
tie

nt
 

bu
ild

in
g 

w
er

e 
11

30
 c

op
ie

s/
m

3,
 w

he
re

as
 u

nd
et

ec
te

d 
in

 
ae

ro
so

ls 
co

lle
ct

ed
 5

 m
 a

w
ay

 
fro

m
 th

e 
in

pa
tie

nt
 b

ui
ld

in
g.

 

N
/A

SA
RS

-C
oV

-2
 R

N
A 

fo
un

d 
in

 a
 

ra
ng

e 
of

 s
am

pl
es

 a
dj

ac
en

t t
o 

ho
sp

ita
ls.

 In
sid

e 
th

e 
ad

ju
st

in
g 

ta
nk

 o
f J

in
yin

ta
n 

H
os

pi
ta

l a
nd

 
H

uo
sh

en
sh

an
 H

os
pi

ta
l, 

SA
RS

-C
oV

-
2 

in
 a

er
os

ol
s 

w
as

 fo
un

d 
at

 a
 le

ve
l o

f 
28

5 
co

pi
es

/m
3 

an
d 

60
3 

co
pi

es
/m

3.
 

O
ut

sid
e 

pa
tie

nt
 d

ep
ar

tm
en

ts
 o

f 
Jin

yin
ta

n 
H

os
pi

ta
l, 

SA
RS

-C
oV

-2
 

in
 th

e 
ae

ro
so

ls 
co

lle
ct

ed
 5

 m
 

aw
ay

 fr
om

 o
ut

pa
tie

nt
 b

ui
ld

in
g 

w
er

e 
11

30
 c

op
ie

s/
m

3,
 w

he
re

as
 

un
de

te
ct

ed
 in

 a
er

os
ol

s 
co

lle
ct

ed
 5

 
m

 a
w

ay
 in

pa
tie

nt
 b

ui
ld

in
g.

Zh
ou

 J 
20

20
H

os
pi

ta
l

U
K

O
bs

er
va

tio
na

l: 
(a

ir 
&

 s
ur

fa
ce

) s
am

pl
es

 
co

lle
ct

ed
 fr

om
 a

 h
os

pi
ta

l 
w

ith
 a

 h
ig

h 
nu

m
be

r o
f 

Co
vid

-1
9 

in
pa

tie
nt

s.

In
 th

e 
Em

er
ge

nc
y D

ep
ar

tm
en

t d
ed

ica
te

d 
fo

r 
pa

tie
nt

s w
ith

 co
nfi

rm
ed

 o
r s

us
pe

ct
ed

 C
O

VI
D-

19
, t

w
o 

of
 th

e 
cu

bi
cle

s w
er

e 
oc

cu
pi

ed
 a

nd
 o

ne
 

pa
tie

nt
 w

as
 in

 th
e 

am
bu

la
to

ry
 w

ai
t a

re
a 

at
 th

e 
tim

e 
of

 sa
m

pl
in

g.
 T

he
se

 a
re

as
 w

er
e 

di
sin

fe
ct

ed
 

da
ily

 u
sin

g 
a 

co
m

bi
ne

d 
ch

lo
rin

e-
ba

se
d 

de
te

rg
en

t/d
isi

nf
ec

ta
nt

 (A
ct

ich
lo

r P
lu

s, 
Ec

ol
ab

), 
w

ith
 a

n 
ad

di
tio

na
l t

w
ice

 d
ai

ly 
di

sin
fe

ct
io

n 
of

 h
ig

h 
to

uc
h 

su
rfa

ce
s u

sin
g 

th
e 

sa
m

e 
de

te
rg

en
t/d

isi
nf

ec
ta

nt
. I

n 
ea

ch
 o

f t
he

se
 cl

in
ica

l 
ar

ea
s, 

fo
ur

 a
ir 

sa
m

pl
es

 w
er

e 
co

lle
ct

ed
 (fi

ve
 

ai
r s

am
pl

es
 w

er
e 

co
lle

ct
ed

 in
 th

e 
Em

er
ge

nc
y 

De
pa

rtm
en

t, 
an

d 
th

re
e 

in
 p

ub
lic

 a
re

as
 o

f t
he

 
ho

sp
ita

l). 
Ai

r s
am

pl
in

g 
w

as
 p

er
fo

rm
ed

 u
sin

g 
a 

Co
rio

lis
 μ

 a
ir 

sa
m

pl
er

 (r
ef

er
re

d 
to

 a
s C

or
io

lis
 

he
re

af
te

r) 
(B

er
tin

 Te
ch

no
lo

gi
es

), w
hi

ch
 co

lle
ct

s 
ai

r a
t 1

00
–3

00
 lit

re
s p

er
 m

in
ut

e 
(L

PM
). 

Af
te

r 
10

 m
in

 sa
m

pl
in

g 
at

 1
00

 L
PM

, a
 to

ta
l o

f 1
.0

 
m

3 
14

7 
ai

r w
as

 sa
m

pl
ed

 in
to

 a
 co

ni
ca

l v
ia

l 
co

nt
ai

ni
ng

 5
 m

L 
Du

lb
ec

co
’s 

m
in

im
al

 e
ss

en
tia

l 
m

ed
iu

m
 (D

M
EM

).

2/
31

 a
ir 

sa
m

pl
es

 p
os

iti
ve

  
12

/3
1 

su
sp

ec
te

d 
0/

14
10

1 
to

 1
03

 c
op

ie
s 

of
 S

AR
S-

Co
V-

2 
RN

A 
w

as
 d

et
ec

te
d 

in
 

al
l a

ir 
sa

m
pl

es
; n

o 
sig

ni
fic

an
t 

di
ffe

re
nc

e 
be

tw
ee

n 
sa

m
pl

e 
ar

ea
s.

N
R

W
e 

de
fin

ed
 s

am
pl

es
 w

he
re

 b
ot

h 
of

 th
e 

PC
Rs

 p
er

fo
rm

ed
 fr

om
 a

n 
ai

r o
r s

ur
fa

ce
 s

am
pl

e 
de

te
ct

ed
 

SA
RS

-C
oV

-2
 R

N
A 

as
 p

os
iti

ve
, a

nd
 

sa
m

pl
es

 w
he

re
 o

ne
 o

f t
he

 tw
o 

PC
Rs

 p
er

fo
rm

ed
 fr

om
 a

n 
ai

r o
r 

su
rfa

ce
 s

am
pl

e 
de

te
ct

ed
 S

AR
S-

Co
V-

2 
RN

A 
as

 s
us

pe
ct

ed

Zh
ou

 L
 2

02
0

H
os

pi
ta

l
Ch

in
a 

St
ud

y 
of

 c
ol

le
ct

ed
 

sa
m

pl
es

 o
f e

xh
al

ed
 

br
ea

th
 o

f p
at

ie
nt

s 
re

ad
y 

fo
r d

isc
ha

rg
e 

an
d 

ai
r 

sa
m

pl
es

. 

Th
e 

13
 p

at
ie

nt
s 

in
 4

 h
os

pi
ta

ls 
w

er
e 

ag
ed

 
70

+ 
ye

ar
s. 

10
 w

er
e 

re
co

ve
re

d 
Co

vid
-1

9 
pa

tie
nt

s 
re

ad
y 

fo
r d

isc
ha

rg
e;

 3
 w

er
e 

pa
tie

nt
s 

re
co

ve
re

d 
fro

m
 in

flu
en

za
 w

ho
 te

st
ed

 
ne

ga
tiv

e 
fo

r S
AR

S-
Co

V-
2)

. A
ir 

(&
 s

ur
fa

ce
) 

sa
m

pl
es

 w
er

e 
co

lle
ct

ed
. E

xh
al

ed
 b

re
at

h 
co

nd
en

sa
te

 o
f 3

00
-5

00
 L

 w
as

 c
ol

le
ct

ed
 fr

om
 

ea
ch

 p
at

ie
nt

: a
 lo

ng
 s

tra
w

 w
as

 u
se

d 
to

 a
llo

w
 

th
e 

pa
tie

nt
 to

 b
re

at
he

 in
to

 a
 tu

be
 th

at
 w

as
 

el
ec

tr
ica

lly
 c

oo
le

d.
 

44
 a

ir 
sa

m
pl

es
 w

er
e 

ta
ke

n,
 fr

om
 c

or
rid

or
s, 

ho
sp

ita
l w

as
te

 s
to

ra
ge

 ro
om

s, 
IC

U
 ro

om
s 

(5
 

sa
m

pl
es

), 
to

ile
ts

, m
ed

ica
l p

re
pa

ra
tio

n 
ro

om
s, 

cli
ni

ca
l o

bs
er

va
tio

n 
ro

om
s, 

an
d 

ge
ne

ra
l 

w
ar

ds
. T

w
o 

im
pi

ng
er

 s
am

pl
er

s 
w

er
e 

us
ed

: 
W

A-
15

 s
am

pl
ed

 a
t a

 fl
ow

 ra
te

 o
f 1

5 
L/

m
in

, 
w

hi
le

 th
e 

W
A-

40
0 

sa
m

pl
ed

 a
t 4

00
 L

/m
in

.

0/
44

 
N

ot
 a

tte
m

pt
ed

.
N

/A
 (n

o 
ai

r s
am

pl
es

 p
os

iti
ve

)
N

ot
 a

tte
m

pt
ed

.
1.

3%
 o

f s
ur

fa
ce

 s
w

ab
 s

am
pl

es
 

te
st

ed
 p

os
iti

ve
.2

0%
 o

f C
ov

id
-1

9 
pa

tie
nt

s, 
w

ho
 w

er
e 

re
ad

y 
fo

r 
a 

ho
sp

ita
l d

isc
ha

rg
e 

ba
se

d 
on

 
cu

rr
en

t g
ui

de
lin

es
, h

ad
 S

AR
S-

Co
V-

2 
in

 th
ei

r e
xh

al
ed

 b
re

at
h 

(~
10

5 
RN

A 
co

pi
es

/m
3)

; T
he

y 
w

er
e 

es
tim

at
ed

 
to

 e
m

it 
ab

ou
t 1

40
0 

RN
A 

co
pi

es
 

in
to

 th
e 

ai
r p

er
 m

in
ut

e.

Page 18 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://europepmc.org/article/pmc/pmc7653408
https://doi.org/10.1101/2020.05.12.20097105
https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciaa905/5868534
https://www.medrxiv.org/content/10.1101/2020.05.31.20115196v1?panels_ajax_tab_tab=biorxiv_most_read&panels_ajax_tab_trigger=


Ta
bl

e 
2.

 S
tu

dy
 c

ha
ra

ct
er

is
ti

cs
: r

ev
ie

w
s.

St
ud

y 
(n

=2
2)

Fu
lfi

ls
 

sy
st

em
at

ic
 

re
vi

ew
 

m
et

ho
ds

Re
se

ar
ch

 q
ue

st
io

n 
(s

ea
rc

h 
da

te
 u

p 
to

)
N

o.
 in

cl
ud

ed
 s

tu
di

es
 (N

o.
 

pa
rt

ic
ip

an
ts

)
M

ai
n 

re
su

lt
s

Ke
y 

co
nc

lu
si

on
s

Ai
rb

or
ne

 tr
an

sm
is

si
on

 a
nd

 it
s 

pr
ev

en
ti

on
 (n

=1
4)

An
de

rs
on

 E
L 

20
20

no
W

ha
t a

re
 th

e 
sc

ie
nt

ifi
c 

un
ce

rt
ai

nt
ie

s 
an

d 
po

te
nt

ia
l i

m
po

rt
an

ce
 o

f a
er

os
ol

 
tra

ns
m

iss
io

n 
of

 S
AR

S‐
Co

V‐
2.

 (s
ea

rc
h 

m
et

ho
ds

 a
nd

 d
at

e 
no

t c
le

ar
)

un
cle

ar
 

Li
m

ite
d 

ev
id

en
ce

 re
po

rt
s 

th
at

 S
AR

S-
Co

V-
2 

ca
n 

re
m

ai
n 

ac
tiv

e 
in

 
ae

ro
so

l f
or

 a
t l

ea
st

 3
 h

ou
rs

, a
lth

ou
gh

 it
s 

co
nc

en
tr

at
io

n 
de

cr
ea

se
s 

ov
er

 ti
m

e.

Fu
rt

he
r d

at
a 

co
lle

ct
io

n 
re

qu
ire

d 
as

se
ss

m
en

t u
nd

er
 

di
ffe

rin
g 

co
nd

iti
on

s 
of

 te
m

pe
ra

tu
re

 a
nd

 h
um

id
ity

. 
Su

ch
 re

se
ar

ch
 s

ho
ul

d 
be

 re
la

tiv
el

y 
lo

w
 c

os
t a

nd
 re

su
lts

 
av

ai
la

bl
e 

in
 a

 s
ho

rt
 ti

m
e.

 

Ag
ar

w
al

 2
02

0
ye

s
To

 s
um

m
ar

ize
 th

e 
ev

id
en

ce
 fo

r t
he

 
effi

ca
cy

, s
af

et
y, 

an
d 

ris
k 

of
 a

er
os

ol
 

ge
ne

ra
tio

n 
an

d 
in

fe
ct

io
n 

tra
ns

m
iss

io
n 

du
rin

g 
hi

gh
-fl

ow
 n

as
al

 c
an

nu
la

 (H
FN

C)
 

us
e 

am
on

g 
pa

tie
nt

s 
w

ith
 a

cu
te

 
hy

po
xe

m
ic 

re
sp

ira
to

ry
 fa

ilu
re

 d
ue

 to
 

CO
VI

D-
19

 (s
ea

rc
h 

co
nd

uc
te

d 
to

 1
4 

M
ay

)

Fo
ur

 s
tu

di
es

 e
va

lu
at

in
g 

dr
op

le
t d

isp
er

sio
n 

an
d 

th
re

e 
ev

al
ua

tin
g 

ae
ro

so
l 

ge
ne

ra
tio

n 
an

d 
di

sp
er

sio
n.

 

Tw
o 

sim
ul

at
io

n 
st

ud
ie

s 
an

d 
a 

cr
os

so
ve

r s
tu

dy
 s

ho
w

ed
 m

ix
ed

 fi
nd

in
gs

 
re

ga
rd

in
g 

th
e 

eff
ec

t o
f H

FN
C 

on
 d

ro
pl

et
 d

isp
er

sio
n.

 T
w

o 
sim

ul
at

io
n 

st
ud

ie
s 

re
po

rt
ed

 n
o 

as
so

cia
te

d 
in

cr
ea

se
 in

 a
er

os
ol

 d
isp

er
sio

n,
 a

nd
 

on
e 

re
po

rt
ed

 h
ig

he
r fl

ow
 ra

te
s 

w
er

e 
as

so
cia

te
d 

w
ith

 in
cr

ea
se

d 
re

gi
on

s 
of

 a
er

os
ol

 d
en

sit
y 

(e
vid

en
ce

 ra
te

d 
as

 v
er

y 
lo

w
 c

er
ta

in
ty

).

H
ig

h-
flo

w
 n

as
al

 c
an

nu
la

 m
ay

 re
du

ce
 th

e 
ne

ed
 fo

r 
in

va
siv

e 
ve

nt
ila

tio
n 

an
d 

es
ca

la
tio

n 
of

 th
er

ap
y 

Ba
hl

 P
 2

02
0

no
W

e 
ai

m
ed

 to
 re

vie
w

 th
e 

ev
id

en
ce

 
su

pp
or

tin
g 

th
e 

ru
le

 o
f 1

-m
et

er
 (≈

3 
fe

et
) s

pa
tia

l s
ep

ar
at

io
n 

fo
r d

ro
pl

et
 

pr
ec

au
tio

ns
 in

 th
e 

co
nt

ex
t o

f g
ui

de
lin

es
 

iss
ue

d 
by

 th
e 

W
H

O
, C

DC
, a

nd
 E

ur
op

ea
n 

Ce
nt

re
 fo

r D
ise

as
e 

Pr
ev

en
tio

n 
an

d 
Co

nt
ro

l (
EC

DC
) f

or
 H

CW
s 

on
 re

sp
ira

to
ry

 
pr

ot
ec

tio
n 

fo
r C

O
VI

D-
19

. (
op

en
 s

ea
rc

h 
to

 M
ar

ch
 2

02
0)

Te
n 

pa
pe

rs
 w

er
e 

in
clu

de
d 

in
 

th
e 

re
vie

w
 

W
e 

fo
un

d 
th

at
 th

e 
ev

id
en

ce
 b

as
e 

fo
r c

ur
re

nt
 g

ui
de

lin
es

 is
 s

pa
rs

e,
 a

nd
 

th
e 

av
ai

la
bl

e 
da

ta
 d

o 
no

t s
up

po
rt

 th
e 

1-
 to

 2
-m

et
er

 (≈
3–

6 
fe

et
) r

ul
e 

of
 s

pa
tia

l s
ep

ar
at

io
n.

 O
f 1

0 
st

ud
ie

s 
on

 h
or

izo
nt

al
 d

ro
pl

et
 d

ist
an

ce
, 8

 
sh

ow
ed

 d
ro

pl
et

s 
tr

av
el

 m
or

e 
th

an
 2

 m
et

er
s 

(≈
6 

fe
et

), 
in

 s
om

e 
ca

se
s 

up
 to

 8
 m

et
er

s 
(≈

26
 fe

et
). 

Se
ve

ra
l s

tu
di

es
 o

f s
ev

er
e 

ac
ut

e 
re

sp
ira

to
ry

 
sy

nd
ro

m
e 

co
ro

na
vir

us
 2

 (S
AR

S-
Co

V-
2)

 s
up

po
rt

 a
er

os
ol

 tr
an

sm
iss

io
n,

 
an

d 
1 

st
ud

y 
do

cu
m

en
te

d 
vir

us
 a

t a
 d

ist
an

ce
 o

f 4
 m

et
er

s 
(≈

13
 fe

et
) 

fro
m

 th
e 

pa
tie

nt
. 

Th
e 

w
ei

gh
t o

f c
om

bi
ne

d 
ev

id
en

ce
 s

up
po

rt
s 

ai
rb

or
ne

 
pr

ec
au

tio
ns

 fo
r t

he
 o

cc
up

at
io

na
l h

ea
lth

 a
nd

 s
af

et
y 

of
 

he
al

th
 w

or
ke

rs
 tr

ea
tin

g 
pa

tie
nt

s 
w

ith
 C

O
VI

D-
19

.

Bi
rg

an
d 

G
 2

02
0 

an
d 

Bi
rg

an
d 

G
 2

02
0 

JA
M

A
no

Ev
id

en
ce

 fo
r a

irb
or

ne
 c

on
ta

m
in

at
io

n 
of

 S
AR

S-
Co

V-
2 

in
 h

os
pi

ta
ls 

(s
ea

rc
h 

co
nd

uc
te

d 
to

 2
1 

Ju
ly

 re
pe

at
ed

 o
n 

O
ct

ob
er

 2
7,

 2
02

0 
fo

r J
AM

A 
pu

bl
ica

tio
n)

17
 a

rt
icl

es
 

JA
M

A 
De

c:
 2

4 
cr

os
s-

se
ct

io
na

l o
bs

er
va

tio
na

l 
st

ud
ie

s

68
/2

47
 (2

8%
) o

f a
ir 

sa
m

pl
ed

 fr
om

 c
lo

se
 p

at
ie

nt
s 

en
vir

on
m

en
t w

er
e 

po
sit

ive
 fo

r S
AR

S-
Co

V-
2:

 n
o 

di
ffe

re
nc

e 
ac

co
rd

in
g 

to
 th

e 
se

tti
ng

 (I
CU

: 
27

/9
7,

 2
7.

8%
; n

on
-IC

U
: 4

1/
15

0,
 2

7.
3%

; p
=0

.9
3)

, o
r t

he
 d

ist
an

ce
 fr

om
 

pa
tie

nt
s 

(<
1 

m
et

re
: 1

/6
4,

 1
.5

%
; 1

 to
 5

 m
et

re
s: 

4/
67

, 6
%

; p
=0

.4
). 

3/
78

 
(4

%
) v

ira
l c

ul
tu

re
s 

pe
rfo

rm
ed

 in
 th

re
e 

st
ud

ie
s 

w
er

e 
po

sit
ive

 (a
ll 

w
er

e 
sa

m
pl

es
 fr

om
 c

lo
se

 to
 p

at
ie

nt
s)

. J
AM

A:
 A

 to
ta

l o
f 8

1 
vir

al
 c

ul
tu

re
s 

w
er

e 
pe

rfo
rm

ed
 a

cr
os

s 
5 

st
ud

ie
s, 

an
d 

7 
(8

.6
%

) f
ro

m
 2

 s
tu

di
es

 w
er

e 
po

sit
ive

, 
al

l f
ro

m
 c

lo
se

 p
at

ie
nt

 e
nv

iro
nm

en
ts

. 

In
 h

os
pi

ta
l, 

th
e 

ai
r n

ea
r a

nd
 a

w
ay

 fr
om

 C
O

VI
D-

19
 

pa
tie

nt
s 

is 
fre

qu
en

tly
 c

on
ta

m
in

at
ed

 w
ith

 S
AR

S 
Co

V-
2 

RN
A,

 w
ith

 h
ow

ev
er

, r
ar

e 
pr

oo
fs

 o
f t

he
ir 

via
bi

lit
y. 

JA
M

A 
in

 th
is 

sy
st

em
at

ic 
re

vie
w,

 th
e 

ai
r c

lo
se

 to
 

an
d 

di
st

an
t f

ro
m

 p
at

ie
nt

s 
w

ith
 c

or
on

av
iru

s 
di

se
as

e 
20

19
 w

as
 fr

eq
ue

nt
ly 

co
nt

am
in

at
ed

 w
ith

 S
AR

S-
Co

V-
2 

RN
A;

 h
ow

ev
er

, f
ew

 o
f t

he
se

 s
am

pl
es

 c
on

ta
in

ed
 

via
bl

e 
vir

us
es

. H
ig

h 
vir

al
 lo

ad
s 

fo
un

d 
in

 to
ile

ts
 a

nd
 

ba
th

ro
om

s, 
st

aff
 a

re
as

, a
nd

 p
ub

lic
 h

al
lw

ay
s 

su
gg

es
t 

th
at

 th
es

e 
ar

ea
s 

sh
ou

ld
 b

e 
ca

re
fu

lly
 c

on
sid

er
ed

.

Ca
rd

uc
ci 

A 
20

20
no

To
 d

es
cr

ib
e 

th
e 

st
at

e 
of

 th
e 

ar
t o

f 
co

ro
na

vir
us

 a
irb

or
ne

 tr
an

sm
iss

io
n 

(s
ea

rc
h 

co
nd

uc
te

d 
5 

Ju
ne

)

64
 p

ap
er

s 
cla

ss
ifi

ed
 in

to
 

th
re

e 
gr

ou
ps

: l
ab

or
at

or
y 

ex
pe

rim
en

ts
 (1

2 
pa

pe
rs

), 
ai

r m
on

ito
rin

g 
(2

2)
 a

nd
 

ep
id

em
io

lo
gi

ca
l a

nd
 a

irfl
ow

 
m

od
el

 s
tu

di
es

 (3
0

Ai
rb

or
ne

 tr
an

sm
iss

io
n 

of
 S

AR
S-

Co
V-

2 
w

as
 s

ug
ge

st
ed

 b
y 

st
ud

ie
s 

ac
ro

ss
 th

e 
th

re
e 

gr
ou

ps
, b

ut
 m

et
ho

ds
 w

er
e 

no
t s

ta
nd

ar
di

se
d.

N
o 

st
ud

ie
s 

ha
d 

su
ffi

cie
nt

 c
on

fir
m

at
or

y 
ev

id
en

ce
, 

an
d 

th
er

e 
is 

on
ly 

a 
hy

po
th

es
is 

to
 s

up
po

rt
 a

irb
or

ne
 

tra
ns

m
iss

io
n 

Ch
en

 P
Z 

20
20

ye
s

To
 d

ev
el

op
 a

 c
om

pr
eh

en
siv

e 
da

ta
se

t 
of

 re
sp

ira
to

ry
 v

ira
l l

oa
ds

 (r
VL

s)
 o

f 
SA

RS
-C

oV
-2

, S
AR

S-
Co

V-
1 

an
d 

in
flu

en
za

 
A(

H
1N

1)
pd

m
09

 (s
ea

rc
h 

co
nd

uc
te

d 
to

 
7 

Au
g)

64
 s

tu
di

es
 (n

 =
 9

,6
31

 to
ta

l 
sp

ec
im

en
s)

M
od

el
lin

g 
of

 th
e 

lik
el

ih
oo

d 
of

 re
sp

ira
to

ry
 p

ar
tic

le
s 

co
nt

ai
ni

ng
 v

ia
bl

e 
SA

RS
-C

oV
-2

. 
W

he
n 

ex
pe

lle
d 

by
 th

e 
m

ea
n 

CO
VI

D-
19

 c
as

e 
du

rin
g 

th
e 

in
fe

ct
io

us
 

pe
rio

d,
 re

sp
ira

to
ry

 p
ar

tic
le

s 
sh

ow
ed

 lo
w

 li
ke

lih
oo

ds
 o

f c
ar

ry
in

g 
via

bl
e 

SA
RS

-C
oV

-2
. A

er
os

ol
s 

(e
qu

ilib
riu

m
 a

er
od

yn
am

ic 
di

am
et

er
 [d

a]
 ≤

 
10

0 
µm

) w
er

e 
≤0

.6
9%

 (9
5%

 C
I: 

0.
43

-0
.9

5%
) l

ik
el

y 
to

 c
on

ta
in

 a
 v

iri
on

. 
Dr

op
le

ts
 a

lso
 h

ad
 lo

w
 li

ke
lih

oo
ds

: a
t a

 e
qu

ilib
riu

m
 a

er
od

yn
am

ic 
di

am
et

er
 =

 3
30

 µ
m

, 

Ae
ro

so
ls 

(≤
10

0 
μm

) c
an

 b
e 

in
ha

le
d 

na
sa

lly
, w

he
re

as
 

dr
op

le
ts

 (>
10

0 
μm

) t
en

d 
to

 b
e 

ex
clu

de
d.

 F
or

 
di

re
ct

 tr
an

sm
iss

io
n,

 d
ro

pl
et

s 
m

us
t b

e 
sp

ra
ye

d 
ba

llis
tic

al
ly 

on
to

 s
us

ce
pt

ib
le

 ti
ss

ue
. H

en
ce

, d
ro

pl
et

s 
pr

ed
om

in
an

tly
 d

ep
os

it 
on

 n
ea

rb
y 

su
rfa

ce
s, 

po
te

nt
ia

tin
g 

in
di

re
ct

 tr
an

sm
iss

io
n.

 A
er

os
ol

s 
ca

n 
be

 fu
rt

he
r c

at
eg

or
ize

d 
ba

se
d 

on
 ty

pi
ca

l t
ra

ve
l 

ch
ar

ac
te

ris
tic

s: 
sh

or
t-r

an
ge

 a
er

os
ol

s 
(5

0–
10

0 
μm

) 
te

nd
 to

 s
et

tle
 w

ith
in

 2
 m

; l
on

g 
ra

ng
e 

on
es

 (1
0–

50
 μ

m
) 

of
te

n 
tra

ve
l b

ey
on

d 
2 

m
 b

as
ed

 o
n 

em
iss

io
n 

fo
rc

e;
 a

nd
 

bu
oy

an
t a

er
os

ol
s 

(≤
10

 μ
m

) r
em

ai
n 

su
sp

en
de

d 
an

d 
tra

ve
l b

as
ed

 o
n 

ai
rfl

ow
 p

ro
fil

es
 fo

r m
in

ut
es

 to
 m

an
y 

ho
ur

s

Page 19 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://onlinelibrary.wiley.com/doi/full/10.1111/risa.13500
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7294988/
https://academic.oup.com/jid/advance-article/doi/10.1093/infdis/jiaa189/5820886
https://doi.org/10.1101/2020.09.09.20191213
https://doi.org/10.1101/2020.09.09.20191213
https://www.mdpi.com/2073-4433/11/7/710/htm
https://doi.org/10.1101/2020.10.13.20212233


St
ud

y 
(n

=2
2)

Fu
lfi

ls
 

sy
st

em
at

ic
 

re
vi

ew
 

m
et

ho
ds

Re
se

ar
ch

 q
ue

st
io

n 
(s

ea
rc

h 
da

te
 u

p 
to

)
N

o.
 in

cl
ud

ed
 s

tu
di

es
 (N

o.
 

pa
rt

ic
ip

an
ts

)
M

ai
n 

re
su

lt
s

Ke
y 

co
nc

lu
si

on
s

Co
m

be
r L

 2
02

0
ye

s
To

 s
yn

th
es

ise
 th

e 
ev

id
en

ce
 fo

r t
he

 
po

te
nt

ia
l a

irb
or

ne
 tr

an
sm

iss
io

n 
of

 
SA

RS
‐C

oV
‐2

 v
ia

 a
er

os
ol

s. 
(S

ea
rc

he
s 

1 
Ja

n 
up

 to
 2

7 
Ju

ly
 2

02
0)

.

28
 s

tu
di

es
 (8

 
ep

id
em

io
lo

gi
ca

l c
as

e 
se

rie
s 

of
 S

AR
S‐

Co
V‐

2 
clu

st
er

s 
or

 
ou

tb
re

ak
s;1

6 
ai

r s
am

pl
in

g 
st

ud
ie

s, 
an

d 
4 

vir
ol

og
ica

l 
st

ud
ie

s)
.

10
/1

6 
ai

r s
am

pl
in

g 
st

ud
ie

s 
de

te
ct

ed
 S

AR
S‐

Co
V‐

2 
rib

on
uc

le
ic 

ac
id

; 
ho

w
ev

er
, o

nl
y 

th
re

e 
of

 th
es

e 
st

ud
ie

s 
at

te
m

pt
ed

 to
 c

ul
tu

re
 th

e 
vir

us
 

w
ith

 o
ne

 b
ei

ng
 s

uc
ce

ss
fu

l i
n 

a 
lim

ite
d 

nu
m

be
r o

f s
am

pl
es

. T
w

o 
of

 fo
ur

 
vir

ol
og

ica
l s

tu
di

es
 u

sin
g 

ar
tifi

cia
lly

 g
en

er
at

ed
 a

er
os

ol
s 

in
di

ca
te

d 
th

at
 

SA
RS

‐C
oV

‐2
 is

 v
ia

bl
e 

in
 a

er
os

ol
s.

Th
e 

re
su

lts
 o

f t
hi

s 
re

vie
w

 in
di

ca
te

 th
er

e 
is 

in
co

nc
lu

siv
e 

ev
id

en
ce

 re
ga

rd
in

g 
th

e 
via

bi
lit

y 
an

d 
in

fe
ct

ivi
ty

 o
f 

SA
RS

‐C
oV

‐2
 in

 a
er

os
ol

s. 
Ep

id
em

io
lo

gi
ca

l s
tu

di
es

 
su

gg
es

t p
os

sib
le

 tr
an

sm
iss

io
n,

 w
ith

 c
on

te
xt

ua
l f

ac
to

rs
 

no
te

d.
 H

ow
ev

er
, t

he
re

 is
 u

nc
er

ta
in

ty
 a

s 
to

 th
e 

na
tu

re
 

an
d 

im
pa

ct
 o

f a
er

os
ol

 tr
an

sm
iss

io
n 

of
 S

AR
S‐

Co
V‐

2,
 

an
d 

its
 re

la
tiv

e 
co

nt
rib

ut
io

n 
to

 th
e 

Co
vid

‐1
9 

pa
nd

em
ic 

co
m

pa
re

d 
w

ith
 o

th
er

 m
od

es
 o

f t
ra

ns
m

iss
io

n.

Ek
ra

m
 W

 2
02

0
no

 
To

 s
um

m
ar

ize
 th

e 
w

ay
s 

in
 w

hi
ch

 S
AR

S-
Co

V-
2 

is 
tra

ns
m

itt
ed

 (S
ea

rc
he

s 
D

ec
 2

8,
 

20
19

 u
p 

to
 Ju

ly
 3

1 
20

20
)

un
cle

ar
 

Ev
id

en
ce

-b
as

ed
 h

yp
ot

he
se

s 
su

pp
or

t t
he

 p
os

sib
ilit

y 
of

 S
AR

S-
Co

V-
2 

ai
rb

or
ne

 tr
an

sm
iss

io
n 

du
e 

to
 it

s 
pe

rs
ist

en
ce

 in
 a

er
os

ol
 d

ro
pl

et
s 

in
 a

 
via

bl
e 

an
d 

in
fe

ct
io

us
 fo

rm
s.

Ae
ro

so
liz

ed
 tr

an
sm

iss
io

n 
is 

lik
el

y 
th

e 
do

m
in

an
t 

ro
ut

e 
fo

r t
he

 s
pr

ea
d 

of
 S

AR
S-

Co
V-

2,
 p

ar
tic

ul
ar

ly 
in

 
he

al
th

ca
re

 fa
cil

iti
es

. A
lth

ou
gh

 S
AR

S-
Co

V-
2 

ha
s 

be
en

 
de

te
ct

ed
 in

 n
on

-re
sp

ira
to

ry
 s

pe
cim

en
s, 

in
clu

di
ng

 
st

oo
l, 

bl
oo

d 
an

d 
br

ea
st

 m
ilk

, t
he

ir 
ro

le
 in

 tr
an

sm
iss

io
n 

re
m

ai
ns

 u
nc

er
ta

in
.

Ji 
B 

20
20

no
 

To
 re

vie
w

s 
th

e 
in

fo
rm

at
io

n 
fro

m
 

pu
bl

ish
ed

 p
ap

er
s, 

ne
w

sle
tte

rs
 a

nd
 la

rg
e 

nu
m

be
r o

f s
cie

nt
ifi

c 
w

eb
sit

es
 to

 p
ro

fil
e 

th
e 

tra
ns

m
iss

io
n 

ch
ar

ac
te

ris
tic

s 
of

 th
e 

co
ro

na
vir

us
es

 in
 w

at
er

, s
lu

dg
e,

 a
nd

 a
ir 

en
vir

on
m

en
t, 

(s
ea

rc
h 

m
et

ho
ds

 a
nd

 
da

te
 n

ot
 c

le
ar

)

un
cle

ar
 

It 
ap

pe
ar

s 
th

at
 th

e 
w

as
te

w
at

er
, s

lu
dg

e,
 a

er
os

ol
 a

re
 

po
te

nt
ia

lly
 e

nv
iro

nm
en

ta
l t

ra
ns

m
iss

io
n 

of
 c

or
on

av
iru

s.

M
eh

ra
ee

n 
E 

20
20

no
To

 re
vie

w
 th

e 
cu

rr
en

t e
vid

en
ce

 o
f C

O
VI

D-
19

 tr
an

sm
iss

io
n 

m
od

es
. (

Se
ar

ch
es

 D
ec

 
20

19
 to

 A
pr

il 
20

20
)

36
 s

tu
di

es
 in

clu
di

ng
 3

1 
ar

tic
le

s 
(1

1 
re

po
rt

s, 
ei

gh
t 

re
vie

w
s, 

se
ve

n 
le

tte
rs

 to
 

th
e 

ed
ito

r, 
tw

o 
m

od
el

in
g,

 
on

e 
pe

rs
pe

ct
ive

, a
nd

 tw
o 

ex
pe

rim
en

ta
l s

tu
di

es
) a

nd
 

fiv
e 

cli
ni

ca
l t

ria
ls.

Id
en

tifi
ed

 fi
ve

 p
ot

en
tia

l t
ra

ns
m

iss
io

n 
m

od
es

 o
f C

O
VI

D-
19

 in
clu

di
ng

 
ai

rb
or

ne
, d

ro
pl

et
, c

on
ta

ct
 w

ith
 c

on
ta

m
in

at
ed

 s
ur

fa
ce

s, 
or

al
 a

nd
 fe

ca
l 

se
cr

et
io

ns
.

Dr
op

le
t a

nd
 c

on
ta

ct
 w

ith
 c

on
ta

m
in

at
ed

 s
ur

fa
ce

s 
w

er
e 

th
e 

m
os

t f
re

qu
en

t t
ra

ns
m

iss
io

n 
m

od
es

 o
f C

O
VI

D-
19

. 
Fe

ca
l e

xc
re

tio
n,

 e
nv

iro
nm

en
ta

l c
on

ta
m

in
at

io
n,

 a
nd

 
flu

id
 p

ol
lu

tio
n 

m
ig

ht
 c

on
tr

ib
ut

e 
to

 a
 v

ira
l t

ra
ns

m
iss

io
n

N
ia

zi 
S 

20
20

no
To

 e
va

lu
at

e 
th

e 
m

ec
ha

ni
sm

s 
of

 
ge

ne
ra

tio
n 

of
 h

um
an

 p
at

ho
ge

ni
c 

co
ro

na
vir

us
es

, e
va

lu
at

in
g 

th
es

e 
vir

us
es

 
in

 th
e 

ai
r/

fie
ld

 s
tu

di
es

 a
nd

 a
va

ila
bl

e 
ev

id
en

ce
 a

bo
ut

 th
ei

r s
ea

so
na

lit
y 

pa
tte

rn
s. 

(s
ea

rc
he

s 
no

 re
st

ri
ct

io
n 

on
 

ye
ar

 u
p 

to
 Ju

ly
 3

1 
20

20
)

to
ta

l u
nc

le
ar

 (8
 S

tu
di

es
 o

f 
ai

r s
am

pl
in

g:
 6

 S
ar

s-
Co

V-
2)

Ev
id

en
ce

 e
xi

st
s 

fo
r r

es
pi

ra
bl

e-
siz

ed
 a

irb
or

ne
 d

ro
pl

et
 n

uc
le

i c
on

ta
in

in
g 

vir
al

 R
N

A,
 a

lth
ou

gh
 th

is 
do

es
 n

ot
 n

ec
es

sa
ril

y 
im

pl
y 

th
at

 th
e 

vir
us

 
is 

tr
an

sm
itt

ab
le

, c
ap

ab
le

 o
f r

ep
lic

at
in

g 
in

 a
 re

cip
ie

nt
 h

os
t, 

or
 th

at
 

in
oc

ul
um

 is
 s

uffi
cie

nt
 to

 in
iti

at
e 

in
fe

ct
io

n.
 H

ow
ev

er
, e

vid
en

ce
 s

ug
ge

st
s 

th
at

 c
or

on
av

iru
se

s 
ca

n 
su

rv
ive

 in
 s

im
ul

at
ed

 d
ro

pl
et

 n
uc

le
i f

or
 a

 
sig

ni
fic

an
t t

im
e 

(>
24

 h
). 

N
ev

er
th

el
es

s, 
la

bo
ra

to
ry

 n
eb

ul
ize

d 
vir

us
-

la
de

n 
ae

ro
so

ls 
m

ig
ht

 n
ot

 a
cc

ur
at

el
y 

m
od

el
 th

e 
co

m
pl

ex
ity

 o
f h

um
an

 
ca

rr
ie

r a
er

os
ol

s 
in

 s
tu

dy
in

g 
ai

rb
or

ne
 v

ira
l t

ra
ns

po
rt

H
um

an
 re

sp
ira

to
ry

 a
ct

ivi
tie

s 
ge

ne
ra

te
 re

sp
ira

bl
e 

siz
ed

 a
er

os
ol

s 
th

at
 a

re
 o

f a
de

qu
at

e 
siz

e 
to

 s
up

po
rt

 
an

 in
fe

ct
io

us
 v

iru
s. 

Kn
ow

le
dg

e 
of

 th
e 

pr
op

er
tie

s 
of

 
re

sp
ira

to
ry

 a
er

os
ol

s 
an

d 
th

ei
r e

ffe
ct

s 
on

 th
e 

via
bi

lit
y 

of
 v

iru
se

s 
re

m
ai

ns
 in

co
m

pl
et

e.
 E

nv
iro

nm
en

ta
l f

ac
to

rs
 

co
ul

d 
di

re
ct

ly 
aff

ec
t t

he
 v

ia
bi

lit
y 

of
 v

iru
s 

on
 th

e 
em

be
dd

ed
 v

iru
se

s 
in

 a
er

os
ol

s. 
Th

er
e 

is 
di

sa
gr

ee
m

en
t 

on
 w

he
th

er
 w

ild
 c

or
on

av
iru

se
s 

ca
n 

be
 tr

an
sm

itt
ed

 
via

 a
n 

ai
rb

or
ne

 p
at

h.
 F

ur
th

er
 s

tu
di

es
 a

re
 re

qu
ire

d 
to

 
pr

ov
id

e 
su

pp
or

tin
g 

ev
id

en
ce

 fo
r t

he
 ro

le
 o

f a
irb

or
ne

 
tra

ns
m

iss
io

n.

N
oo

rim
ot

la
gh

 Z
 2

02
0

no
to

 re
vie

w
 s

tu
di

es
 o

n 
ai

rb
or

ne
 

tra
ns

m
iss

io
n 

of
 S

AR
S-

Co
V-

2 
in

 in
do

or
 a

ir 
en

vir
on

m
en

ts
.(s

ea
rc

h 
m

et
ho

ds
 a

nd
 

da
te

 n
ot

 c
le

ar
)

14
 s

tu
di

es
 

11
 s

tu
di

es
 w

er
e 

ex
pe

rim
en

ta
l a

nd
 re

po
rt

ed
 d

iff
er

en
t fi

nd
in

gs
 o

n 
po

sit
ive

 o
r n

eg
at

ive
 d

et
ec

tio
n 

of
 S

AR
S-

Co
V-

2 
ai

rb
or

ne
 tr

an
sm

iss
io

n 
in

 in
do

or
 a

ir.
 A

m
on

g 
th

em
, t

hr
ee

 s
tu

di
es

 in
di

ca
te

d 
th

at
 a

ll 
in

do
or

 a
ir 

sa
m

pl
es

 in
 th

e 
ho

sp
ita

l w
er

e 
ne

ga
tiv

e,
 th

us
 c

on
clu

di
ng

 th
at

 th
er

e 
is 

no
 e

vid
en

ce
 th

at
 S

AR
S-

Co
V-

2 
is 

tr
an

sm
itt

ed
 b

y 
ai

r (
Fa

rid
i e

t a
l., 

20
20

; K
im

 e
t a

l., 
20

20
; M

as
ou

m
be

ig
i e

t a
l., 

20
20

). 
th

e 
ot

he
r i

nc
lu

de
d 

ex
pe

rim
en

ta
l s

tu
di

es
 re

po
rt

ed
 p

os
iti

ve
 re

su
lts

 th
at

 c
on

fir
m

ed
 

tr
an

sm
iss

io
n 

of
 th

e 
vir

us
 th

ro
ug

h 
th

e 
ai

r. 

Th
er

e 
is 

a 
po

ss
ib

ilit
y 

of
 a

irb
or

ne
 tr

an
sm

iss
io

n 
of

 S
AR

S-
Co

V-
2 

in
 in

do
or

 a
ir 

en
vir

on
m

en
ts

. 

Ra
hm

an
i 2

02
0

no
A 

re
vie

w
 o

f m
et

ho
ds

 u
se

d 
fo

r s
am

pl
in

g 
an

d 
de

te
ct

io
n 

of
 S

AR
S 

lik
e 

vir
us

es
 in

 
th

e 
ai

r. 
(s

ea
rc

h 
m

et
ho

ds
 a

nd
 d

at
e 

no
t c

le
ar

)

no
t c

le
ar

 
Fa

ct
or

s 
th

at
 li

m
it 

th
e 

in
te

rp
re

ta
tio

n 
in

clu
de

d 
va

ria
bl

e 
pa

tie
nt

 d
ist

an
ce

 
fro

m
 th

e 
sa

m
pl

er
, u

se
 o

f p
ro

te
ct

ive
 o

r o
xy

ge
n 

m
as

ks
 b

y 
pa

tie
nt

s, 
pa

tie
nt

 a
ct

ivi
tie

s, 
co

ug
hi

ng
 a

nd
 s

ne
ez

in
g 

du
rin

g 
sa

m
pl

in
g 

tim
e,

 a
ir 

m
ov

em
en

t, 
ai

r c
on

di
tio

ni
ng

, s
am

pl
er

 ty
pe

, s
am

pl
in

g 
co

nd
iti

on
s, 

st
or

ag
e 

an
d 

tr
an

sf
er

rin
g 

co
nd

iti
on

s.

M
os

t s
tu

di
es

 a
re

 n
ot

 a
bl

e 
to

 d
isc

rim
in

at
e 

be
tw

ee
n 

ai
rb

or
ne

 o
r r

es
pi

ra
to

ry
 d

ro
pl

et
 tr

an
sm

iss
io

n.

Page 20 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.1002/rmv.2184
https://doi.org/10.37757/MR2020.V22.N4.3
https://doi.org/10.37757/MR2020.V22.N4.3
https://doi.org/10.1016/j.cej.2020.127522
https://doi.org/10.1016/j.envpol.2020.115767
https://doi.org/10.1016/j.envres.2020.110612
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7295527/


St
ud

y 
(n

=2
2)

Fu
lfi

ls
 

sy
st

em
at

ic
 

re
vi

ew
 

m
et

ho
ds

Re
se

ar
ch

 q
ue

st
io

n 
(s

ea
rc

h 
da

te
 u

p 
to

)
N

o.
 in

cl
ud

ed
 s

tu
di

es
 (N

o.
 

pa
rt

ic
ip

an
ts

)
M

ai
n 

re
su

lt
s

Ke
y 

co
nc

lu
si

on
s

Re
n 

SY
 2

02
0

N
o

Th
is 

re
vie

w
 a

im
s 

to
 s

um
m

ar
ize

 
da

ta
 o

n 
th

e 
pe

rs
ist

en
ce

 o
f d

iff
er

en
t 

co
ro

na
vir

us
es

 o
n 

in
an

im
at

e 
su

rfa
ce

s. 
(s

ea
rc

h 
da

te
 u

nc
le

ar
)

un
cle

ar
 

Vi
ru

se
s 

in
 re

sp
ira

to
ry

 o
r f

ec
al

 s
pe

cim
en

s 
ca

n 
m

ai
nt

ai
n 

in
fe

ct
ivi

ty
 fo

r 
qu

ite
 a

 lo
ng

 ti
m

e 
at

 ro
om

 te
m

pe
ra

tu
re

. A
bs

or
be

nt
 m

at
er

ia
ls 

lik
e 

co
tto

n 
ar

e 
sa

fe
r t

ha
n 

un
ab

so
rb

en
t m

at
er

ia
ls 

fo
r p

ro
te

ct
io

n 
fro

m
 v

iru
s 

in
fe

ct
io

n.
 T

he
 ri

sk
 o

f t
ra

ns
m

iss
io

n 
via

 to
uc

hi
ng

 c
on

ta
m

in
at

ed
 p

ap
er

 is
 

lo
w.

 P
re

ve
nt

ive
 s

tr
at

eg
ie

s 
su

ch
 a

s 
w

as
hi

ng
 h

an
ds

 a
nd

 w
ea

rin
g 

m
as

ks
 

ar
e 

cr
iti

ca
l t

o 
th

e 
co

nt
ro

l o
f c

or
on

av
iru

s 
di

se
as

e 
20

19
.

Vi
ru

se
s 

in
 re

sp
ira

to
ry

 o
r f

ec
al

 s
pe

cim
en

s 
ca

n 
m

ai
nt

ai
n 

in
fe

ct
ivi

ty
 fo

r q
ui

te
 a

 lo
ng

 ti
m

e 
at

 ro
om

 
te

m
pe

ra
tu

re
. A

bs
or

be
nt

 m
at

er
ia

ls 
lik

e 
co

tto
n 

ar
e 

sa
fe

r t
ha

n 
un

ab
so

rb
en

t m
at

er
ia

ls 
fo

r p
ro

te
ct

io
n 

fro
m

 
vir

us
 in

fe
ct

io
n.

 T
he

 ri
sk

 o
f t

ra
ns

m
iss

io
n 

via
 to

uc
hi

ng
 

co
nt

am
in

at
ed

 p
ap

er
 is

 lo
w.

 

Si
ng

ha
l S

 2
02

0
no

To
 fo

cu
s 

on
 d

iff
er

en
t m

od
es

 o
f 

tra
ns

m
iss

io
n 

of
 th

is 
vir

us
, c

om
pa

ris
on

 o
f 

th
is 

vir
us

 w
ith

 p
re

vio
us

 s
im

ila
r a

na
lo

gy
 

vir
al

 d
ise

as
es

 li
ke

 S
AR

S 
an

d 
M

ER
S 

(S
ea

rc
he

s 
Ja

n 
1 

to
 2

9 
Ap

ri
l 2

02
0)

un
cle

ar
 

W
ils

on
 N

M
 2

02
0

no
To

 a
ss

es
s 

th
e 

ai
rb

or
ne

 tr
an

sm
iss

io
n 

of
 s

ev
er

e 
ac

ut
e 

re
sp

ira
to

ry
 s

yn
dr

om
e 

co
ro

na
vir

us
‐2

 to
 h

ea
lth

ca
re

 w
or

ke
rs

 
(s

ea
rc

h 
m

et
ho

ds
 a

nd
 d

at
e 

no
t c

le
ar

)

un
cle

ar
 

Ev
id

en
ce

 la
rg

el
y 

fro
m

 lo
w

-q
ua

lit
y 

ca
se

 a
nd

 c
oh

or
t s

tu
di

es
 w

he
re

 th
e 

ex
ac

t m
od

e 
of

 tr
an

sm
iss

io
n 

is 
un

kn
ow

n 
as

 a
er

os
ol

 p
ro

du
ct

io
n 

w
as

 
ne

ve
r q

ua
nt

ifi
ed

. T
he

 m
ec

ha
ni

sm
s 

an
d 

ris
k 

fa
ct

or
s 

fo
r t

ra
ns

m
iss

io
n 

w
er

e 
al

so
 la

rg
el

y 
un

co
nfi

rm
ed

. 

Li
m

ite
d 

ev
id

en
ce

 s
ug

ge
st

s 
ae

ro
so

l g
en

er
at

in
g 

pr
oc

ed
ur

es
 c

au
se

 a
n 

in
cr

ea
se

 in
 a

irb
or

ne
 h

ea
lth

ca
re

 
w

or
ke

r t
ra

ns
m

iss
io

n.
 F

ur
th

er
 re

se
ar

ch
 is

 re
qu

ire
d.

Ai
rb

or
ne

 tr
an

sm
is

si
on

 a
nd

 p
ro

ce
du

re
s 

(n
=3

)

H
us

sa
in

 A
 2

02
0

no
Ex

te
nt

 o
f i

nf
ec

tio
us

 S
AR

S-
Co

V-
2 

ae
ro

so
lis

at
io

n 
as

 a
 re

su
lt 

of
 

oe
so

ph
ag

og
as

tro
du

od
en

os
co

py
 o

r 
co

lo
no

sc
op

y 
(s

ea
rc

h 
co

nd
uc

te
d 

up
 

to
 5

 Ju
ne

)

26
 s

tu
di

es
 

Th
e 

ae
ro

so
lis

at
io

n 
an

d 
in

fe
ct

io
us

 e
xt

en
t o

f S
AR

S-
Co

V-
2 

ca
nn

ot
 b

e 
ac

cu
ra

te
ly 

m
ea

su
re

d,
 a

nd
 n

o 
cli

ni
ca

l s
tu

di
es

 h
av

e 
co

nfi
rm

ed
 a

er
os

ol
 

in
fe

ct
io

n 
of

 S
AR

S-
Co

V-
2,

 

Ka
y 

JK
 2

02
0

ye
s

W
ha

t i
s 

th
e 

ev
id

en
ce

 fo
r m

in
im

izi
ng

 th
e 

us
e 

of
 fl

ex
ib

le
 la

ry
ng

os
co

py
 d

ur
in

g 
th

e 
co

ro
na

vir
us

 d
ise

as
e 

20
19

 p
an

de
m

ic?
 

(s
ea

rc
h 

co
nd

uc
te

d 
up

to
 A

pr
il 

20
20

)

N
o 

st
ud

ie
s 

pr
ov

id
ed

 
da

ta
 fo

r S
AR

S-
Co

V-
2 

tr
an

sm
iss

io
n 

du
rin

g 
fle

xi
bl

e 
la

ry
ng

os
co

py
. 

A 
pa

uc
ity

 o
f d

at
a 

re
ga

rd
in

g 
th

e 
ris

ks
 o

f S
AR

s-
Co

V-
2 

ae
ro

so
liz

at
io

n 
an

d 
tr

an
sm

iss
io

n 
du

rin
g 

en
do

sc
op

ic 
pr

oc
ed

ur
es

 o
f t

he
 a

er
od

ig
es

tiv
e 

tra
ct

M
or

e 
re

se
ar

ch
 is

 n
ee

de
d.

Sc
hü

ne
m

an
n 

H
J

ye
s

To
 re

vie
w

 m
ul

tip
le

 s
tre

am
s 

of
 e

vid
en

ce
 

re
ga

rd
in

g 
th

e 
be

ne
fit

s 
an

d 
ha

rm
s 

of
 

ve
nt

ila
tio

n 
te

ch
ni

qu
es

 fo
r c

or
on

av
iru

s 
in

fe
ct

io
ns

, i
nc

lu
di

ng
 th

at
 c

au
sin

g 
CO

VI
D-

19
 (s

ea
rc

h 
co

nd
uc

te
d 

up
 to

 1
 M

ay
).

12
3 

(4
5 

on
 C

O
VI

D-
19

)
Ev

id
en

ce
 s

ug
ge

st
s 

an
 in

cr
ea

se
d 

ris
k 

fo
r t

ra
ns

m
iss

io
n 

of
 c

or
on

av
iru

se
s 

w
ith

 in
va

siv
e 

pr
oc

ed
ur

es
. A

n 
ad

di
tio

na
l 3

4 
st

ud
ie

s 
in

 C
O

VI
D-

19
 

pa
tie

nt
s 

w
er

e 
fo

un
d,

 b
y 

th
ei

r m
et

ho
ds

 a
nd

 re
po

rt
in

g 
w

er
e 

to
o 

po
or

 
to

 s
yn

th
es

ize
 d

at
a 

ap
pr

op
ria

te
ly.

 

Di
re

ct
 s

tu
di

es
 in

 C
O

VI
D-

19
 a

re
 li

m
ite

d 
an

d 
po

or
ly 

re
po

rt
ed

.

Ve
nt

ila
ti

on
, a

ir
 c

on
di

ti
on

in
g 

fil
tr

at
io

n 
an

d 
re

ci
rc

ul
at

io
n 

(n
=3

)

M
ou

sa
vi 

EH
 2

02
0

no
W

ha
t i

s 
th

e 
sa

fe
ty

 o
f a

ir 
fil

tr
at

io
n 

an
d 

ai
r r

ec
irc

ul
at

io
n 

in
 h

ea
lth

ca
re

 p
re

m
ise

s. 
(s

ea
rc

h 
m

et
ho

ds
 a

nd
 d

at
e 

no
t c

le
ar

)

10
9 

do
cu

m
en

ts
 c

at
eg

or
ize

d 
in

to
 fi

ve
 le

ve
ls

Ev
id

en
ce

 to
 s

up
po

rt
 c

ur
re

nt
 p

ra
ct

ice
 is

 v
er

y 
sc

ar
ce

. N
o 

ra
nd

om
ize

d 
tr

ia
ls 

w
er

e 
re

tr
ie

ve
d 

an
d 

m
os

t e
xp

er
im

en
ts

 w
er

e 
de

sig
ne

d 
to

 tr
y 

to
 

pr
ov

e 
ai

rb
or

ne
 tr

an
sm

iss
io

n 
as

 o
pp

os
ed

 to
 te

st
 th

e 
nu

ll 
hy

po
th

es
is.

 
O

bs
er

va
tio

na
l e

vid
en

ce
 a

nd
 a

ni
m

al
 s

tu
di

es
 s

ho
w

ed
 c

on
ta

m
in

at
ed

 a
ir 

ca
n 

re
su

lt 
in

 d
ise

as
e 

sp
re

ad
, a

nd
 th

e 
co

m
bi

na
tio

n 
of

 a
ir 

fil
tra

tio
n 

an
d 

re
cir

cu
la

tio
n 

ca
n 

re
du

ce
 th

is 
ris

k.

Th
er

e 
is 

a 
ne

ed
 fo

r a
 ri

go
ro

us
 a

nd
 fe

as
ib

le
 li

ne
 o

f 
re

se
ar

ch
 in

 th
e 

ar
ea

 o
f a

ir 
fil

tra
tio

n 
an

d 
re

cir
cu

la
tio

n 
in

 
he

al
th

ca
re

 fa
cil

iti
es

.

Ch
iri

co
 F

 2
02

0
no

W
ha

t i
s 

th
e 

im
pa

ct
 o

f h
ea

tin
g,

 v
en

til
at

io
n 

an
d 

ai
r c

on
di

tio
ni

ng
 s

ys
te

m
s 

(H
VA

C)
 o

n 
tra

ns
m

iss
io

n 
of

 c
or

on
av

iru
se

s 
(s

ea
rc

h 
co

nd
uc

te
d 

11
 Ju

ly
)

Si
x 

st
ud

ie
s 

on
 S

AR
S-

Co
V-

2
In

 th
re

e 
of

 s
ix

 s
tu

di
es

 o
f S

AR
S-

Co
V-

2,
 th

e 
he

at
in

g 
an

d 
ve

nt
ila

tio
n 

sy
st

em
 w

as
 s

us
pe

ct
ed

 to
 a

id
 tr

an
sm

iss
io

n;
 in

 tw
o 

st
ud

ie
s 

th
e 

da
ta

 
di

d 
no

t s
up

po
rt

 s
uc

h 
an

 e
ffe

ct
, a

nd
 in

 o
ne

 s
tu

dy
 o

nl
y 

m
od

el
lin

g 
su

gg
es

te
d 

an
 im

pa
ct

Th
e 

di
ffe

re
nc

es
 in

 H
VA

C 
sy

st
em

s 
pr

ev
en

t 
ge

ne
ra

liz
at

io
n 

of
 th

e 
re

su
lts

. T
he

 fe
w

 in
ve

st
ig

at
io

ns
 

av
ai

la
bl

e 
do

 n
ot

 p
ro

vid
e 

su
ffi

cie
nt

 e
vid

en
ce

 th
at

 S
AR

S-
Co

V-
2 

ca
n 

be
 tr

an
sm

itt
ed

 b
y 

H
VA

C 
sy

st
em

s.

Co
rr

ei
a 

G
 2

02
0

no
W

ha
t i

s 
th

e 
im

pa
ct

 o
f H

VA
C 

in
 h

os
pi

ta
ls 

or
 h

ea
lth

ca
re

 fa
cil

iti
es

 o
n 

th
e 

sp
re

ad
 o

f 
th

e 
vir

us
. (

se
ar

ch
 m

et
ho

ds
 a

nd
 d

at
e 

no
t c

le
ar

)

un
cle

ar
Th

e 
au

th
or

s 
sp

ec
ul

at
e 

th
at

 in
co

rr
ec

t u
se

 o
f H

VA
Cs

 
m

ig
ht

 c
on

tr
ib

ut
e 

to
 th

e 
tra

ns
m

iss
io

n 
of

 th
e 

vir
us

. 

Page 21 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://www.wjgnet.com/2307-8960/full/v8/i8/1391.htm
https://benthamopen.com/EPUB/BMS-TOPHJ-2020-HT1-1786-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7264768/
https://www.magonlinelibrary.com/doi/full/10.12968/hmed.2020.0348
https://jamanetwork.com/journals/jamaotolaryngology/article-abstract/2768863
https://www.acpjournals.org/doi/10.7326/M20-2306
https://pubs.acs.org/doi/abs/10.1021/acs.est.0c03247
https://pubs.acs.org/doi/abs/10.1021/acs.est.0c03247
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7182754/


Table 3. Quality of included studies.

Study Is the source 
popn adequately 
described 

Description of 
methods and 
sufficient detail 
to replicate

Samples sources 
clear and 
quantified

Analysis & 
reporting 
outcomes 
appropriate

Was follow up 
sufficient

Ahn JY 2020 

Bays D 2020

Binder 2020

Charlotte N 2020

Cheng VCC 2020a  

Cheng VCC 2020b

Chia PY 2020

Chirizzi D 2020

Declementi M 2020

De Man P 2020

Di Carlo P 2020

Ding Z 2020

Döhla M 2020  

Dumont-Leblond 
2020

Faridi S 2020

Feng B 2021  

Ge XY 2020

Günther T 2020

Guo ZD 2020

Hamner 2020 and 
Miller SL 2020

Hernández JL 2020

Horve PF 2020

Hu J 2020

Jiang Y 2020

Jin T 2020

Kang M 2020

Kenarkoohi A 2020

Kim UJ 2020

Kwon KS 2020

Lednicky JA 2020a

Lednicky JA 2020b

Lei H 2020

Li Y & Qian H 2020

Li YH & Fan YZ 2020

Lin G 2020

Liu Y, Ning Z 2020
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Figure 2. Risk of bias (n=67).

Study Is the source 
popn adequately 
described 

Description of 
methods and 
sufficient detail 
to replicate

Samples sources 
clear and 
quantified

Analysis & 
reporting 
outcomes 
appropriate

Was follow up 
sufficient

Lu J 2020
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Table 4. Concentrations of PCR samples recovered (n=25).

Study (n=64) Cycle Threshold (Ct) Copies per m³ (or L)

Binder 2020 Sample at 1.4m, <4uM: 1st 36.6; 2nd 37.1 
Sample at 2.2m, <4uM: 1st 37.4, 2nd 39.9 
Sample at 2.2m, >4uM: 1st 39.1, 2nd 39.6

Chia PY 2020 range 1.84 × 10³ to 3.38 × 10³ RNA copies per m³

Chirizzi D 2020 <0.8 copies m³ for each size range.

Ding Z 2020 RNA copies for weakly positive sample not 
calculated.

Dumont-Leblond N 2020 N gene (range 36.5 to 39.8) mean 38.0 
ORF1b gene (32.1 to 35.2) mean 33.7

8 positives for both N and Orf1b (range 9.9 to 514.2) 
mean 201.6 genomes /m³

Feng B 2020 <1 μm: 1,111 copies/m³ 
>4 μm: 744 copies/m³

Ge XY 2020 ICU: Ct 36.5 - 37.8

Guo ZD 2020 Indoor air near air outlet: Ct 35.7, 
Near patients: Ct 44.4. 
Near the doctor’s office area: Ct 12.5

Indoor air near the air outlet: 3.8/L 
near the patients: 1.4/L 
near the doctor’s office area: 0.52

Horve PF 2020 The highest abundance sample (~245 gene copies) 
found on the pre-filters,

Hu J 2020 range 1.11 × 10³ to 1.12 × 104 copies m³ 
In 10% of outdoor air samples, 10 m from the doors 
of inpatient & outpatient buildings range 0.89 to 
1.65×10³ copies m³ 

Kenarkoohi A 2020 Ct around 38 for ORF1ab 
Ct around 35 for n gene

Figure 2. Risk of bias (n=67).
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Study (n=64) Cycle Threshold (Ct) Copies per m³ (or L)

Lednicky JA 2020a Ct 36.0, 37.7, 37.4, 38.7, respectively (mean 
Cq 37.5)

Four positives contain: 2.82E+03, 9.12E+02, 
1.15E+03, 4.68E+02 genome equivalents/25 μL,

Lednicky JA 2020b Ct 39.1 0.87 virus genome equivalents L -1

Lei H 2020 Near the head of the patient Ct 41.25.

Liu Y & Ning Z 2020 ICU: rang- 0 -113 copies m³ 
Patient areas 0 -19 copies m³ 
Medical Staff Areas 0 - 42m³ 
Public areas: 0 -11copies m³ 

Ma J 2020 Exhaled Breath Samples, 14 positives: Ct 
35.5 ± 3.2

Breath emission rate estimate: 1.03 × 10 ⁵ to  
2.25 × 10 ⁷ viruses per hour. Air sample estimate  
6.1 × 10 3 viruses/m³

Moreno T 2020 genome count range 14 to 446/m2 for IP2, 9 to 
490/m2 for IP4 and 5 to 378/m2 for E. 
Subway: 1st sample estimate 23.4 GC/m³, 2nd 
amplified target gene IP2 (18.8 GC/m³) & protein E 
(5.6 GC/m³).

Nissen K 2020 Ct N gene: 35.3 
Ct E gene 33.2 
Ward 1 specimen Ct 33.0 for E gene only.

Orenes-Piñero E 2020 Ct from surfaces > 10 cycles of those 
obtained from the patient, indicating viral 
load was lower in the room environment.

Razzini K 2020 ICU: Mean Ct 22.6 
Corridor: Mean Ct 31.1

Santarpia JL 2020a concentrations up to around 7.5 TCID 50 / m3 of air.

Santarpia JL 2020b gene copies generally low and highly variable from 
sample to sample ranging from 0 to 1.75 copies/µL

Seyyed Mahdi SM 2020 Highest RNA concentrations observed between 
beds 6 and 7 (3,913 copies per ml)

Zhang D 2020 Range 285 to 1,130 copies/m3. 
Inside adjusting tank 285 copies/m3 and 603 
copies/m3. 
5 m from Hospital outpatient building 1,130 copies/
m3, 
5 m from the inpatient building undetected

Zhou J 2020 101 to 103 copies of SARS-CoV-2 RNA in all air 
samples; no significant difference between sample 
areas.

Two studies conducted in hospitals also sampled other spaces. 
Liu Y & Ning Z et al. reported 4/13 public areas were RT-PCR 
positive; Ma J et al. reported 1 positive sample from an unven-
tilated quarantine hotel toilet room out of 26 samples taken. 
Zhang D et al. sampled the outdoor environment of three hospi-
tals and reported 3/16 samples were RT-PCR positive. Lednicky 
JA 2020b sampled in a respiratory infection evaluation area 
of a student health care center and reported one positive sam-
ple with a CT of 39 (virus genome equivalent of 0.87 virus 
genomes L–1 air).

Two studies reported on Exhaled Breath Condensate (EBC). 
Ma J et al. reported 14/52 EBC samples as RT-PCR positive and 

Feng B et al. reported 2/8 positive EBC samples. Five stud-
ies conducted in hospitals did not attempt RT-PCR air sampling 
[Bays D 2020; McGain F 2020; Mponponsuo K 2020 
Ogawa Y 2020 and Wong SCY 2020] In Lei H et al., it was 
not possible to separate air from surface sample results.

Outdoors and community. Seventeen studies reported on the 
outdoors and in the community (see Figure 1). These settings 
were buses (four studies: two in china [Luo K 2020 and 
Shen Y 2020]; one in Italy [Di Carlo P 2020] and one from 
Spain that included subway trains [Moreno T 2020]); two studies 
each for the outdoors; restaurant; choir practice & block of 
flats, and one study each for a meat processing plant; home 
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Table 5. The size of air particles in the sample (n=8).

Study (n=64) Samples Source Size of air particles

Binder 2020 8 National Institute for Occupational Safety and 
Health (NIOSH) BC 251 Aerosol Samplers (Figure S3) 
were placed 1.5m from the ground, at ~1 meter, ~1.4 
meters, ~2.2 meters, and ~3.2 meters from the 
SARS-CoV-2 patient’s head and subsequently run for 
~4 hours. 195 air samples were collected

detected in aerosols particle size <4 µm

Chia PY 2020 Air sampling was performed in three of the 27 
airborne infection isolation rooms (AIIRs). Bioaerosol 
samplers used to collect air samples, set at a flow-rate 
of 3.5 L/min and run for four hours, collecting a total 
of 5,040 L of air from each patient’s room.

positive particles of sizes >4 µm and 1–4 µm detected 
in two rooms

Chirizzi D 2020 The genetic material of SARS-CoV-2 (RNA) was 
determined, using both real-time RT-PCR and ddPCR, 
in air samples collected using PM10 samplers and 
cascade impactors able to separate 12 size ranges 
from nanoparticles (diameter D < 0.056 µm) up to 
coarse particles (D > 18 µm).

(D < 0.056 µm) up to coarse particles (D > 18 µm)

Feng B 2020 For a sampling of isolation room air, a NIOSH sampler 
was placed on a tripod 1.2 m in height and 0.2 m away 
from the bed at the side of the patient’s head. The 
sampling duration was 30 min, and a total of 105-L 
room air was sampled. (9 Exhaled Breath (EB) samples, 
8 Exhaled Breath Condensate (EBC) samples, 12 
bedside air samples)

RNA detected in the air sample in <1 μm and >4 μm 
fractions,

Hernández JL 2020 Air sampled in three areas: Emergency area (Clinic 
A), Internal medicine (Clinic A), COVID 19 patient area 
(Clinic A), and COVID-19 patients care room (Clinic 
B). Sampling in all areas was accomplished in 3 h. 
Filters of 25 mm diameter with 0.22 μm pores were 
utilized (Millipore, AAWP02500), placed in a sterilized 
filter holder (Millipore, SWINNX) coupled to a vacuum 
system through a previously disinfected plastic hose, 
filtering the air with a flow of 9.6 L/min in each filter 
holder.

filtration through 0.22 μm pores.

Liu Y & Ning Z 2020 Over a 2 week period: 30 aerosol samples of total 
suspended particles collected on 25-mm-diameter 
filters loaded into styrene filter cassettes (SKC) by 
sampling air at a fixed flow rate of 5.0 l min−1 using a 
portable pump (APEX2, Casella). Three size-segregated 
aerosol samples collected using a miniature cascade 
impactor (Sioutas Impactor, SKC) that separated 
aerosols into five ranges (>2.5 μm, 1.0 to 2.5 μm, 
0.50 to 1.0 μm and 0.25 to 0.50 μm on 25-mm filter 
substrates, and 0 to 0.25 μm on 37-mm filters) at 
a flow rate of 9.0 l min−1. Two aerosol deposition 
samples collected using 80-mm-diameter filters 
packed into a holder with an effective deposition area 
of 43.0 cm2; filters were placed intact on the floor in 
two corners of an ICU for 7 days.

SARS-CoV-2 aerosols one in the submicrometre 
region (dp between 0.25 and 1.0 μm) and the other 
in supermicrometre region (dp > 2.5 μm). Aerosols 
in the submicrometre region were found with peak 
concentrations of 40 and 9 copies m3 in the 0.25–0.5 
μm and 0.5–1.0 μm range, respectively. 

McGain F 2020 Two spectrometers to measure aerosol particles: 
the portable Mini Wide Range Aerosol Sizer 1371 
(MiniWRAS) and the Aerodynamic Particle Sizer (APS). 
During the procedure, the aerosol detector inlet was 
positioned 30 cm directly above the patient’s neck, 
representing the surgeon’s breathing air space

APS detected larger aerosols (> 0.37 mm) and 
MiniWRAS smaller particles (0.01–0.35 mm).
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Study (n=64) Samples Source Size of air particles

Santarpia JL 2020a Air samplers were placed in various places in the 
vicinity of the patient, including over 2m distant. 
Personal air sampling devices were worn by 
study personnel on two days during sampling. 
Measurements were made to characterize the size 
distribution of aerosol particles, and size-fractionated, 
aerosol samples were collected to assess the 
presence of infectious virus in particles sizes of >4.1 
µm, 1-4 µm, and <1 µm in the patient environment. 
An Aerodynamic Particle Sizer Spectrometer was 
used to measure aerosol concentrations and size 
distributions from 0.542 µm up to 20 µm. A NIOSH 
BC251 sampler18 was used to provide size segregated 
aerosol samples for both rRT-PCR and culture analysis.

Two of the 1-4 µm samples demonstrated viral 
growth, between 90% and 95% confidence

Figure 3. The relative size of particles.

residence; quarantine hotel; quarantined household and a care 
home.

Seven of these studies undertook RT-PCR sampling [Di Carlo P 
2020: inside a bus; Dohla M 2020: quarantined households; 
Kang M 2020: a block of flats; Kwon KS 2020: the community; 
Moreno T 2020; buses and subway trains; Setti L 2020: out-
door sampling; and Wong JCC 2020: in the home residence], 
and one Chirizzi D 2020 sampled atmospheric concentrations.

Of the eight studies, two reported positive RT-PCR samples (5 
of 125 samples positive for 2 or more genes, average 4.0%), 
and one Chirizzi 2020 et al. found outdoor atmospheric  

concentrations of SARS-CoV-2 RNA at low levels <0.8 cop-
ies m3. Moreno 2020 et al. sampled on buses and subway trains 
in Barcelona, and reported samples were mainly positivity for 
only 1 of the 3 RNA targets, and Setti et al., in a study of out-
door sampling, reported 20/34 (59%) Particulate Matter (PM) 
samples were RNA positive for one gene, and 4/34 (11.8%) were 
positive for two genes (see Table 1). Five studies found no 
positive samples [Di Carlo P 2020: Dohla M 2020; Kang M 
2020, Kwon KS 2020 and Wong JCC 2020].

Three studies reported on two choir practices and potential air 
transmission. Charlotte N et al. followed-up a choir practice in 
France with 27 participants who attended a choir practice on 
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Figure 4. Percentage hospital air samples positive for SARs-CoV-2 RNA (n=42). Red bars indicate studies sampling ICUs.

12 March 2020. Two separate publications [Hamner L 2020 and 
Miller SL 2020] published on the same Choir Practice Skagit 
County, Washington, USA. In total, 78 members attended two 
practices: 87% of choir members subsequently became ill (32 
confirmed cases and 20 probable secondary cases).

Viral culture. Ten studies attempted viral culture [Binder 
2020, Dohla M 2020, Dumont-Leblond N 2020, Hu J 2020, 
Lednicky JA 2020a, Lednicky JA 2020b, Nissen K 2020, 
Santarpia JL 2020a, Santarpia JL 2020b, Zhou J 2020]. In seven 
of the ten studies, the infectious virus could not be isolated 
and cytopathic effects could not be observed [Binder 2020,  
Dohla M 2020, Dumont-Leblond N 2020, Hu J 2020, Nissen K 
2020, Santarpia JL 2020b and Zhou J 2020] (see Table 6).

Of the remaining three studies, Lednicky JA 2020b reported 
that general virus-induced cytopathic effects were observed  
within two days post-inoculation. The amount of virus present in 
390 L of sampled air was low (approximately 340 virus genome 
equivalents). RT-PCR for SARS-CoV-2 RNA from the cell 
culture were negative, and three other respiratory viruses were 

identified: Influenza A H1N1, Influenza A H3N2, and human  
coronavirus OC43.

Lednicky JA 2020a observed presumed virus-induced CPE 
for 4/4 RNA-positive hospital air samples. The authors report 
that plaque assays could not be performed due to a nationwide 
non-availability of some critical media components in the USA. 
They also report that it took 6 to 11 days post-inoculation before 
rounding of the cells was observed with material collected by 
the air sampler and there is no report of a serial subculture of 
the positive air samples to demonstrate propagation of  
a complete replicating virus.

Santarpia JL 2020a reported 3/39 aerosol samples (particle 
size <1 μm) that cell culture resulted in increased viral RNA at 
very low levels. An intact virus was observed via transmission 
electron microscopy in the submicron sample from one room. 
This study was published as a preprint (checked 5 March 2021) 
and is subject to methodological criticisms. Serial RT-PCR of cell 
culture supernatant was unclear and incongruent with the state-
ment that some increase in viral RNA may have occurred.  
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Table 6. Viral culture methodological issues.

Study Methodological

Binder 2020 This study separated particles by three sizes: >4 µm, 1–4 µm, and <1 µm and used multiple sampling sites 
which is a robust sampling methodology. The median day’s post symptom was reported as 10 with a range 
of 1 to 34 days, and only one patient had a cycle threshold for the N gene < 20. This limits the finding of any 
cultivatable virus and the conclusions. 

Hu J All positive masks were subject to cell culture and inoculated with Vero-E6 cells after blind passage for three 
generations which is a robust approach. One mask from a critically ill patient was positive for the virus but 
no details on which passage and at what quantitative burden. The masks could have been contaminated by 
saliva or nasal secretions and the conclusion stated that masks blocked the release of viable virus in the air 
exhaled from the patient cannot be confirmed.

Lednicky 2020a it is not clear why plaque assays could not be performed due to a nationwide non-availability of some critical 
media components in the US. Three serial 3-hr air samplings were performed. Over the 9 hours, it is likely 
patients would have moved about and may have been in close proximity to the samplers. The method does 
not mention particle sizing for the sampler (ie < or > 5 microns) and the sampled particles could be any size 
and hence it is difficult to state they were true aerosols. No data are provided about health workers who 
may have been in the room and might have handled the air samplers. Samples were not done at 0.5 m to 1 
metre to see if there was a gradient effect. It was noted it took 6 to 11 days post-inoculation before rounding 
of the cells with material collected by air sampler and there is no report of a serial subculture of the positive 
air samples to demonstrate propagation of a healthy and propagating virus. Nothings is presented about 
testing the air sampling isolates in susceptible animal models. 

Santarpia JL 2020a 
and b

For Santapria 2020 (a) we could only find a preprint publication. A large number of samples were collected. 
Serial PCR of cell culture supernatant was unclear and incongruent with the statement that some 
increase in viral RNA may have occurred. Increased viral RNA presence is a surrogate and subject to many 
interpretations and should not be considered equal to the cultivation of replication and infection competent 
virus on cell culture which was not identified. Western blot assay was not done in cell supernatant samples 
with non-statistically significant evidence of replication, which would have acted as a control to ensure the 
findings were not spurious. Western blots are very weak, with no positive control or size markers and the 
signal doesn’t necessarily come from a replicating virus, there’s no “before culture” analysis.  
The presence of virus-like particles on TEM is not proof that these are replicating viruses or necessarily even 
SAR-CoV-2. No comparisons to control TEM photomicrographs of the live virus from fresh Vero cells are 
presented to discuss. 
No size-fractionation techniques were used to determine the size range of SARS-CoV-2 droplets and 
particles, raising major issues with the statement the data suggests that viral aerosol particles are produced 
by individuals that have the COVID-19.  
No information is provided about activity by either patients or the doffing by health workers which may have 
contributed to hallway air samples being PCR positive. The contamination identified may have accumulated 
over the extended periods of occupancy and may represent the high frequency of reported PCR positive 
sites, Floor samples were most heavily reported which supports this finding. The numbers don’t match up, Ct 
values were converted to pseudo TCID50 values based on an equation that obscures what Cts were actually 
recorded. Reporting 100% or 200% increases in RNA levels is actually only 2–3 fold, and not the way viruses 
replicate (i.e. exponentially). 
No plaques were reported to have been detected and no serial passage on subculture was reported. 
Statistical inferences are very difficult to interpret in Figure 1 based on the error bars. The broad sweeping 
conclusions that SARS-CoV-2 RNA exists in respired aerosols less than 5 µm in diameter; that aerosols 
containing SARS-CoV-2 RNA exist in particle modes that are produced during respiration is difficult to justify 
based on the findings presented. 
In Santarpia 2020 (b)There are “six patients in five rooms in two wards on three separate days in April of 
2020” reported in the text. Table S1 reports are 6 rooms (2 are 7A and 7B and 4 are 5A-D). The abstract 
reports SARS-CoV-2 RNA was detected in all six rooms – It is therefore not clear whether there are 6 rooms 
or 5 – One room had 2 patients so the total could be 7 not 6 patients 
There is no information in the patients and sampling is done 2–24 days post 1st covid test and looks like 
4 were sampled less than 3 days post first covid test but there is no information of symptom onset. No ct 
values were provided on the testing of the pts when first done. A Ct of 45 for E gene is not considered a 
usual standard and much higher than what most labs use and accept and a lot of background “noise” as a 
result 
It is likely an equation as used to calculate the concentration of the virus, however, it is more robust to 
measure the virus directly than use an equation. EM also does not confirm live virus and does not indicate 
active viral replication as the authors suggest – where are the comparisons control EM photomicrographs.

Zhou J 2020 No indication any particle size-fractionation techniques were used to determine the size range of droplets 
and particle differentiation in air sampling. No information on patients is provided and it is possible they 
were in the later stages of illness when no virus could be reliably cultivated. All surface and air samples from 
the hospital environment had a Ct value >30, in a range where it is extremely difficult to cultivate the virus. 
No attempt was made to ensure the sampler was placed at a specific distance from the individuals. 

(Wang W, Xu Y 2020 
and (Xiao F, Sun J 
2020)

Electron microscopy alone does not proof of an infectious virus. Inactivated particles would look the same, 
and images weren’t provided in these studies.
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No size-fractionation techniques were used to determine the 
size range of SARS-CoV-2 droplets and particles. (Table 7 sets 
out several methodological issues relating to viral culture).

Discussion
We identified 67 primary studies, all were observational and low 
quality. The results show that RT-PCR RNA can be detected 
sporadically in airborne samples in a variety of settings.  
About half the studies did not detect RNA positivity. Some of 
the reasons for this may be methodological weaknesses in the 
study design, the lack of validated methods and the location and  
variable distance of the sampling. There was no clear relation-
ship between the type of setting and positivity of sampling or 
detectable viral RNA concentrations. The reporting of viral RNA 
concentrations was heterogeneous as were the sampling 
methods.

Past attempts to detect infectious particles have proved difficult: 
aerosols are dilute and culturing fine particles is problematic. 
In a NEJM editorial, Roy et al., report ‘the only clear proof that 
any communicable disease is transmitted by aerosol came from 
the famous experiment by Wells, Riley, and Mills in the 1950s, 
which required years of continual exposure of a large colony of 
guinea pigs to a clinical ward filled with patients who had active 
tuberculosis11.’ A 2019 review reported that viral RNA or DNA, 
depending on the virus, could be found in the air near patients 
with influenza, respiratory syncytial virus, adenovirus, rhinovi-
rus, and other coronaviruses but rarely reported viable viruses12. 
For coronaviruses, previous evidence supporting the airborne  
route of transmission is weak13. 

Several studies included in our systematic review and reported 
in the tables, do not support the airborne transmission hypoth-
esis. An included US study performed active case finding from 
two index patients and 421 exposed HCWs [Bays D 2020]. 
Eight secondary infections in HCWs were reported, but despite 
multiple aerosol-generating procedures, there was no evidence 
of airborne transmission. No transmission events were found in 
multiple high-risk exposures from five symptomatic COVID-19 
health care workers [Mponponsuo K 2020]; Wong SCY et al. 
reported none of 120 contacts of a patient with initially unde-
tected Covid-19 subsequently became infectious, and Kim UJ 
et al. reported that all 52 air samples were negative for 
SARS-CoV-2 RNA.

Strengths and limitations
There is a current lack of well-conducted studies addressing 
airborne transmission: only nine studies identified during the 
search period reported air sampling outdoors and, in the environ-
ment, outside of hospitals. The findings of our review are limited 
by the low-quality included studies that lack standardised meth-
ods, reporting and outcomes. The small sample sizes, the absence 
of study protocols and the lack of replication further undermine 
the findings. Sporadic isolation of viral RNA may be due to 
problems with sampling techniques. Lack of quality is noted 
across several of the airborne reviews. Furthermore, while our 
search was comprehensive, it is likely there are studies that 
we have missed. Our continual updating and scoping of the 

literature mean we intend to update this review as more studies  
and evidence become available. 

Evidence from the referenced systematic reviews noted the need 
to improve the quality of evidence. Anderson et al. reported 
the need for further data collection under differing conditions of 
temperature and humidity14. Carducci et al. considered no stud-
ies had sufficient confirmatory evidence, and only a hypothesis 
supports airborne transmission15, Schünemann et al. noted direct 
studies in COVID-19 are limited and poorly reported16, and  
Mousavi et al. noted the need for rigorous and feasible lines 
of research in the area of air filtration and recirculation in 
healthcare facilities17.

Future studies are warranted to verify findings (particularly 
including viral culture) before conclusions can be reached about 
a mode of transmission and important knowledge such as  
infectious dose. Because of the heterogeneity of the settings,  
the case-mix limitations, the sampling techniques used clear 
descriptions and variable study protocols, it is difficult to make 
meaningful comparisons of air sampling positivity or viral con-
centrations between settings. Many factors including relative 
humidity, temperature, aerosolization medium, exposure period, 
the chemical composition of the air, seasonality, sampling meth-
ods, and ultraviolet light exposure can affect the potential infectiv-
ity of airborne viruses. While sampling techniques have improved 
greatly over time, the lack of standardization requires address-
ing as it limits the development of general recommendations 
for the sampling of airborne viruses18.

One essential question is whether observed epidemiologic asso-
ciations are causal19,20. Establishing transmission modes requires 
integrated epidemiological and mechanistic approaches to 
narrow uncertainty21. Transmission evidence should be context- 
specific to particular settings (i.e., indoor or outdoor), environ-
ment-specific (i.e., the presence of UV light. ventilation etc.) and 
ensure that exposure an infectious agent has taken place. Identi-
fying those circumstances that promote transmission using all 
types of relevant evidence that are more likely to promote viral 
transmission, and therefore, more amenable to intervention.

Methodological issues of the culture methods used, as well 
as knowledge of the infectiousness of the patient hinder 
interpretation and suggest that the results should be interpreted 
with caution. The detection of SARS-CoV-2 RNA in the air can-
not presume transmission, since only viable virions can cause 
disease. No airborne study to date definitively demonstrates 
SARS-CoV-2 is of an infectious nature, which offers the most 
robust evidence of transmissibility22. CPE alone cannot be 
relied upon to establish SARS-CoV-2 replication and additional 
methods are required, including demonstration of viral growth on 
permissive cell lines, immunofluorescence staining, and confirmed 
the exclusion of other pathogens or contaminants with sequence 
confirmation. General virus-induced cytopathic effects were 
observed in one study, however, RT-PCR tests for SARS-CoV-2 
were negative while three other respiratory viruses were 
identified23.
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Table 7. Live culture results (n=10).

Study 
(n=64)

Setting Method Air Samples 
positive n/d for 
SARs-CoV-2 RNA

Live culture Notes

Binder 2020 Hospital An observational case 
series of 20 patients 
hospitalized with 
coronavirus disease

3/195 samples 
from 3 patients

0/3 viable virus

Dohla M 
2020

Quarantined 
households

An observational 
study of 43 adults 
and 15 children living 
in 21 households; 
air (also surface and 
wastewater) samples 
taken.

0/15 The infectious virus 
could not be isolated 
in Vero E6 cells from 
any environmental 
sample.

26 of all 43 tested adults 
were positive by RT-PCR. 
10 of 66 wastewater 
samples and 4/119 surface 
swab samples were 
positive for SARS-CoV-2

Dumont-
Leblond N 
2020

Hospital An observational 
study in acute care 
hospital rooms over 
the course of nearly 
two months

11/100 from 6 
patient rooms

Viral cultures were 
negative

Hu J 2020 Hospital An observational 
study: indoor and 
outdoor air samples 
in ICUs and CT rooms

aerosol samples 
8/38 from ICUs 
1/6 from CT 
rooms 
samples from 
medical staff 
rest areas and 
corridors were 
all negative 
(denominator not 
clear)

All positive aerosol 
samples were 
negative after three 
passages of Vero-E6 
cells inoculated in a 
blind test.

All positive masks were 
subjected to cell culture 
and inoculated with Vero-
E6 cells after blind passage 
for three generations. One 
mask from a critically ill 
patient detected positive.

Lednicky JA 
2020a

Hospital Observational: air 
samples collected, 
and virus culture 
attempted

4/4 air samples 
without a HEPA 
filter 
0/2 samples using 
a HEPA filter

Virus-induced 
CPEwas observed for 
4/4 RNA-positive air 
samples.

No other respiratory 
virus was identified in the 
samples using a BioFire 
FilmArray Respiratory 
2 Panel. The amount of 
airborne virus detected 
per litre of air was small. 
Plaque assays could not 
be performed due to a 
nationwide nonavailability 
of some critical media 
components (due to 
COVID-19 pandemic-
related temporary 
lockdown of production 
facilities), so TCID50 
assays were performed in 
Vero E6 cells to estimate 
the percentage of the 
collected virus particles 
that were viable. Estimates 
ranged from 2 to 74 
TCID50 units/L of air

Lednicky JA 
2020b

Student 
Healthcare 
centre

Observational, air 
samples collected, 
and virus culture 
attempted

1/2 air samples General virus-
induced cytopathic 
effects were 
observed within two 
days post-inoculation

Estimated concentration 
of 0.87 virus genomes 
L–1 air. The amount of 
virus present in 390 L 
of sampled air was low 
(approximately 340 virus 
genome equivalents). 
PCR tests for SARS-CoV-2 
vRNA from cell culture 
were negative. Three 
respiratory viruses were 
identified using the Biofire 
RVP: Influenza A H1N1, 
Influenza A H3N2, and 
Human coronavirus OC43
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Study 
(n=64)

Setting Method Air Samples 
positive n/d for 
SARs-CoV-2 RNA

Live culture Notes

Nissen K 
2020

Hospital Observational: surface 
swabs and fluid 
samples collected, 
and experimental: 
virus culture was 
attempted.

7/19 filter were 
positive 
11 days later, 4/19 
were positive for 
both genes.

No significant CPE 
was seen after three 
passages on Vero E6 
cells from samples 
retrieved from ward 
vent openings or 
central ventilation 
ducts or filters

Cycle threshold (Ct) values 
varied between 35.3 
and 39.8 for the N and E 
gene. Virus culture was 
attempted: RNA detected 
in sequential passages but 
CPE not observed.

Santarpia 
JL 2020a

Hospital Observational: size-
fractionated aerosol 
samples collected; 
experimental: 
virus culture was 
attempted.

6/6 patient 
rooms.

In 3 aerosol samples 
size <1 μm, cell 
culture resulted in 
increased viral RNA. 
Viral replication 
of aerosol was 
observed in the 1 
to 4 μm size but did 
not reach statistical 
significance.

The presence of SARS-
CoV-2 was observed via 
western blot for all but one 
of the samples (<1 um, 
with statistically significant 
evidence of replication, by 
rRT-PCR. The intact virus 
was observed via TEM in 
the submicron sample 
from Room.

Santarpia 
JL 2020b

Healthcare 
centre

Observational: high-
volume (50 Lpm) and 
low-volume (4 Lpm) 
personal air samples 
(& surface samples) 
collected from 13 
Covid-19 patients; 
experimental: 
virus culture was 
attempted.

63% of in-room 
air samples 
positive 
(denominator 
unclear)

Due to the low 
concentrations 
recovered in the 
samples cultivation 
of the virus was not 
confirmed in these 
experiments. *

. Partial evidence of virus 
replication from one air 
sample. In the NBU, for 
the first two sampling 
events performed on 
Day 10, the sampler was 
placed on the window 
ledge away from the 
patients and was positive 
for RNA (2.42 copies/L of 
air). On Day 18 in NBU 
Room B occupied by 
Patient 3, one sampler was 
placed near the patient 
and one was placed near 
the door greater than 2 
meters from the patient’s 
bed while the patient 
was receiving oxygen (1L) 
via nasal cannula. Both 
samples were positive by 
PCR, with the one closest 
to the patient indicating 
a higher airborne 
concentration of RNA 
(4.07 as compared to 2.48 
copies/L of air). 

Zhou J 2020 Hospital Observational: (air 
& surface) samples 
collected from a 
hospital with a high 
number of Covid-19 
inpatients.

2/31 air samples 
positive 
12/31 suspected

0/14 We defined samples, 
where both of the PCRs 
performed from an air or 
surface sample, detected 
SARS-CoV-2 RNA as 
positive, and samples 
where one of the two PCRs 
performed from an air or 
surface sample detected 
SARS-CoV-2 RNA as 
suspected
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Conclusion
SARS-COV-2 RNA can be detected intermittently by RT-PCR 
in the air in a variety of settings. A number of studies that 
looked for viral RNA in air samples found none, even in set-
tings where surfaces were found to be contaminated with  
SARS-CoV-2 RNA. The lack of recoverable viral culture sam-
ples of SARS-CoV-2 prevents firm conclusions to be drawn about 
airborne transmission. The current evidence is low quality, and 
there is an urgent need to standardise methods and improve 
reporting. 

Data availability 
Underlying data
All data underlying the results are available as part of the article  
and no additional source data are required.

Extended data
Figshare: SARS-CoV-2 and the Role of Airborne Transmission: 
Systematic review, https://doi.org/10.6084/m9.figshare.14248055.
v27.

This project contains the following extended data:
-   Appendix 1: Updated protocol

-   Appendix 2: Search strategy

-   Appendix 3: References of included studies

-   Appendix 4: Sampling methods

Reporting guidelines
Figshare: PRISMA checklist for ‘SARS-CoV-2 and the role of 
airborne transmission: a systematic review’, https://doi.org/ 
10.6084/m9.figshare.14248055.v27.

Data are available under the terms of the Creative Commons  
Attribution 4.0 International license (CC-BY 4.0).

Acknowledgements
This work was commissioned and paid for by the World Health 
Organization (WHO). Copyright on the original work on 
which this article is based belongs to WHO. The authors have 
been given permission to publish this article. The author(s) alone 
is/are responsible for the views expressed in the publication. 
They do not necessarily represent views, decisions, or policies  
of the World Health Organization.

References

1. WHO: Transmission of SARS-CoV-2: implications for infection prevention 
precautions. Scientific Brief.  
Reference Source

2. Hinds WCJ: Aerosol Technology. John Wiley and Sons. 1982; 424.  
Reference Source

3. Wells WF: ON AIR-borne infection: study II. Droplets and droplet nuclei. Am 
J Epidemiol. 1934; 20: 611–618.  
Publisher Full Text 

4. Kutter JS, Spronken MI, Fraaij PL, et al.: Transmission routes of respiratory 
viruses among humans. Curr Opin Virol. 2018; 28: 142–151.  
PubMed Abstract | Publisher Full Text | Free Full Text 

5. Tellier R, Li Y, Cowling BJ, et al.: Recognition of aerosol transmission of 
infectious agents: A commentary. BMC Infect Dis. 2019; 19(1): 101.  
PubMed Abstract | Publisher Full Text | Free Full Text 

6. Transmission of SARS-CoV-2: implications for infection prevention 
precautions.  
Reference Source

7. Heneghan C, Spencer E, Plüddemann A, et al.: SARS-CoV-2 and the Role of 
Airborne Transmission: Systematic review. figshare. Dataset. 2021.  
http://www.doi.org/10.6084/m9.figshare.14248055.v2

8. Whiting PF, Rutjes AW, Westwood ME, et al.: QUADAS-2 Group. QUADAS-2: a 
revised tool for the quality assessment of diagnostic accuracy studies. Ann 
Intern Med. 2011; 155(8): 529–36.  
PubMed Abstract | Publisher Full Text 

9. Savvides C, Siegel R: Asymptomatic and presymptomatic transmission of 
SARS-CoV-2: A systematic review. medRxiv. 2020; 2020.06.11.20129072. 
PubMed Abstract | Publisher Full Text | Free Full Text 

10. Mahtani KR, Jefferson T, Heneghan C, et al.: What is a ‘complex systematic 
review’? Criteria, definition, and examples. BMJ Evid Based Med. 2018; 23(4): 
127–130.  
PubMed Abstract | Publisher Full Text 

11. Roy CJ, Milton DK: Airborne transmission of communicable infection—the 
elusive pathway. N Engl J Med. 2004; 350(17): 1710–1712.  
PubMed Abstract | Publisher Full Text 

12. Shiu EYC, Leung NHL, Cowling BJ: Controversy around airborne versus 
droplet transmission of respiratory viruses: implication for infection 
prevention. Curr Opin Infect Dis. 2019; 32(4): 372–379. 
PubMed Abstract | Publisher Full Text 

13. Herfst S, Böhringer M, Karo B, et al.: Drivers of airborne human-to-human 

pathogen transmission. Curr Opin Virol. 2017; 22: 22–29.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14. Anderson EL, Turnham P, Griffin JR, et al.: Consideration of the Aerosol 
Transmission for COVID-19 and Public Health. Risk Anal. 2020; 40(5):  
902–07.  
PubMed Abstract | Publisher Full Text | Free Full Text 

15. Carducci A, Federigi I, Verani M: Covid-19 Airborne Transmission and Its 
Prevention: Waiting for Evidence or Applying the Precautionary Principle? 
Atmosphere. 2020; 11(7): 710.  
Publisher Full Text 

16. Schünemann HJ, Khabsa J, Solo K, et al.: Ventilation techniques and risk 
for transmission of coronavirus disease, including COVID-19: a living 
systematic review of multiple streams of evidence. Ann Intern Med. 2020; 
173(3): 204–216.  
PubMed Abstract | Publisher Full Text | Free Full Text 

17. Mousavi EH, Kananizadeh N, Martinello RA, et al.: COVID-19 Outbreak and 
Hospital Air Quality: A Systematic Review of Evidence on Air Filtration and 
Recirculation. Environ Sci Technol. 2020; acs.est.0c03247.  
PubMed Abstract | Publisher Full Text | Free Full Text 

18. Verreault D, Moineau S, Caroline D: Methods for sampling of airborne 
viruses. Microbiol Mol Biol Rev. 2008; 72(3): 413–44.  
PubMed Abstract | Publisher Full Text | Free Full Text 

19. Howick J, Glasziou P, Fau - Aronson JK, et al.: The evolution of evidence 
hierarchies: what can Bradford Hill’s ‘guidelines for causation’ contribute? J 
R Soc Med. 2009; 102(5): 186–94.  
PubMed Abstract | Publisher Full Text | Free Full Text 

20. Hill AB: The Environment and Disease: Association or Causation? Proc R Soc 
Med. 1965; 58(5): 295–300.  
PubMed Abstract | Publisher Full Text | Free Full Text 

21. Tellier R, Li Y, Cowling BJ, et al.: Recognition of aerosol transmission of 
infectious agents: a commentary. BMC Infect Dis. 2019; 19(1): 101.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22. Jefferson T, Spencer EA, Brassey J, et al.: Viral cultures for COVID-19 infectious 
potential assessment - a systematic review. Clin Infect Dis. 2020; ciaa1764.  
PubMed Abstract | Publisher Full Text | Free Full Text 

23. Lednicky JA, Shankar SN, Elbadry MA, et al.: Collection of SARS-CoV-2 Virus 
from the Air of a Clinic within a University Student Health Care Center and 
Analyses of the Viral Genomic Sequence. Aerosol Air Qual Res. 2020; 20(6): 
1167–1171.  
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 33 of 44

F1000Research 2021, 10:232 Last updated: 22 APR 2021

https://doi.org/10.6084/m9.figshare.14248055.v2
https://doi.org/10.6084/m9.figshare.14248055.v2
https://doi.org/
10.6084/m9.figshare.14248055.v2
https://doi.org/
10.6084/m9.figshare.14248055.v2
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.wiley.com/en-us/Aerosol+Technology:+Properties,+Behavior,+and+Measurement+of+Airborne+Particles,+2nd+Edition-p-9780471194101
http://dx.doi.org/10.1093/OXFORDJOURNALS.AJE.A118097
http://www.ncbi.nlm.nih.gov/pubmed/29452994
http://dx.doi.org/10.1016/j.coviro.2018.01.001
http://www.ncbi.nlm.nih.gov/pmc/articles/7102683
http://www.ncbi.nlm.nih.gov/pubmed/30704406
http://dx.doi.org/10.1186/s12879-019-3707-y
http://www.ncbi.nlm.nih.gov/pmc/articles/6357359
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
http://www.doi.org/10.6084/m9.figshare.14248055.v2
http://www.ncbi.nlm.nih.gov/pubmed/22007046
http://dx.doi.org/10.7326/0003-4819-155-8-201110180-00009
http://www.ncbi.nlm.nih.gov/pubmed/32587980
http://dx.doi.org/10.1101/2020.06.11.20129072
http://www.ncbi.nlm.nih.gov/pmc/articles/7310638
http://www.ncbi.nlm.nih.gov/pubmed/29778991
http://dx.doi.org/10.1136/bmjebm-2018-110965
http://www.ncbi.nlm.nih.gov/pubmed/15102996
http://dx.doi.org/10.1056/NEJMp048051
http://www.ncbi.nlm.nih.gov/pubmed/31259864
http://dx.doi.org/10.1097/QCO.0000000000000563
http://www.ncbi.nlm.nih.gov/pubmed/27918958
http://dx.doi.org/10.1016/j.coviro.2016.11.006
http://www.ncbi.nlm.nih.gov/pmc/articles/7102691
http://www.ncbi.nlm.nih.gov/pubmed/32356927
http://dx.doi.org/10.1111/risa.13500
http://www.ncbi.nlm.nih.gov/pmc/articles/7267124
http://dx.doi.org/10.3390/atmos11070710
http://www.ncbi.nlm.nih.gov/pubmed/32442035
http://dx.doi.org/10.7326/M20-2306
http://www.ncbi.nlm.nih.gov/pmc/articles/7281716
http://www.ncbi.nlm.nih.gov/pubmed/32845618
http://dx.doi.org/10.1021/acs.est.0c03247
http://www.ncbi.nlm.nih.gov/pmc/articles/7489049
http://www.ncbi.nlm.nih.gov/pubmed/18772283
http://dx.doi.org/10.1128/MMBR.00002-08
http://www.ncbi.nlm.nih.gov/pmc/articles/2546863
http://www.ncbi.nlm.nih.gov/pubmed/19417051
http://dx.doi.org/10.1258/jrsm.2009.090020
http://www.ncbi.nlm.nih.gov/pmc/articles/2677430
http://www.ncbi.nlm.nih.gov/pubmed/14283879
http://dx.doi.org/10.1177/003591576505800503
http://www.ncbi.nlm.nih.gov/pmc/articles/1898525
http://www.ncbi.nlm.nih.gov/pubmed/30704406
http://dx.doi.org/10.1186/s12879-019-3707-y
http://www.ncbi.nlm.nih.gov/pmc/articles/6357359
http://www.ncbi.nlm.nih.gov/pubmed/33270107
http://dx.doi.org/10.1093/cid/ciaa1764
http://www.ncbi.nlm.nih.gov/pmc/articles/7799320
http://www.ncbi.nlm.nih.gov/pubmed/33424954
http://dx.doi.org/10.4209/aaqr.2020.02.0202
http://www.ncbi.nlm.nih.gov/pmc/articles/7792982


Open Peer Review
Current Peer Review Status:   

Version 1

Reviewer Report 22 April 2021

https://doi.org/10.5256/f1000research.55319.r82064

© 2021 Leung N. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Nancy H. L. Leung   
WHO Collaborating Centre for Infectious Disease Epidemiology and Control, School of Public 
Health, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong, Hong Kong 

In this systematic review, Heneghan et al. attempted to summarise the literature on the role of 
airborne transmission for SARS-CoV-2, with a focus of air sampling studies or epidemiologic 
studies that may evaluate the aerosol mode of transmission. They described that all primary 
research studies selected were low quality, probably attributing to the lack of standard methods, 
sampling sizes and reporting items. They concluded that SARS-CoV-2 was intermittently detected 
in the air, but the lack of recoverable viral culture samples prevents conclusions over airborne 
transmission. 
 
I applaud the authors' attempt in summarising the current literature. I also agree the results of 
the selected studies are heterogeneous, and that currently there is very minimal number of 
studies that demonstrated infectious virus recovered in the air. This review would have been very 
useful as an evidence base for future discussion on the importance of aerosol transmission; 
however, the lack of objective and systematic evaluation of the methodology used in the selected 
studies precludes such usefulness. My major concern is that the review set out with the 
assumption that "the quality of transmission studies is known to be low" (reference #9 was also 
irrelevantly cited as described further below), although one of the main purposes of this review 
would be to evaluate the quality of evidence of each study. The benchmarks used to evaluate 
whether "Analysis & reporting outcomes (are) appropriate" (Table 3) were not described, but 
which were critical to evaluate the quality of each study. The assumption of air sampling studies 
were of poor quality in general can be felt along the manuscript, especially in Table 6 with a very 
large paragraph of criticism on Santarpia 2020, but personally I think a lot of evaluation on this 
particular study was misguided due to insufficient understanding of the methodology used (as 
described further below). In some instances, studies were being described as poorly done without 
explanation of why the authors think so. I think including authors who have working knowledge in 
the field of air sampling studies and/or epidemiologic transmission studies would help to improve 
this review greatly. 
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There are also quite a number of missing information in the Tables, truncated sentences and 
typos, which requires a thorough re-read and check. 
 
Please also find my specific comments below: 
 
Introduction 
Airborne transmission is defined as the spread of an infectious agent caused by the dissemination of 
droplet nuclei (aerosols) that remain infectious when suspended in air over long distances and time

For this definition of airborne (aerosol) transmission, emerging discussion has suggested 
aerosol transmission occurs in both short- and long-range (see my review1).

○

A collection of particles (liquid or solid) ranging in size from 0.001 μm to over 100 mm suspended in a 
gas defines an aerosol.

This is the classic definition of aerosols from the discipline of occupational hygiene, but 
other disciplines with a specific focus on bioaerosols with the origin of infectious pathogens 
may differ based on different aspects of transmission1.

○

Method 
Studies can be observational including case series, ecological, or prospective; or interventional including 
randomised trials and clinical reports, outbreak reports, case-control studies, experimental studies, non-
predictive modelling. Studies should include sampling for the detection of SARs-CoV-2. Studies on factors 
influencing transmission are included, such as location settings, meteorological or immunological 
factors. Studies incorporating models to describe observed data were eligible. Studies reporting solely 
predictive modelling were excluded.

These classification of study design are ambiguous; for example, what was the intervention 
being studied in interventional studies? Shouldn't clinical reports, outbreak reports and 
case-control studies be classified as observational studies? Were retrospective observational 
studies included, and on the other hand randomised trials would always be prospective? 
Overall, if these study designs are merely summaries of studies identified from systematic 
search based on well-defined search terms and are not being used for inclusion/ exclusion 
of studies, I would suggest to move these descriptions to the Results section instead, and 
only keep those that are relevant to study selection in the Method section (e.g. "Studies 
should include sampling for the detection of SARs-CoV-2.")

○

Studies should include sampling for the detection of SARs-CoV-2. 
Do you mean "air sampling for the detection of SARS-CoV-2"?○

We also extracted data on the type of study, setting, sample source and methods, RT-PCR positive 
samples for SARS-CoV-2 RNA including cycle threshold (Ct) and copies per m3, viral culture methods and 
results, size of air particles (when reported) and proportion in the sample.

For "copies per m3", do you mean "copies per m3 air sampled"? For "proportion in the 
sample", what is the numerator and the denominator - e.g., NIOSH sampler is commonly 
used in air sampling study, and for each time of collection the same volume of air are 
segregated into 3 size-fractions, would this be counted as 1 or 3 air samples? Alternatively, 
some studies will use multiple samplers in the same collection (e.g. being placed at different 
locations in the patient room), would this be considered as multiple samples or one sample 
(run)? A clear definition is needed to allow comparison between studies, and should also be 
clearly described in Table 1.

○

We assessed quality using a modified QUADAS 2 risk of bias tool,8. We simplified the tool as the included 
studies were not designed as primary diagnostic accuracy studies and the quality of transmission 
studies is known to be low9. 

As listed in Table 3, one of the criteria was "Analysis & reporting outcomes appropriate". ○
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What were the benchmarks that were being used to be evaluated against about whether 
the analysis or the reporting outcomes are appropriate or not?
The use of reference #9 here is inappropriate as it refers to transmission during the 
symptomatic or asymptomatic phase, with no mention of any modes of transmission.

○

Truncated sentence ("after tool,").○

Results 
Limitations of the sampling methods and the poor-quality reporting make it difficult to discriminate 
between airborne or droplet nuclei transmission.

Is "airborne" a typo here?○

We included 67 primary studies, of which 53 (79%) reported binary data on RT-PCR air samples (see 
Table 1). All were descriptive observational and none were comparative.

Comparative refers to comparison between what?○

Overall the reporting was heterogeneous.
Do you mean the methods or the results in the reported studies were heterogeneous?○

Hospital. There were 50 studies conducted in healthcare settings: 45 studies included binary RT-PCR air 
samples (42 hospitals, 2 outdoors and 1 student healthcare centre). 

Should "outdoors" be considered as healthcare settings? Similarly in the paragraphs follow 
about outdoors and community, actually I would think the distinction lies in outdoors vs. 
indoors, and within indoor higher-risk (e.g. healthcare settings/ households with confirmed 
cases) vs lower-risk (restaurants/ public transport etc)

○

(142 positives out of 1,403 samples: average 10.1%). 
Please refer to my above comments on the numerator/ denominator for the proportion of 
samples - can the proportions from different studies (which may refer to different things) be 
combined? What does this 10.1% represent/ how to interpret?

○

Three studies reported on two choir practices and potential air transmission. Charlotte N et al. followed-
up a choir practice in France with 27 participants who attended a choir practice on 12 March 2020. Two 
separate publications [Hamner L 2020 and Miller SL 2020] published on the same Choir Practice Skagit 
County, Washington, USA. In total, 78 members attended two practices: 87% of choir members 
subsequently became ill (32 confirmed cases and 20 probable secondary cases). 

I suggest to move this paragraph to a new section, as these evidence refers to whether a 
transmission event has occurred (i.e. whether someone is infected), which is a different 
outcome measure from recovering virus in the air.

○

Discussion 
Some of the reasons for this may be methodological weaknesses in the study design, the lack of 
validated methods and the location and variable distance of the sampling.

Please elaborate what (1) the weaknesses and (2) the lack of validated methods are 
referring to

○

Past attempts to detect infectious particles have proved difficult: aerosols are dilute and culturing fine 
particles is problematic.

Why is culturing fine particles (as opposed to coarse particles?) problematic, apart from 
being diluted?

○

In a NEJM editorial, Roy et al., report ‘the only clear proof that any communicable disease is transmitted 
by aerosol came from the famous experiment by Wells, Riley, and Mills in the 1950s, which required 
years of continual exposure of a large colony of guinea pigs to a clinical ward filled with patients who 
had active tuberculosis11.’

There was clear evidence in terms of observed transmission event via the aerosol route for 
measles, chickenpox and rhinovirus1.

○
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For coronaviruses, previous evidence supporting the airborne route of transmission is weak13. 
Please clarify that this review was published before the COVID-19 pandemic. ○

There is a current lack of well-conducted studies addressing airborne transmission: only nine studies 
identified during the search period reported air sampling outdoors and, in the environment, outside of 
hospitals. 

How do air sampling studies conducted outdoors (as opposed to indoors), or the lack 
thereof, suggest the studies are not well-conducted - should the studies be evaluated based 
on methodological robustness instead (e.g. sampling duration, attempt to recover 
infectious virus, etc.)?

○

Transmission evidence should be context specific to particular settings (i.e., indoor or outdoor), 
environment- specific (i.e., the presence of UV light. ventilation etc.) and ensure that exposure an 
infectious agent has taken place.

exposure to an infectious agent?○

No airborne study to date definitively demonstrates SARS-CoV-2 is of an infectious nature, which offers 
the most robust evidence of transmissibility22.

Do you mean "SARS-CoV-2 _recovered in the air_"? Do you mean "evidence of aerosol 
transmission" instead of "transmissibility" (please note the difference between 
"transmissibility" and "modes of transmission"1)? I'm not sure whether identifying infectious 
virus in the air is the most robust evidence of aerosol route, as whether aerosol 
transmission can take place also depends on the susceptibility of the infected person to the 
aerosol route, and I would think a demonstration of transmission event takes place via the 
aerosol route would be a stronger evidence.

○

Table 1
Binder 2020: which decreases t\o approximately 40% efficiency for aerosols ~80 μm in diameter -
--> typo.

○

Charlotte N 2020: please describe the lack of ventilation as described in Charlotte et al.○

Horve PF 2020: 14/56 s ---> typo.○

Li & Qian 2020: missing notes.○

Lu J 2020: please describe the study scenarios/ findings that were relevant to why the study 
was selected (e.g. airflow consistent with transmission).

○

Mponponsuo 2020: why was this study selected? the type of high-risk behaviour/ procedure 
has not been described in the study?

○

Bahl P 2020: please be aware of plagiarism and rephrase.○

Ji B 2020: Missing main results.○

Singhai S 2020: Missing main results and key conclusions.○

Hussain A 2020: Missing key conclusions.○

Correia G 2020: Missing main results.○

Figure 1
Full-text articles excluded because no transmission outcome studied ---> What does 
'transmission outcome' refer to here? From my understanding, 'transmission outcome' 
refers to whether an infection is initiated in an exposed person; but most of the air 
sampling studies included in this review did not demonstrate such 'transmission outcome'

○

Figure 2
For "Was follow up sufficient", referring to Table 2, shouldn't the 83.6% mostly be "Not 
Applicable" instead of "No/Unclear"?

○
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Table 4
please check to see the use of unit symbol is consistent in the Table (uM vs. um; copies/L vs. 
/L, copies/m3 vs. copies m3, m2 vs. m3, m3 vs. m3).

○

Chirizz D 2020: please kindly indicate which size ranges were reported.○

Horve PF 2020: truncated sentence.○

Liu Y & Ning Z 2020: typo ("rang-").○

Zhou J 2020: 101 copies per how much air?○

Table 5
Feng B 2020: truncated sentence.○

Figure 4
Similar to my comments about numerator/ denominator above, were the proportions 
reported between studies directly comparable?

○

Table 6
Binder 2020: a Ct of <20 would be considered as high viral load that may be sufficient to be 
culturable?

○

Hu J: missing publication year.○

Lednicky 2020a: 
it is not clear why plaque assays could not be performed due to a nationwide non-availability of 
some critical media components in the US. ---> I think Lednicky et al. meant that due to lack of 
components which make up the culture media (for cultivating the cells to be infected), 
plaque assay (which involves the use of cells to be infected) cannot be performed.

○

Santarpia JL 2020a:
For Santapria 2020 (a) we could only find a preprint publication. ---> it is now published in 
Scientific Reports. 
 

○

Increased viral RNA presence is a surrogate and subject to many interpretations and should not 
be considered equal to the cultivation of replication and infection competent virus on cell culture 
which was not identified.  ---> Please elaborate on this statement - how to explain the 
increased viral RNA presence if it is not because of viral replication? 
 

○

Western blot assay was not done in cell supernatant samples with non-statistically significant 
evidence of replication, which would have acted as a control to ensure the findings were not 
spurious. Western blots are very weak, with no positive control or size markers and the signal 
doesn’t necessarily come from a replicating virus, there’s no “before culture” analysis. ---> In 
contrast to this statement, referring to Figure 2 in Santarpia JL 2020a, mock (negative 
control) samples have already been included. Anti-SARS nucleocapsid protein (SARS-CoV N) 
antibody were used in Western blot which is specific to SARS-CoV-2 virions. A significant test 
has been done for viral load between day 1 vs. day 5/6, and significant increase in viral load 
would be suggestive of viral replication between these days. 
 

○

No size-fractionation techniques were used to determine the size range of SARS-CoV-2 droplets 
and particles, raising major issues with the statement the data suggests that viral aerosol 
particles are produced by individuals that have the COVID-19. ---> The NIOSH samplers 
(commonly used in air sampling studies) were used in this study, which size-fractionated the 
sampled air. 
 

○
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No plaques were reported to have been detected and no serial passage on subculture was 
reported. ---> Plaque assay nor serial passage was attempted in the study. 
 

○

Statistical inferences are very difficult to interpret in Figure 1 based on the error bars. ---> 
Student's t test was done to compare viral load between day 1 vs. day 5/6. 
 

○

The broad sweeping conclusions that SARS-CoV-2 RNA exists in respired aerosols less than 5 μm in 
diameter; that aerosols containing SARS-CoV-2 RNA exist in particle modes that are produced 
during respiration is difficult to justify based on the findings presented. ---> Refers to above 
comment on the use of NIOSH samplers in this study. 
 

○

It is likely an equation as used to calculate the concentration of the virus, however, it is more 
robust to measure the virus directly than use an equation. ---> Virus in the sample was being 
measured directly to obtain Ct values, which was then translated to viral load based 
on standard curve (i. e. a serial dilution of virus of different concentration) from a known 
quantity of SARS-CoV-2 virus. 
 

○

EM also does not confirm live virus and does not indicate active viral replication as the authors 
suggest – where are the comparisons control EM photomicrographs. ---> The significant 
increase in viral RNA from day 1 to day 5/6 would be suggestive of viral replication.

○

Table 7
Santarpia JL 2020b: Partial evidence of virus replication from one air sample. ---> typo.○
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Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

David R. Tomlinson   
University Hospitals Plymouth NHS Trust, Plymouth, UK 

Dear Professor Heneghan and team, 
 
I would firstly like to congratulate you for publishing this systematic review on an open access site 
and for inviting comments. I am grateful for being given the opportunity to respond and to 
provide peer review. I hope you will consider the points I raise to be in the spirit of the best 
principles of scientific discourse - i.e., having a focus on methodology and without bias. I also hope 
that you and your team are open to performing major revisions to your manuscript, after 
consideration of all comments I provide below, and the other forms of feedback received through 
open access disclosure of this manuscript. Thank you. 
 
1. Page 4: ‘A collection of particles (liquid or solid) ranging in size from 0.001 μm to over 100 mm 
suspended in a gas defines an aerosol.’ 
 
You have made a typographical error here (easily done!), since aerosols – ‘suspensions in air (or a 
gas) of solid or liquid particles small enough that they will remain airborne for a prolonged period 
of time because of their low settling velocity’ (Tellier R, 20091) – are typically stated as being 
<100µm diameter, not mm. In addition, the definition of an aerosol typically includes reference to 
the time over which such particles may remain suspended in the air: would you consider adding 
this to the definition used in this present manuscript, please? For example, your methods 
document uses this wording, which is rather more complete in this respect: ‘Respiratory droplets <5
μm in diameter are referred to as droplet nuclei or aerosols. Airborne transmission is the spread of an 
infectious agent caused by the dissemination of aerosols that remain infectious when suspended in air 
over long distances and time.’ Thank you. 
 
2. Paragraph 2 of your introduction contains two sentences with 55% match to the abstract of 
Kutter et al. (2018) - your reference 4. 
 
This is evidence of presumably accidental plagiarism. The wording should be modified to remedy 
this please. Thank you. 
 
3. Appendix 7 outlines chosen methodology for excluding studies. Phrases including words such 
as 'adequately', 'sufficient' and 'clearly defined' are used yet without objective definition provided, 
introducing the possibility of selection bias. 
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I would be grateful if you could provide such methodological points in objectively definable terms, 
please, thereby permitting a more appropriate description as to why each of these studies was 
ineligible for inclusion. Thank you. 
 
4. Thank you for providing a link to the ‘Protocol for a living evidence review (Version 3: 1 
December 2020)’. Under ‘Study inclusion and exclusion’ is stated: ‘Eligible studies should include 
sampling for the detection of SARs-CoV-2 in the population or the environment on any potential mode of 
transmission, including droplet, airborne, fomite, orofecal, bloodborne, vertical or other. Studies can be 
observational including case series, ecological, or prospective; or interventional including randomised 
trials and clinical reports, outbreak reports, case-control studies, experimental studies, non-predictive 
modelling. Studies should include sampling for the detection of SARs-CoV-2.’ 
 
Given this description of your intended methods, I am surprised that the methods for the present 
manuscript state: ‘We included field studies that included airborne sampling for SARs-CoV-2 in the 
population or the environment.’Ironically, table 3 of Kutter et al. (your ref 4) is highly relevant to this 
important methodological point, since these authors describe the pros and cons of various 
methods to determine respiratory virus transmission. The cons of air sampling are noted: 
technical difficulty and possibly only circumstantial level evidence. However, these authors provide 
a list of further methods usefully employed including virus stability, outbreak (household or 
hospital) reports, aircraft outbreaks, non-pharmaceutical intervention, experimental infection, air 
tracer studies and computational modelling / simulation. Each method has its pros and cons, but it 
is my contention that restricting your present analyses to studies which ‘included airborne 
sampling’ excludes a large body of data which has been the foundation of investigations towards 
establishing routes of transmission of respiratory viruses amongst humans. Indeed, if your 
present methods were applied to measles, one would have to conclude that measles is not 
transmitted via the airborne route since live virus has never been successfully cultured from air 
samples. Therefore, and in line with this accepted and referenced practice within the field of 
infectious diseases, it is my contention that your present manuscript should include data from all 
suitably rigorous* experimental resources and outbreak reports listed here and as described by 
Kutter et al. Thank you. 
[*Please forgive my use of a subjective term here: wording would be usefully informed by your 
response to point (3) I raise, above.] 
 
In case this suggestion seems rather ‘obtuse’, I would like to draw upon two examples of 
excluding studies purely on the basis of their laboratory setting and the impact this may have on 
the validity of any such transmission review. 
 
Firstly, the experiments of van Doremalen et al. (2020)2, in my opinion, represent a particularly 
valuable contribution towards understanding the possibility of airborne transmission of SARS-CoV-
2. 
 
Van Doremalen outline methods:  
'Virus stability in aerosols was determined as described previously at 65% relative humidity (RH) and 21-
23°C (Fischer et al., 2016). In short, aerosols (<5 μm) containing HCoV-19 (105.25 TCID50/mL) or SARS-
CoV-1 (106.75-7 TCID50/mL) were generated using a 3-jet Collison nebulizer and fed into a 
Goldberg drum to create an aerosolized environment. Aerosols were maintained in the Goldberg drum 
and samples were collected at 0, 30, 60, 120 and 180 minutes post-aerosolization on a 47mm gelatin 
filter (Sartorius). Filters were dissolved in 10 mL of DMEM containing 10% FBS. Three replicate 
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experiments were performed.'  
 
'Viable virus in all surface and aerosol samples was quantified by end-point titration on Vero E6 cells as 
described previously (van Doremalen et al., 2013).' 
 
Results (extract): 
'SARS-CoV-2 remained viable in aerosols throughout the duration of our experiment (3 hours), with a 
reduction in infectious titer from 103.5 to 102.7TCID50 per liter of air. This reduction was similar to that 
observed with SARS-CoV-1, from 104.3 to 103.5TCID50 per milliliter.' 
 
Conclusions (extract): 
'Our results indicate that aerosol and fomite transmission of SARS-CoV-2 is plausible, since the virus can 
remain viable and infectious in aerosols for hours and on surfaces up to days (depending on the 
inoculum shed). These findings echo those with SARS-CoV-1, in which these forms of transmission were 
associated with nosocomial spread and super-spreading events, and they provide information for 
pandemic mitigation efforts.' 
 
That this study was excluded from your review on the basis of its laboratory setting can only imply 
that you believe different physical laws might be in operation in a Goldberg drum compared to 
'normal air'. However, it is clearly inconceivable that the air within a Goldberg drum using the 
methods described has unique virus lifespan-enhancing properties. Furthermore, it is biologically 
implausible that SARS-CoV-2 only ever achieves aerosol viability when these same aerosols are 
created using a Collison nebuliser. Indeed, if the converse was true, you must have reason to 
believe that physiological aerosol creation during breathing, speech, singing, coughing and/or 
sneezing uniquely results in immediate (presumably mechanical?) viricidal action. No evidence is 
presented for this hypothesis, and on the basis of universally applicable physical laws, it is 
impossible. 
 
Extending this thought process, since WHO IPC Scientific Brief (July 2020) authors (including, I 
note, co-author TJ on this present manuscript) consider SARS-CoV-2 to be transmitted via close-
range respiratory droplets, following the logic presented above, for aerosols released from COVID-
19 patients to be non-infectious, the only mechanism by which SARS-CoV-2 released on 
respiratory droplets (>5-10µm diameter as per WHO criteria) to be infectious, is for SARS-CoV-2 
visions to be possessed with the ability to simultaneously measure and move between liberated 
respiratory particles to ensure that only those >5-10µm diameter contain live SARS-CoV-2. 
Clearly, this is fantasy, since it also [logically] implies that SARS-CoV-2 is sentient and is aware of 
the current WHO convention for dichotomising respiratory particle size. 
 
Secondly, excluding animal models of transmission not only goes against methods used by Wells 
and Riley towards the original proof that TB transmission occurs via the airborne route, but 
suggests that methods employing animal models of infection within strictly controlled 
environmental conditions are of no use towards understanding human-to-human transmission. It 
is my contention that – for example – the experiments of Kutter et al. (2021) using ferrets 
represent a very important contribution to our understanding, providing ‘experimental evidence of 
robust transmission of SARS-CoV-2 via the air' 3. 
 
I hope you are able to appreciate the important possible harms in excluding such lines of research 
towards 'understanding the objective nature of reality', and that you are able to provide major 
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revisions to this present manuscript to include all relevant data, as described. Thank you. 
 
5. From this same review article (your ref 4), table 2 states the known transmission routes of SARS-
CoV (Coronaviridae) as contact, droplet & aerosol. 
 
As I am sure you are aware, the WHO Ebola 2014 IPC guideline states 'scientists are unaware of any 
virus that has dramatically changed its mode of transmission'. So, in light of what is already known 
about human-to-human Coronaviridae transmission and the potential harms in failing to 
adequately mitigate every transmission route of SARS-CoV-2, I am curious as to why any infectious 
disease specialist or team of scientists investigating viral transmission would seek to ‘second-
guess’ the inevitability of its [SARS-CoV-2] airborne transmission? This requires explanation please. 
Thank you. 
 
6. Following the logic of point (3), your table 3 cannot be interpreted since objectively defined 
descriptions of ‘Quality of included studies’ is not provided. 
 
I would be grateful if this analysis of study ‘quality’ could be updated in line with my suggestion of 
adopting objective ‘quality definitions’ above, please. Thank you. 
 
Finally, I do not think it would be appropriate – and I don’t want to risk wasting your time in 
reading yet further comments – for me to undertake any further point-by-point discussion/review 
of the conclusions which you have drawn from your chosen methods, since it is my contention 
that your chosen methods are so importantly flawed that the present manuscript should be 
completely re-written using methods with greater scientific validity, and including the whole range 
of available data towards SARS-CoV-2 transmission, as described. I hope this seems reasonable. 
 
Many thanks again for providing me with the opportunity to provide peer review. This is a hugely 
important topic and I sincerely hope you can use comments raised during this process to improve 
the quality of this manuscript. 
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