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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 2020 to 30 May 2022 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 128 primary studies and 29 reviews on airborne
SARS-CoV-2. Of the 128 primary studies, 105 (82%) reported data on
RT-PCR from air samples, 28 (22%) report cycle threshold values and
36 (28%) copies per sample volume. All primary studies were
observational. The research often lacked standard methods, standard
sampling sizes and reporting items. We found 69 descriptions of
different air samplers deployed. Of the 80 in-hospital studies that
reported binary RT-PCR tests, 362/3079 air samples from 75 studies
conducted in hospital ward environments were positive (median 8%,
IQR=0 to 23%); 23 studies reported 74/703 RT-PCR positive air samples
in the ICU setting (median 17%, IQR=0% to 38%) Thirty-eight studies
reported potential air transmission in the outdoors or in the
community. Twenty-six studies attempted viral culture, none of which
definitively demonstrated that replication-competent SARS-CoV-2
could be recovered in the air.
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Conclusion: SARS-CoV-2 RNA is detectable intermittently in the air in
various settings. Standardized guidelines for conducting and article can be found at the end of the article.
reporting research on airborne transmission are needed. The lack of

recoverable viral culture of SARS-CoV-2 from air samples prevents firm

conclusions about the definitive role of airborne transmission in SARS-

CoV-2.
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(73747)) Amendments from Version 2

We have updated the review to 30 May 2022. Data were dual
extracted, and we assessed quality using a modified QUADAS 2
risk of bias tool. The results now include 128 primary studies and
29 reviews on airborne SARS-CoV-2, and 26 studies attempting
viral culture. As a post-hoc analysis, we have also compared the
positivity rates of PCR air samples for studies that reported both
ICU and non-ICU sample positivity estimates. We have updated
the tables and figures with the new studies and added in a meta-
analysis of the ICU and non-ICU PCR samples. We have also
added further information to the viral culture methodological
issues. We have added Jason Oke to the author list for his
methodological expertise in this new version.

Any further responses from the reviewers can be found at
the end of the article

Introduction

Airborne transmission is defined as the spread of an infec-
tious agent caused by the dissemination of droplet nuclei
(aerosols) that remain infectious when suspended in air over
long distances and time'. There are varied definitions of
aerosols in the published literature. An aerosol is defined as
a collection of particles (liquid or solid) with varying aero-
dynamic diameters, suspended in the air (gas) for a pro-
longed time period. The size of the particles and the distance
travelled is highly variable and depends on multiple factors
including the force generated at the source from which the
particles originate, the relative humidity, evaporation level,
settling velocity, direction of airflow, the number of air changes
per hour, temperature, crowding and other environmental
factors™. Droplet nuclei are airborne residue (with or without
embedded pathogens) of a respiratory droplet containing
non-volatile solutes, from which water has evaporated to the
point of equilibrium with the ambient relative humidity®.

Transmission via droplet nuclei and aerosols in specific settings
or situations may potentiate the spread of some viruses in
humans, resulting in disease outbreaks that are difficult
to manage. The results of several studies investigating
airborne human-to-human virus transmission have been largely
inconclusive’®. Among case reports and case clusters for which
airborne transmission is hypothesised, published details of
the investigations cannot definitively rule out droplet and/or
fomite transmission that could also explain human-to-human
transmission’. Therefore, we aimed to systematically review
the airborne transmission evidence for SARS-CoV-2.

Methods

We are undertaking a series of systematic reviews investigating
factors and circumstances that impact the transmission
of SARS-CoV-2, based on our published protocol last updated
Version 4: 1 June 2022) (archived protocol: Extended data:
Appendix 1'%) Briefly, this review is the third updated version
that aims to identify, appraise, and summarize the evidence
(from studies peer-reviewed or awaiting peer review) relating
to the role of airborne transmission of SARS-CoV-2 and the
factors influencing transmissibility.

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

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 initially from 1 February
2020 up to 20 December 2020; the searches were updated for
version 3 to 30 May 2022 (see Extended data: Appendix 2
for the search strategies'’). We aimed to include studies that
sampled the air for the detection of SARS-CoV-2 in the
populations under study or the environment. We primarily
included studies that reported sampling for the detection of
SARS-CoV-2. However, we also included observational and
randomised studies that investigated airborne transmission of
SARS-CoV-2. Non-predictive and experimental studies were
also considered for inclusion. Studies should include air
sampling for the detection of SARS-CoV-2. Studies incor-
porating models to describe observed data were eligible, but
studies reporting solely predictive modelling were excluded.
For relevant articles citation tracking was undertaken. We
searched the included primary 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 under study or the environ-
ment. JB performed the searches, TJ] and EAS performed the
first screen and CJH checked the initial screening of these
studies. Three reviewers (EAS, CJH, TJ) extracted data for
each study, and the data was independently checked. 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 m*® of sampled air, 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 sample type. We assessed quality using a modified
QUADAS 2 risk of bias tool''. We simplified the tool because
the included studies were not primarily reported as diagnostic
accuracy studies. Furthermore, there is a lack of high-quality
data in published transmission studies'”. We gave particular
importance to the description of methods for air sampling
and the reporting of sufficient detail to enable replication of
the study by other investigators. We examined the following
domains: (i) source population — did the study authors ade-
quately describe the source population? e.g., setting, time since
symptom onset, presence and degree of symptoms includ-
ing presence of cough or sneezing, any treatments employed,
presence of other mitigating factors, severity of SARS-CoV-2,
baseline demographics including concurrent respiratory infec-
tions or other comorbidities, distance between study subjects;
(i1) methods — did the study authors sufficiently describe the
methods used to enable replication of the study? e.g., methods
used for diagnosing SARS-CoV-2 in patients, the procedure
used for air sampling, time-point for sampling, number of
samples per site, cycle threshold determination, culture methods,
verification methods to confirm the presence of SARS-CoV-2,
airflow/ventilation settings, humidity and any other mitigating
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environmental circumstances; (iii) sample sources — did the
authors clearly describe the sources for the air samples?
What was the volume of air in each sample? Was the period
of sampling similar across various sites? (iv) outcome report-
ing — was the reporting of the results consistent with the study
outcomes and was the analysis of the results appropriate —
e.g., interval and time-point for testing study participants for
potential transmission. The risk of bias for each domain was
rated “low”, “moderate” or “high” depending on the adequacy
of reporting. One reviewer (EAS) assessed the risk of bias
while a second author (CJH) independently verified the risk
of bias. Any disagreements were resolved through discussion.
Where a consensus could not be reached, a third reviewer
(1JO) arbitrated. We summarise data narratively and report
the outcomes as stated in the paper, including quantitative
estimates when reported and the detection of the culture of
SARS-CoV-2, including quantitation, whenever available.

As a post-hoc analysis, we compared the positivity rates
of PCR air samples for studies that reported both ICU and
non-ICU sample positivity estimates. Using a random-effects
model with inverse variance weighted meta-analysis, the
difference in positivity rates was computed as odds ratios (OR)
with 95% confidence intervals (CI). A statistician (JO) per-
formed the analysis independently before seeing the study data.
In a sensitivity analysis, a continuity correction was applied to
studies (n=4) where neither arm reported a positive sample.

Results
From 1,001 records screened, we identified 240 eligible studies
(see Figure 1; 83 full-text studies were excluded because

Records identified through (n=994)
database searching

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

they were not reviews or there was no SARS-CoV-2 airborne
transmission outcome studied, and we excluded four labo-
ratory studies (see Extended data: Appendix 3 for a list of
excluded studies'’). We included 128 primary studies and 29
reviews (see Extended data: Appendix 3 for references to
included studies and Table 1 and Table 2 for the characteristics
of the included studies'’).

Reviews

We found 29 reviews on SARS-CoV-2: 22 reviews [Anderson
EL 2020, Agarwal 2020, Aghalari 2021, Bahl P 2020, Birgand
G 2020, Carducci A 2020, Chen PZ 2020, Cherrie JW 2021,
Comber L 2020, Dinoi A 2021, Ekram W 2020, Ji B 2020,
Mehraecen E 2020, Niazi S 2020, Noorimotlagh Z 2020,
Palmer JC 2021, Rahmani 2020, Ribaric NL 2021, Ren Y 2020,
Singhal S 2020, and Wilson NM 2020, Vardoulakis S 2021]
were about airborne transmission and prevention; four reviews
were about airborne transmission and procedures [Goldstein
KM 2021, Hussain A 2020, Kay JK 2020, and Schiinemann
HJ] and three were about 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 ranged from April 2020 up to January 2022. Only nine
reviews met systematic review methods criteria that include
systematically searching for all available evidence, apprais-
ing the quality of the included studies, and synthesising
the evidence into a usable form".

Quiality of included primary studies (n=128)
All included primary studies were observational (some with
experimental components) and of low quality (see Table 3).

V2,n=579
V3, + 415

Additional records identified through
other sources (n=7)
V2,n=4
V3, +3

(n=1001)

Records screened

Records excluded (n=761)

4

V2,n=471
V3, 290
Not relevant or transmission not assessed

Full-text articles assessed for eligibility (n= 240)
(V2,n=112,V3 +128)

A,

Full-text articles excluded (n=83)

!

(V2, n=23, V3 =n= 60)

Studies included in evidence synthesis
(n =157 articles)

———" 29 Airborne reviews included for reference

l

primary studies (n=128)
| V2 n=67, V3 +61

v

v

(Outdoors and community n=38)
Outdoors/Community (n=8)
Bus (n=5)*
Student facilities, Care homes (n=4)

Hospital studies (n=90)
Included outdoor environments (n=9)
military hospital (n=1)

Care homes , Block of flats (n=3),
Choir Practice, Meat processing plants, Restaurants & Quarantined
households (n=2 each)
Car, Dental practice, Indoors, Fitness centre, quarantine facilities,
Wastewater treatment plant, workplace (n=1 each)
*1 Bus study included subway trains

Figure 1. Flow Chart for Airborne Transmission.

Page 5 of 124



F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘pardwane 10N

«painynd
sgems juaned

‘pardwane 10N

Lc/0

‘pardwane 10N

‘pa1dwanie 10N

3s91 puliq
e Ul paje|naoul
S||92 93-0J3A JO
sabessed 22141
Jaye anpebau
2Jam sa|dwes
|josodae aAnisod ||y

24n3 N3 |eJIA

19114 Uneeb wwg Ue 01Uuo SaINUIW OE Joy
21nuIw Jad sl 0€ e bunesado sajdwes Jie g 1oduy
sniioes e buisn pa1daj|0d alam sajdwes Jie Aeuonels

‘Aep Aians pa1da)|0d

Sem (JIe JO €W 71| JO [B103 B 10} U t7) 9|dwes |Nd 3uQ
"3N[BA PaJINSEaW 341 JO 045 JO AJUIR1I9dUN SAIIR[I B YlIM
ulw/7 0L Jo 21es Moy} e Je bupesado peay buldwes abuls
UM (3UOA MaN ‘Uo1BuIysep) 1od ‘uonelodiod jjed ‘xajjed
J91Welp Ww /1 paJiyaid) 1931y Jaqly zalenb uo y 7z 10}
(AjeA1 ‘eWOY “|J'S S)UBWINASUT Ty4—JIa|dwies Jiy INTTIS)
Ja|dues Jie (gp g€>) asiou mo| e Ag pa323]|0d O LINd

0¢/0L

‘Spaq 1uaned
woJj (uonels asinu pue Aemjiey) Aeeme W € ueyl aJowl pue
(wooduaned) w | 01 |enba Jo ueyl ssa| Jo SdULISIP YIM

'SEaJB OM] U] P3123]|0D 243M S9|dWEeS Jie Joopul auo Ayl

1S/9

'S97IS
-2J0d JUBJ3JJIP OM) YIIM ([PUONRUISIUT YdJeasay ‘abieyd
213P1S0J1D3|3 OU ‘[elIs1ewW Jo1sak|0d) 1911} |0S0JL0Iq SSYS
I212WeIp WW 7 JNBJOP SYI 249M BIpaW J311} YL 1J0INd
3zIs 3jp1ed ou yum (ds1) appided pspusdsns [£101 S109(102
Jajdwies ay] “(Jeuoneusaiu] yoleasay) sisiduwes Jie 00 LE
SSVS Paseq-Ja1il Yim pa1dnpuod sem buljdwes Jy

La/eL

‘SAep 9A1IIN23SU0D OM]

JBAO UIW 07 JOJ Ulll/T 00T JO 9181 Moy e 1e (saibojouydal
unJag) Jajdues Jie jeiqoJdiw f sijorio) ayy buisn jun
61L-AIAOD 03 @Y1 apISul pa103]|0d 2JaMm sa|duies Jiy

€L/0

sa|dwes
(4espun
Jojeuiwousp) /0

J9|dwes gems e pue Jaiduwesolg DS ue buisn Juaned
4oea Wolj W Q' |9A9] 400l aAoge W 7' | e bujdwes iy

LL/v) =oul
L//01 = 951200
SfSew Yam
8//7¢ = 8Ul
8//G| = 9SIe0Dd
yseuw oN

‘Jede sAep g SUSIA 7 JO | HSeul e INoylm
| pue yum | sajduies yiealq palied z ‘[[-1aypunsan
e 01U buizijedon ajiym sajdules yieaiq ainuiw-0g

(pazeas
asimiaylo
ssajun) YNy
Z-N\0D-SYYVS 10}
annisod ¥yod
sajdwes a1y

?2unos sajdwes

S|9A9| Udeulweljuod
Z-A0D-SYVS 21en|eas 01 43 aul
ul Uo)e] aloM mw_QEmm Jle Jnoj

'020¢
aunf1e| ul paem du1elsh 61-QIA0D
e ul sajdwes O LINd Y-+Z 9N

'sajpied SNIIA Z-A0D-SHYS
3Ul0qJle JO U0ID3||0d o) AdUdidid
J1I3Yy3 03 paebas yym paledwod
pue pakojdua alam spoyraw
Buidwes anioe pue anissed

sjuaned

61-QIAOD PaWIU0d-AI01eI0ge|
Buisnoy spiem 1ioyod-uado om1 pue
pJem Uoie|os| aUo WO.U) pa1da||0d
3Jam sa|dwes aJepns pue Jy

‘Swoold

Juaned ul pue ‘uonels JJe1s ayl Jeau
‘Aemjley 1un 61-AIAOD Y3 Ul shep
SAIINDBSUOD 7 J9A0 sajduies Jiy

‘sajdwes aAnisod
YDd Uo paydwiaie sem a4n3nd SNJIA
‘Pa129]|02 Sa|dwies (2e)INS pue) iy

sajdwes yiealq pajeyxs
31NUIW-OE pue ‘'sqems (suoyd)
91IWO0S 'SaLIBS S8sed 6 |-AIAQD

poyIaN

VSN

Kjel

ues|

aJodebuig

uoueqe

euIyd

VSN

Anuno)

*saipnis Arewad :saiasiaaldeseyd Apnas °| ajqel

|eadson

|endson

|eadson

|eadsoH

|endsoH

|endsoy

Alunwiuwiod
pue sndwed
AsJianiun

bunias

0¢0¢
NV o|epsiied

1202
d Uaiqueg

L0z ljoqed

120 XV buy

1202
H 1unowejex|y

020Z Al uyy

1202
00 @Aleuspy

Page 6 of 124


https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciab797/6370149?login=false
https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciab797/6370149?login=false
https://doi.org/10.1016/j.jhin.2020.08.014
https://www.journalofinfection.com/article/S0163-4453(21)00450-3/fulltext
https://www.journalofinfection.com/article/S0163-4453(21)00450-3/fulltext
https://onlinelibrary.wiley.com/doi/10.1111/ina.12930
https://www.sciencedirect.com/science/article/pii/S135223102100385X
https://www.sciencedirect.com/science/article/pii/S0013935121004941
https://www.sciencedirect.com/science/article/pii/S0013935121004941
https://www.annemergmed.com/article/S0196-0644(20)30959-8/fulltext
https://www.annemergmed.com/article/S0196-0644(20)30959-8/fulltext

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘pardwane 10N

‘pa1dulenie 10N 9/0
‘pardwanie 10N ‘pardwane 10N
V/N SL/0

£/0 uoneji
//0 uonoeduwi
pinbr

‘pardwane 10N

siuaned € woy

SNJIA 3|GRIA £/0 coidiuies €6 /6

L/1 910y
£/0 aunuelenb

9/¢
9e/eL

V/N ‘pa1dwsnie 10N

(pa3e3s
3sIMmIaylo
ssajun) YNy
Z-N\0D-SHYS 10}
aAnsod ¥dd
sajdwes a1y

24n3|Nd [eAIp

121y uneeb

031u0 s19|doup ealjes 1ds pue Ja1jiy upe@b ojuo Ajpdalip
pazaaus syuediled 'pa12a)jj0d Jie pajeyxa Jo uoniodoud
33 9SB3JDUI 03 PASN Sem JUd) JIe Uy "9InulW/1 05

10 98] e 1e Bu9||02 ‘UIyd spuaned ayl woly Aeme

wd 0| pauonisod Alendipuadiad sem Jajdwies Jie ay L

pawJojiad bujdwes oN

PINYE SYUBH 3]191S) WNIpaW 11odsueQG|edIA Ylim

paxIW sem ydiym ‘(eatiswy ‘daidenouu [aules paJayng
-91eydsoyd Jo aueyiawoulwe (JAyrswAxolpAy) st
IWwOoz] Jang Hd e pue ‘[0z Ussm167%S/0'0] JUrIdRLNS
UOI1BJIUSOUO0D-MO| B Ja1em Buisidwod) ping uonn|e Jw-/
Ul paIn|a aJam sIall 3yl ‘spiem nDI Aselodwal 71 ay3

Ul S9INUIW 09 JOJ UIW/181,007 JO paads e 1e bupesado
(E21IBWY 1B2g0g 00Z-ADY daideAouu] ‘191l 19410919
wwl-zg) Jajdwes Jie uayji-Aup e buisn pa1bajj0d ajduies

(Bur 2X9)
3UaJAIS Je3)d JO S9119SSeD 9231d-7 WW GZ dY3 Ul Pasn aiam
(du1 DYS) Aisolod wirl 7' pue Ww Gz Jo Jswelp Aq SIal

auajAuyraoion|jeniaifjod ‘maiA uopRe|l syl U ‘uiw 0g L 10}
Uil G| Jo @1ed Moyl ayl Aq pasedaud suam sajdwes iy
elpaW NJING 4O TW G 3yl uo pawopad sem buldwes
‘pinbi| Bun3j|0d e Ul Sjosouse snuiA a1nded 01 pakojdwis
Sem 3|zzou pJlepuels e yum Jabuidwi ue ‘uondedwi pinbi

0213|102 2JoM
sajdwes Jie g6 | 'sinoy 7~ 4o} unJt Ajuanbasgns pue peay
sjuaned z-A\0D-SHYS 23 WOl SI91dW Z'E~ pue ‘sialaw
T~ 'SI91BW ' |~ U319W |~ e ‘punolb sy wolj wg'|
pade|d alam (€5 21nbl4) sisjdwes [0souay 157 D9 (HSOIN)
ylleaH pue A1ajes |euonednddQ Joj 91N1SUL [UONEN 8

"l Oz JoJ a1ed buldwes

ulW/7 0§ e (JJ0-1nd uoneny wi g'g) ssueiquiaw
aune@b yim paddinbs (Auewusn ‘usbumeo ‘sniiolies)
Ja|dwies Jie gaiN ue buisn pauwlioiad sem bujdwes Jiy

“UIW/ 8G 01 OE JO S18J MOJ} 18 SIR)|1) 3414 U0 sajdwies
31e|nonJed 6unss|0d (9€ = u) auop sem burjdwies Jiy

pawlJojad buidwes oN

92.4nos sajdwes

s|onuod aanisod g pue
‘pajdwies Jie syusned 9 :bujdwes iy

‘020Z Y2.1eN | uo aondesd
J104d e papuane 1siueduiodde
ue pue J03dNpuod e ‘siabuls
3lew gz buipnjpul ‘ssuedpiyed
/.7 :9212edd Jioyd e Jo dn-mojjo4

'spJem NI 61-AIAOD Aesodwi)
Yum sauswiiedsp ¢ ul syusned 17|,
WI0JJ P3123[|0D 2I9M SEMS IBLINS
|EIUSWIUOIIAUD 87 | pue sajdwes Jiy

SpJem
|endsoy aa4yy Ul Alsnoaueynuiis
pasn ‘saibarens buldwes Jie omi

aseasip
SNJIABUOIOD YlIM pazijeldsoy
sjusned Qg JO Sa1Ias 9se)

230y

aupuelenb e Ul pue sjUN UoIle|0S|
61-AIAOD OM} 1B Pa12NPUOD

2JaM Buldwes Jie pue a3epns

SoIUIP |euap 1e sajdwes Jie og

S9IPNIS 9SeD P3|IeI9P OM |

poyIay

euiyd

souel

euIlyD

uel]

vsn

|orIS]

uel]

VSN

Aiyuno)

d e020¢

IBUGSOH T 55 Busyd

020¢

921oeld Jjoyd N a11018)

|eadsoH 020C A 1BD

[endsoy  +€OT 4 Wies

-laeleyyog

|edsoH 020z J2pulg

‘|230y mc_ucml_m.jd 0¢0¢

g [eHdsoy  [anwys-usg

Lc0t

SOVl eued S Jnodzezzeg

Buniss /e

aieoypeay  0¢0C dshes

bunias

Page 7 of 124


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://link.springer.com/article/10.1007/s11356-021-15607-6
https://link.springer.com/article/10.1007/s11356-021-15607-6
https://www.sciencedirect.com/science/article/pii/S1198743X20305322
https://www.sciencedirect.com/science/article/pii/S1198743X20305322
https://www.ncbi.nlm.nih.gov/pubmed/32905595
https://eprints.iums.ac.ir/40057/1/A field study for sars-cov-2 evaluation by two air sampling strategy during spread in tehran, iran .pdf
https://eprints.iums.ac.ir/40057/1/A field study for sars-cov-2 evaluation by two air sampling strategy during spread in tehran, iran .pdf
https://www.researchsquare.com/article/rs-21384/v1
https://doi.org/10.1101/2020.07.19.20145326
https://doi.org/10.1101/2020.07.19.20145326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7327164/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7327164/

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

V/N

sajdwes 5z/0

‘parduwane 10N

‘pa1dwanie 10N

‘pardwane 10N

‘pardwane 10N

24n3|Nnd |eJIA

L/0

sa|dwes 99/5¢

(e—w
sa1dod §'0>)
[lews AIDA 213M
Z-NOD-SYVS JO
SUOI}BJIUSIUOD
Jlaydsouwe
J00pINO

sajduies Je €/z

sa|b Jie zz/8

8/0

(pa3els
9sIMJI3y10
ssajun) YNy

C-\0D-SYVS 410}

ansod ¥dd
sajdwes a1y

siojdwes

SWIN|OA-MO| YIIM SIS1|1} 34q1) Z1uenb Buisn pa12a)|od alam
sajdwes Jiy (A|e11 Jo 3S) 92037 pue ‘(Aje1] |edauad) eubojog
"(A1e11 Jo IN) 221U Jo A1 ueljodoniawl :sand ueljel] 324yl
ul (Aoewlueyd auo pue ‘uojes Jiey auo ‘a43uad buiddoys
3UO 'U931UBLD U0 ‘S133JeW POO) OM] ‘UOIEIS UleJ] 3U0)

(wrlg s) auly

pue (wr G<) 9s1eod Ajlpweu ‘suondel) 3zis g Ul pa1da||0d
3JaM S|0S0Jay U9|duies syl 0lul pue peay saa(gns

3yl punoJe (anuiw/1 € L) AISNoNUiUOD UMEIP Jie Yiim
19|ul padeys-auod paledun.l syl buioe) pa1ess aiam
syuedipided ‘Bulbuls Jo sainuiw G| pue ‘Bulyel Jo saanuiw
g1 ‘Buiyreaiq Jo seanuiw o€ buunp syusned 61-AIAOD

AQ paniwsa sjosoJlae Aiolelidsal sul pue 9sJeod ul

VNY [BJIA 9INSeall 01 10123]|02 Yieaiq pPajeyxa II-9 e pasn

“(wirl

81 < @) s9jpnJed asieod 01 dn (wrd 950°0 > @ J91Welp)
sappiedoueu wody sabuels 9zis 7| a1eedas 01 9|qe
sJoedwl apedsed pue sis|dwes | INd buisn pa1dajjod
Sa|dwes Jie Ul "YDdPP pue Ydd-1y awi [eal yiog buisn
‘PaUIWLIBISP Sem (YNY) Z-A0D-SHYS JO [ela1eW D13SUSD

‘wooJ sjuaized yoes wolp

JIE JO 7 010'S JO [BI0) B BUIS||0D ‘SINoY JNoj 40} unJd pue
UIW/7 G°E JO 91eJ-MOJ} B e 195 ‘Sa|dwes Jie 129]|0d 01 pasn
sJa|dwes |0S0Jaeolg “(SYIIY) SWOOJ UOIe|0S| UORI34UI
3UJ0QJIe /7 Y3 JO 934y3 Ul pawiopad sem buljdwes Jiy

uonI3JUISIP
|euUIWLID) J9)E pue 210)3q bunsal ¥Ydd-1y buisn z-A0D
-SHVS J0J UdYE] 219M Q7 pJeM Ul WD1SAS UOIIB|IIUIA Jie
341 J0 (3)21gN2 3y Ul W 9'Z pue JOPIIIod 3yl Ul W GE'Z JO
1ybIaY Buljed 3Y1 18 37IS Ul WD 07 | x WD Q1) S9||Lb Jie pue
SIUBWIUOIIAUD 3pISpaq Siuaied syl woly sajdwes gems

ysew |ea1bins ay1 buinowads pue uo

Buimnd ajiym (Asnonuiuod buiybnod pue ‘Alsnonupuod
€' 'L, Bupjeads ‘buiyresiq dasp ‘buiyiealq jewdou)
SaJAns0uULRW JUJaIP 7 pawlopiad Jusned ay] "uiyd
Sauaied aU0 3yl WOoJ) WD Q| Pa3123||0d aJam sajdules Jiy

924nos sajdwes

sJoopul Alunwiwod
JUBJaYIp Ul pa123||0d sajdwes Jie

siusied 61-QIAOD
Aq paniwsa yieauq pajeyx3

‘Ale11 Jo suoibal (e)ndy) uiayinos
pue (01aUaA) UIayllou Ul ‘0z0Z Aeln
Ul ‘pa3123]|02 A|SNOBURYNWIS |0S0J9E
USpe|-SnJIA JO suoiNgLsIp azis pue

SUOIIBJIUSOUOD JOOPINO 3Y3 JO Apnis

SW00J UO[IL|0S] U033l
suJogJie Ul sausped 61-QIAOD
pazijeudsoy 9 buipunolins
Buiidwes (a2epns pue) iy

}eaigino

|eudsoy e 4o} pawJoad aiom
(SHM) bupuanbas swouab-sjoym
pue ‘sbujjduies |pausWUOIIAUD

‘Juained e Jo wooJ ayy
Ul pawoyiad sem Jajdwies Jie ,£89%
|opow 081 OSI buisn buldwes Jiy

poyIa

Ajear

aJodebuis

Alea

aJodebuls

eulyD

eulyo

Anuno)

Aunwwiod

Joopu]

|endson

100pPINO

|endson

|lendsoH

|endsoy

bunias

L COC IN 23U0D

Lc0¢
INIVLEE] o))

0202
a 1zzuyd

0¢0¢ Ad BIYD

20z
DDA Busy)

qozoe
DDA Busyd

Page 8 of 124


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
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
https://academic.oup.com/cid/article/73/6/e1356/6225253?login=false
https://academic.oup.com/cid/article/73/6/e1356/6225253?login=false
https://www.nature.com/articles/s41467-020-16670-2
https://doi.org/10.1016/j.envint.2020.106255
https://doi.org/10.1016/j.envint.2020.106255
https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciab691/6343417?login=false
https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciab691/6343417?login=false
https://link.springer.com/article/10.1007/s11356-021-16737-7

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘3dwes
[EIUSWIUOIIAUD
Aue woJj |92 93

0J9A\ Ul paje|os] SL/0
30 J0U p|Nod
SNJIA SNOID3JUT
‘aAebau
sa|dules Jie
paJidxa yiog
‘aAebau
‘pardwiane 10N sajduwes
9)esuapuod
pajeyxa yiog
ansod Apieam
sajduwes
e op/L
‘pardwiane 10N s
‘paidwiane 10N v1/0
V/N ‘pardwiaiie JoN
‘paidwiane 10N /0
(p33e3s
9sImJaylo
ssajun) vNY
2in3jnd [eai
HAZ [EAA T-N\OD-SYYS 10}
aAnisod ¥dd

sajdwes a1y

‘(W € 9n0ge 10U ING W Z Moaq abuel

e ul bupjeads *bH°2) paploae sem Jajdwes Jie 3yl 03 19e3u0d
3s0|D uawdinba uonenuUaA pey swood ou - (Uayap Jo
wooJ bulal ayl Alensn) sauspisal ayl Ag Apuanbauly 1sow

pasn WOooJ 3y JO 3|ppPIW 8yl Ul pauonisod aJam $10103(|0d

Jie J9jdwes Jiy-0u1A SIjo1io) buisn pauleiqo sajduwes Jy

‘'SWooJ

U0Ne|0S| PaQ-92441 7 941 PUOASQ pue UIylIM P313]|0D
2Jom (sa|duwies 22eyins /4 0s|e) sa|dwies Jie paJidxa oml
pue ‘sa|dwes 21esUspU0d PaJRYXa OM1 ‘sa|dWes Jie ot

‘1oeJy Alojedidsal ay3 Jo1us 01 ybnous |jews sajpiied
aulogJie—isnp a|qejeyul ajdwes 01 pasn sem anbjuydal
paseq-Ja)|l} B 'sWoos uodNpold Yioqg Ul so1siiaIdeseyd
UOone|USA pue AlIsuap S193Jom Uo paseq siodsioy
|enuayod 1e pawlopiad sem buldwes Jie Aeuoneis

'sng ay3 Jo uonesado

Ajlep sinoy G-9 aya bunp paJtayieb aiom sajdwes Jie syl
[V 'SNQ aY3 JO Jed JeaJ ay3 Uo J3Y3I0 3Y3 ‘Sulydew 19x1}
3U1 0} 9SOD BUO :pJeoq U0 Paj|eIsul 949M Ja1aWelp Wi
08 Jo su2l 3|dwles auelquisaw aule|ab [ea1bojolqo.diw
OM] "SPU3¥2aM BUIPN|IX3 ‘SY99M [BUOIIBAISSGO OMY B3
J0 Aep A1ans uax el aJam sng ayi apisul Jie Jo sajdwes

"p2193]|02 sa|dwies Jie oN

UIW/| G118 SAINUILU Q€ 40} J0O|) Y3

9A0QE 1913W | pauolsod (341 d-ausjAyisolonyyesisifjod uj
SJ91|l Wil GH°0 pue $211955eD U1} Wl /1) sdund 'swool
91 9pISINO JOop1II0D ‘swood syuaned Agiesu wood Adwa
Ue ‘wood z Jusned ‘wool | 1usned :$a1s 4 ul padeld siam
sdwing "Se21ASp UONEZIIIUES JUaJIayip 0M] Jo uopedjdde
31 191)Je pue 210J3q Pa123||0d 2JaM Sa|dwies Jie g

92unos sajdwes

‘usyel}

sa|dules (J21emaisem pue 33e4ns
0S|e) JIe 'spjoyasnoy |z ul buij|
ua.pIy> G| pue synpe i Jo Apnis

‘pa|dwies os|e aiam
sisneyxa-Jie Jood il pue [eudsoy
3y Ul seale Jayl0 ‘syuanied € yum
4oea SWOOJ UO[L|0S] 7 punoJe pue
uiyam dre Jo buipnpul ‘buldwes

puydwes

[EYUSLIUOIIAUS SAISUDIUI PUB SWOOJ
uonpnpoud pajood ul bunelsdo
SIDNIOM JO BUIUDIIS Z-A0D-SHYS

Alea 'naiud u 0zoz Aen

77 01 71 ‘P2AOWI 249M SUO[IDLIISI
[9ABJ1 ||e ‘Ajlenpelb ‘Usym sasam
1514 9Y31 pUB UMOPXD0| 3Y3 JO YoM
1SE| 33 SSOJJe 1IN0 P3LIIED 9I9M
SJUBWIRJINSE3W [PUOIIEAIRSCO

Buidel1 102IU0D pue 32UN0S BUNNOJ
01 UoNIPPe Ul p212BISaAUI SEM PIeM
5B340IN0 31 JO WISAS UONL|UDA
341 'SWoy aJed e Ul %ealiqino

ue 01 buipuodsay ‘sa1Uas 9se)

Yoam e ueyl aJow o} 6 -AIAOD
104 9AISod aJam sulood |eydsoy
93 01 panjwpe syusied om Jun
2JBD) SAISUIUI-UOU 6 |-dIAOD B

Ul UOIUILLIRIUOD [EIUSWUOIIAUD
ssasse 01 buldwes Jiy

poyIaiy

Auewiso

eulyd

puejjoH

Ajel

SpuepayiaN
oYL

Ajea

Anuno)

spjoyasnoy
paunuesend

|eadsoH

ued
buissadold 1ea|y

snq e apisu]

awoy a1e)

|eaidsoH

bunias

0¢0¢ IN elyod

020z Z buig

120t
LININ llooy ep

0¢0¢
d ojed 1d

0¢0¢
d UeiN =d

ordor4
IN husWaPaQ

Page 9 of 124


https://www.mattioli1885journals.com/index.php/lamedicinadellavoro/article/view/9991
https://www.mattioli1885journals.com/index.php/lamedicinadellavoro/article/view/9991
https://doi.org/10.1093/cid/ciaa1270
https://doi.org/10.1093/cid/ciaa1270
https://doi.org/10.1371/journal.pone.0235943
https://doi.org/10.1371/journal.pone.0235943
https://www.medrxiv.org/content/10.1101/2021.06.20.21259212v1
https://www.medrxiv.org/content/10.1101/2021.06.20.21259212v1
http://medrxiv.org/lookup/doi/10.1101/2020.04.03.20052175
https://doi.org/10.1101/2020.05.28.20114041

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘pardwiane 10N

V/N

‘pardwanie 10N

‘pardwiane 10N

aAnebau

9JoM Salnyind |edIA

‘pardwane 10N

a4n3jnd [edIn

0L/0

L/0 PIEM
9/0 N2

Z/0

L/0

swiooJ Juaned
9 wolooL/LL

9/0 (I1lem
sse|b) NI eaJe

uonels buisinN
9/0 (llem sse|b)
uonels buisinn
9/9
plepws
9/€ WE 19/9 "W
NI
9/ WE 9/9 "W
pJem aulipaw
(payeas
asIMIay3o
ssajun) YNy
C-\0D-SYYS 410}
annisod ¥dd
sajdwes a1y

"Uo13||0d

3)dwes ay1 bupinp paybnod syusned swos spaq siusned
oY1 wolj Aeme wl g 01 Z Aj1ewixoidde pue Joojy ayd
aA0qge W g'| 016 | pade|d sigidwes iy 'y | 1o} 1uabeal
weojnue o, | pue ulpiuad Jw/n 001 ‘UnAwoidans Jw/br
001 Yum NFNG W 0z buluieiuod sisbuidwi 19bpiw
pJEPUEIS 3[1433S 33 01U] P1D3||0d d4am Sajdwies Jie 0|

"J212WONJLA B 09 B JO Sueaul
Aq wi21sAs winnoea [eudsoy ayl 01 pa1dauUU0d IaIawelp

Ul wwi /1 bupnseaw pue wrl g azis aJod Jo (@gv1]
-431714) 4931} sueiquisW auolnsiayiaAiod e yum dwel
uonen|y v (z) pue /| £96's siunoy auo ui a1ejd ay1 ybnoiyy
Buissed Jie Jo auWN|oA pa1eWNS 941 WISAS SIYI YU
'Sgems payipiwiny-aid yim pauieiqo Apusnbasgns a4am
sa|dwes ydiym wodj Jarsuwelp ul ww G buninsesw a1e(d
JBpOY B pue s 00E/| 00S JO Moy) Jie ue yim qusudinba
Buiidwies zog L L LO OIGODIA "POIA 495019 SYS (1) :Spoyiaw
JUaJ3Y)Ip 0M1 Buisn pauleigqo aJam sajdwes Jie ay |

‘(Auewan ‘win 4aJnag) 0ZzM1 Jaysem
Jle 3|qejiene AjjenJawiulod ayl Ag pajdues sem Jie ay|

‘(Auewiian

‘usbuMoo 'Ya3101g WIPIIS SnLIoIeS) J31jy uneRb wr g
e y1m papeo) (ySn 'vd Uno4 Aybi3 'oys) Jajdwes
ISNpRINIAL INOI ue buisn pawojiad sem buidwies Jiy

'SJ311) 21euoqguedAjod wn 80 Yim 2119sSed Wl /€ e

pue NOI 2uo Jo siai auneeb wrl € yim sisidwes (NOI)
SUIIP3 [euolEdNIDQ 4O 91N1ASUT d1Ise|d SAIdNPUOD
om] 'sj0d0310.4d bujjdwes Jie uadaylp 91yl buisn siusped
Zz bunsoy swoou [erdsoy a4ed a1nde uj sajdwes Jie 00|

Jle 3y Wolj
Janew a1eindiied pspuadsns Buds||0d Jos pasn sem
BIPUI “TdN-YISD Aqg spJepueis [euoneu Jad se paieiqijed
sem UDIym (Iyjag MaN ‘ealy [e1ISNpUI |0 ‘Ueypoanken
'S/IN) Jajdwies Jie (4s1) a1ejnonJded papuadsns [e1o]

924nos sajdwes

‘swoydwiAs
[E2N1ID puUe 319A3S Yum siuaned
61-P1A0D JO spJem ul burjdwes iy

'61-QIAOD Yam syusned

10 1UBWIL3.] SY1 O PILDIPIP Plem
Abojownaud ay3 uj pue snDI oMl Jo
J1e 3Y2 Ul Z-A0D-SYVS 40 2duasald

2J3ua) buiddoys pue 3310
1504 e Ul sa|dues 22epNs pue Jiy

pajdwes a4am sS4 / WOoJj SWoo.
L € JO S92B4INS YdNO03I-0U pue Iy

syuow
OM] AJJB3U JO 9SIN0D 34 IS0 SUI00J
|endsoy aJed ainde uy buydwes Jy

'syusied 61-AIA0D

Bumiwpe piem Ausbisws pue
lUN 2Jed SAISUUI ‘PIeM SUlDIpaW
3y woJ) buydwes Jie sjgeiod

poyay

uel]

uleds

dljgnday
(UsEYS)

epeue)

epeue)

elpul

Aiyuno)

|eadsoH

|eidsoH

saoeds dignd

Sall|De}
21D WJ21-buoT

|eadsoH

|eaidsoH

bunias

0¢0C S Iplied

Lc0¢
@ 0Jopnas3

120
¥ BYsuIZpaizg

Lc0c¢
N puUo|gaT
-juowing

0c0¢
N puo|gaT
-juouing

2oz v Asang

Page 10 of 124


https://onlinelibrary.wiley.com/doi/10.1002/jmv.27029
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7734095/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7734095/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7734095/
https://www.sciencedirect.com/science/article/pii/S0196655321000596
https://www.sciencedirect.com/science/article/pii/S0196655321000596
https://www.sciencedirect.com/science/article/pii/S0196655321000596
https://www.frontiersin.org/articles/10.3389/fpubh.2021.787841/full
https://www.frontiersin.org/articles/10.3389/fpubh.2021.787841/full
https://europepmc.org/article/pmc/pmc7907733
https://europepmc.org/article/pmc/pmc7907733
https://www.sciencedirect.com/science/article/abs/pii/S0048969720319148?via=ihub

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘pa1rdwane 10N

‘parduianie 10N

‘pa1dwanie 10N

‘parduianie 10N

‘parduwianie 10N

a4n3nd jeaip

SL/9

1/1 9belo1s
21sepm duwa
1/0 Aapuner]
/¢ S920
¢/0 ueds |5
/0 P4EM
/1 Y

L/l Woo.
2JnssaJd aA-

€/¢ N2l
L1/ 1810

8/0 PIEM
8/¢ N2l
9L/¢

9/0
pJem Aolesidsal

Z1/0 JIUlD JaA3)

¢L/0 2P
siskleApowseH

€/e NOI

Jle wool zL/1
043 8/¢
ISERAWI0]

(pa3eas
asImIaylo
ssajun) YNy
C-\0D-SYYS 10J
annisod ¥dd
sa|dwes a1y

‘]93] pUNOJb 3yl SA0ge W G°| Jo 1ybiay e

1e syue|d abpnis paieande pue uonels buidwnd buipnipul
'V dLMM Ul S91IS 9313 18 pawoiad sem buldwes

JIY "uoin|os Jayng a1eydsoyd bujuieiuod ‘sisbuidu
sse|b-||e buisn pa123||0d aJam Sajduwies Jie G| Jo |e101 Y

'SINUIW 09 J0J | —UIW 7 Q| JO 91.] MO|}

e yum dwind buydwes e yum paddinba (ALA) wnipaw
Jajsue] [ediA Jo |W G| buiuieiuod sabuidwi 1ebpiw
pJepuels e Buizijian paidnpuod sem bBuidwes Jie Joopu]

OLINd PUe G'ZINd 01 punog sn.iA Z-0D-SyVS 129]|0

01 paljdde sem (eAedue ‘|9pON SdS3T) (SAT) Jojdwes
SWIN|OA MO| 3y ‘NDI JO ABMIOOP pue ‘WO0J 1S3 ‘UoneIS
3sJNnu ‘uondas usned sy buipnpul NI JO SUONISS
JN0J Y3 Ul PIINPUOI SEM Z-A0D-SHYS JO U0RISISQJ

"3INUIW /7 §°E 01135 U33( Sty Jie JO Weauls ay |

“(OMS ‘'00054X) sdwind Jie yum (1L5zDg) Ja|duies |0So12e0lq

(HSOIN) YljeaH pue A1ajes jeuonednddQ Joj 21NNsul
[euonen 2yl buisn uiw Og 10§ Pa3123]|0d auam sajduies iy

(so|dwes

Jle apispaq g | ‘sojdwes (Dg3) a1esusapuo)) yiealq
paleyxd g ‘'ssjdwies (g3) yieaug psjeyxd ) ‘pajdwes

SeM Jle WO00J 7-G0 | JO |P101 B pUB ‘Ul OE SEM Uofiednp
Buiidwes ay] ‘pesy sapusned sy Jo SpIS a4l 18 pag ay3
woJy Aeme w z'0 pue aybiay ul w z'| podia e uo pased
sem Jajdwes HSOIN e “Jie wooJ uoie|os! Jo buldwes Jo-

924nos sajdwes

SAIMAM JO sajdwies Je pue
191EM31SEM MBI Ul Z-A0D-SYYS JO
VNY [ediA Jo 2ouasald ayy pazAjeue

leydsoy e1iajal 61-AINOD
e JO S9)IW0} 8yl pue ‘sedepns
341 uo e Joopul Jo buldwes

‘sbuipunoJins sl pue syusied

61 -AIAQD PRUILUOD yum (ND1) Hun
3Jed aAIsua)Ul Jo sajdwes Jie Joopul

s|eudsoy € Jo Sa1s JUaJalIp
9 wouJj sajduies Jie {|eausuodiaug

uo2R4UI

10 2be1s Js1e| 8y Ul sausied
61-AIA0D LT punoJe pajebisaul
UOBUIWBIUOD [BIUBWIUOIIAUT

poyIs N

uel|

uel]

uels|

euIy>

eulyd

Aiyuno>

Jueld Juswiean
191EMIISBAN

|endsoH

|eadson

|endsoH

|endsoH

bunias

L20z
S Jnodijoys

Lcoc
3 lyeyoyaieys

Lc0¢
dH Heyeys

020 AX®5

020z g bue4

Page 11 of 124


https://doi.org/10.1016/j.jhazmat.2020.123771
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7375302/
https://link.springer.com/article/10.1007/s11356-021-16010-x
https://link.springer.com/article/10.1007/s11356-021-16010-x
https://www.researchsquare.com/article/rs-422947/v1
https://www.researchsquare.com/article/rs-422947/v1
https://www.sciencedirect.com/science/article/pii/S0045653521001703
https://www.sciencedirect.com/science/article/pii/S0045653521001703

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘pardwane 10N

‘pardwane 10N

‘pardwiane 10N

‘pardwanie 10N

‘pa1dwiane 10N

‘pardwane 10N

/1 SWOOJ 3dd
¢/1L uess 1

1/c
sulood jusned

9/1 NI
S¥7/9

voL/LL

‘pardwanie 10N

SMD 0 CL/L
SOOI 404 CL/8

:sojdwes
gems 19)3N0 Jy
pIBM
[B4oU=5 91/¢

*NDIOV/7L
:sajdwes 1y

‘pa1dwaiie 10N

61/0 PIA0d UOU

seale /1/0
piem 61-dINOD

8/¢ NDI
/¢ |B10}

(pa3eas
asImiaylo
ssajun) YNy
Z-N\0D-SHVS 40}
annisod ydd
sajdwes a1y

24n3|nd [eJAIA

(020 “/p 12 1p1ed) (1 08%) Y 7 404 | —UIW 7 Z JO 3184 MOJj e

(INLA) Winipaw Juodsuey [ediA Jwi-0z buiuieiuod (puejbu3
“2U] DYS) Jobuidwi 196piw piepuels aya buisn pa129)|0d
3JaM pJeM U2ea Ul U0II13P SNJIA 10} sajdwies Jje ay |

elpaw I3l uo sajduies Jiy

‘P34IN220 S3sed 6 | -AIAOD Alepuodss s|geqo.d

0T PUE PaWIIJUOD 3JaM 7€ ||l wedaq Apuanbasgns
SJaquIBW JIoYd (9%/°98) ¢S ‘(papuaiie 0s|e oym ‘ydien
U3/ ||l ewedaqg oym uained ayi buipniaxa) adnoeld yodeln
4101 Y3 38 Seapuane 09 buowy ‘2339e.4d Yoley Yol
93U} papuU1Ie OS|e SUosIad 39Syl JO BUO INg ||e ‘||l SUled3q
seapuane a1deld Ydien PIE 3yl JO (%1°59) LS ‘|[BJ9A0
"921peld 070z Yd4e Yo L 8yl pepusiie |9 pue ‘edpdeld
020Z Y2\ PJE Yl papuanie siaquiswl 8/ ‘|e103 Ul

dDd -Lyb

AQ Z-N0D-SYVS 10 Sauab (N) Ui@104dosppnu pue ge| awel)
Buipeal uado ayy 1o} pa1sal alam sajdwies “uiw g 10}
ulw/T 00€ 38 Jajdwes auoAd [[BM Pa1Ispm 00ET SSYS e
buisn Ag pa129]|02 aJam sajdwes 1y ‘21nsodxa |0Soiae
103)9p 03 pajdules a1am SI9[IN0 Jle Y} pue Jie Joopu]

Buljiad syl yiesulspun pajunow

s9soy paieloyiad eiA 10 Jun ay) ul sbujuado [eruod) wody
A[22J1p JayaIa ‘uondalip |edaie| e ul die aya 129foud sue4
“JIe 93 |002 ApUBISUOD W00 33 JO Jjey [ewixold ayl

ul builed sy Jeau padeld suun buiuonipuod Jie ybi3

‘Buldwes 21042g SaUOD U002 Y3 01 pPappe (S9d)
aules paJaiing areydsoyd 3)1121s JO TW 4 YIm ‘wnipawl
19M U0 Pa3123]|02 a4am M @SI|01I0D) a3 Yuim sajdwies iy
‘AjpAnnadsal (€W € 4O [BI01) LW/ 0OE PUB (€W 7 JO [e103)
U/ 00T (€W | JO [P103) UlW/T 00| JO 3124 MOJyIe U
UM 4dea ulw Q| JoJ [eIdSOH ay1 JO Seale uaas|@ ayl

10 4oea Wol) pa1da||od atam sbuidwes Jie aAIn2asuod
221y1 ‘M @s1j0110D ay1 buisn ‘(e2uei4 'XNauuo1aig-9)
-Aubnuo ‘'siuswiniisur unJag) 1edwod @s!jolo) e

pue r @s1|0110) e ‘siajdWes Jie [e1qoJdiul dJUoPAd om|

92unos sajdwes

SpJem JUuaJayip wol}
P3123]|02 3J4aM (Ibuny pue ‘elua1deq
29 '2-N\0D-SYVS Sp) se|dwies iy

"P9103|0D 3aM
sinoy g€ Joy 1uaied yoea Jo (Y9<
) pIaly-4e} pue (19 >) sajdwes Uiy

Sospusne
92110e.d Jioyd Jo dn mojjo4

‘SpJem g |-PIA0D
pue NI JO Sa|dwes (22e4NS pue) Iy

>JOM WO}
3DUSBSCR Y 96 UBY) 2J0W JDE YIoM
01 bujuinial ‘suosiad padajul 1Yo
01 $10PIU0D 9|qIssod ‘swoidwAs
pa1i0dai-}|3s UO paseq pai1sal 4e1s

(seaue

61-QIAOD ) [e1dsoH au Jo seaue
JUDJBYIP UAS|D Wod Jsajduwies Jiy

poyIay

uelJ]

vsn

vsn

eulyd

Auewian

jebnyiod

Anuno)

Lc0¢
[E3dsoH "Ib )2 1newsH
Lc0¢
lexdsoH H ezweH
0¢0¢ 1S 4=IllIN
3130e.1d JIoyD) pue 0coc¢
7 JauweH
|lendsoH 070z dz ono
ueld 0¢0¢
Buissa0.d 1eaN 1 Jayauno
levdson 20T d eAjIS
ep sswoo

buinas

Page 12 of 124


https://www.mdpi.com/1660-4601/19/1/525
https://www.mdpi.com/1660-4601/19/1/525
https://doi.org/10.15252/emmm.202013296
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://onlinelibrary.wiley.com/servlet/linkout?suffix=null&dbid=8&doi=10.1002/rmv.2184&key=32407303
https://academic.oup.com/ofid/article/8/Supplement_1/S308/6450244?login=false
https://academic.oup.com/ofid/article/8/Supplement_1/S308/6450244?login=false
https://pubmed.ncbi.nlm.nih.gov/33837940/
https://pubmed.ncbi.nlm.nih.gov/33837940/

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

|osoJae aApisod |y

(Jespou
Jojeurwousp)
aAllebau e
9J9M 'SI0PIJI0D
pue seale 1sal
Jjeis [esipaw
woJy saidwes
SwiooJ
1D wol 971
SNDI WO 8E/8

so|dwes |0s0Jay

3593 puliq
e u| pajejnaoul
S||92 93-0J3A JO
sabessed aa.y)
J91e aAlebau
2Jom sajdwes

‘paydwiaiie JoN Jeapun
‘pardwanie JoN 99/ L
‘pa1dwiane 10N LE/S SIRY
‘pardwiane 10N g puey

eo.e DIUIP Ul /€

(pareas
asImiaylo
ssajun) YNy
2-N\0D-SYYV'S 10}
ansod ¥yod
sajdwes a1y

34N3|NJ eJIA

wayl
W04} PRI9A0I3I 30 PINOD SNUIA 3|GBIA J3YISUM SUIWISISP
0} 24N3ND ||92 03 Pa13[gns aJam sajdules josolse sapisod
VYNY [BJIA IV "24n3|N2 ||9 03 pa323[gns aJam sajduwles
|0s0J9e 9AISOd VYNY [eJIA || "ZWD OE~ SeM eale 92e4Nns
93Ul pUe UlW/1 06| sem iyl Alojesidsal syl Jo aiel
MOJI1e 3] "UOIIIDIBP YNY [BJIA 40} P2193]|0D oM ABOJOIIA
40 9INUISUT UBYNAA JO Bl €4 33 Ul SIaxIom Ay3jeay wod}
SYSeW O pue s4a1|y J01edidsal 009-YL wOlBSIAA wINE

U3 "pasAjeue pue pa3da||0d OS|e aJam SN Ul S92epns
WOJJ SQBMS {77 pue sjualied Wwoly sysew aaJy-Auam|
“(eulyd “p17 0D Abojouydal enjqbuig builisg ‘00t-vYM)
Ja|duies |0S0IPAY-01-|0SOIDE [eBNJIIUSD B JO 3SN AU YIM
S|eAJSIUL UJW O J9A0 Pa123]|0d 94aMm S3|dUeS [0S0y

'91BJ15gNS U0[199|0d e 01U0 1oedull 01 S9jpJed

Buisned ‘Uil 00z Jo 21eJ e Je Jorpedwll buneis|@ide

ue 01Ul Jie buimelp Ag syiom Jajdules asuss|0solay sy L
(00-195 Lz L# bojeied ‘aynusps owlsyl) Jejduwies 0067
95U9S|0S0JaY a3 buisn pa123)|0d aJam sajdues Jie SARdY

"U0I1D3|02 131 SINOY 0M) UIYIIM PRJINdI0
Ajlea1dA1 yaiym ‘buissedoud Joy gej (+z1sg) suonnedald
pacueyus Yum Aloieloge| z-1sg e 01 1odsues] 1o} 32l

U0 PaJ01s pue ejpaw 1odsuel jediA Ul ' bujuieiuod
(68-9££90-XN# Doje1ed Usuiled-s|0)) S3gN3 [ed1U0d W
G| 0ul pade(d Aj1eIpaWIWI S49M SqeMS PUB UOIEI0|
4oea 1e Wd Q€ X 0Z Aj@1ewixoldde eale ue U0 SPU0OIS
0 J0J paJindd0 buiggems ‘eipawl 1uodsuesy [eiA buisn
pauaisiow-aid a1om sgems ‘mojlie Jo yied ayy buoje
eaJe yoea Jo apIs YDl pue ‘9jppiul 13| 3yl WoJ) Uonedo|
113 Ul UYE) 249M SOBMS pUB Sqems
211N %20[44Nd ueiing buisn pa31da|jod atam sajduwes

‘(paJ) SNg 2y} UO S22e4NS PAYIN0I-AUOLILIOD PAGUeMS
0S|y ‘(3N|q) S9SNQ 0439W PISN-A[SAIIE JO SWSISAS

DVAH @Yl apisul pajjeisul buiaq jo sAep / ueya aiow
Jaye sJajiy-aud Aerusws|ddns pa129j|0D) 193] 01BN
Auno) buly 8j13eas ayy Ul sasng pakoldap AjpAnde G|

Jap|oy J31jl) ydes ul uill/1 9'6 JO Moy}

e ym Jie aya bupiaijy ‘ssoy dnseld pasulsip Ajsnoiasid e
ybnoayy waisAs wnnoea e 01 pajdnod (XNNIMS ‘@Jodi||IA)
Jap|oy Ja1jly pazl|iu1s e ul pade|d (005Z0dMWY ‘@10di||IA)
pazijn aJam satod wid zzZ'0 Yum Ja1auelp wwl Gz Jo
SI21|4 Y € ul paysiidwodde sem seale |je ul buldwes

(g 21u1D) wood aJed syuaied 61-gIA0D PUe ‘(¥ d1ulD)
eale Jusied 6 IAOD ‘(v 21Ul|D) BUPIpaW [eulaiu] ‘(v
J1ulD) eaJe Aduabiawig ;seale 931y Ul pajdwes Jiy

924nos sajdwes

swooJ 1) pue sndI
ul sajdwes Jje 100pIN0o pue Joopu]

UOI1B[1IUSA WOOJ pue ‘suoldwAs
'9UII} J9A0 PEO [BJIA [BJUSUIUOIIAUD
pue AJojwIop UoNe|os! 61-aIAOCD
BuiAdnado s123[gns Jo 11oyod

‘siadwep Jie Aiddns pue
'S12]|1 |euly ‘sua1jil-a4d aya buipnppul
‘pajdwies (SNHv) suun Bulpuey iy

"SWa1SAS UO[E| JIB SDIYSA
Ul SJ10SUdS d1ge) buljeasul Ag sasnq
d1gnd u buydwes sdue|jisaIng

‘Swood syuaned 61-pInod
pue seale Ausbisw] jo sajdwes Jiy

poyla I

euyD

VSN

VSN

VSN

0JIX3aN

Anuno)

|endsonH

Aiouliop
uone|os]

|endson

sasnq oignd

|endsoH

bunias

020z [NH

1 ¢0¢ 4d °MIOH

1 ¢0C 4d 9MOH
se payslignd
0¢0¢ 4d °\IOH

720T
SI ueuwyoH

0¢0¢
[ zeapueulanH

Page 13 of 124


https://doi.org/10.1016/j.ijid.2020.10.089
https://doi.org/10.1016/j.ijid.2020.10.089
https://www.sciencedirect.com/science/article/pii/S0048969721078694?via=ihub
https://www.sciencedirect.com/science/article/pii/S0048969721078694?via=ihub
https://doi.org/10.1101/2020.06.26.20141085
https://doi.org/10.1101/2020.06.26.20141085
https://www.nature.com/articles/s41598-022-11303-8
https://academic.oup.com/nsr/advance-article/doi/10.1093/nsr/nwaa250/5912468

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘pardwane 10N

‘pa1dwanie 10N

‘pa1dwanie 10N

‘pa1dwanie 10N

‘pa1dwane 10N

‘pardwaie 10N

24n3|nd [edip

VNY
C-N\OD-SHVS
10y annisod

saidwies

d1e ¢s/0

aAnisod €07/0¢

so9|dwes
e 11/0

wlooJ Uone|os|

juaned NDI L/1

wool buissaip
Idd 4eis L/0
ddwes Jiy

sadwes
e ge/L

(pa3eas
asImiaylo
ssa|un) YNy
Z-N\0D-SYVS 10}
annisod ¥dd
sajdwes a1y

'SuooJaiue

a1 woJj pue juaned ayl WoJj W g pa1da||od aJam
sojduies Jje pue ‘paggems aJaM SWOOIIUR pUR SWO00J
31 Ul sadepNs auyl ‘uonezijendsoy Jo £ pue ‘s ‘s ‘o shep
uQ ‘s|eaidsoy unoj ul syuaned 61-QIAQD 8 JO Suood 3y

‘piem Aousbiawa pue piem [euiaiul UBWIOM

‘piem |eusaiul usw ‘ABojoipel ‘ueds | ‘piem Aloleloge)
‘|ley ouesiua [eudsoy ‘|jey aauenus NDI ‘N1 :jeudsoy
33 JO Jie Joopul 9Y3 JO spiem Jualayip ul ssjdwes Jie
U291N0} 2 e1 03 Pasn sem spaq juaped ayy wolj Aeme

W 7 1Se3) 18 pue 100} punolb anoge W G| e |—ulw 7|
1O 9184 MO} B 10} palelqiied Jajdwesolq Jabuidwi pinbi| v

Ja|dules apedsed awnjoA ybiH Lajdwes N d

1jl2qUWeZ a1l ¥2eIS auWnjoA mo| ajduies Jie awnjoa ybiy
Ja)dwies |Nd snowoloydip Lajduwes a1y DS siajdwes
juawdinba bujdwes

JUSIBHIP UM (41) SISH1 UOYSL pUe (4D) SIa3ly 34qy Ssse|b
U0 Pa129]|02 aJ4am sajdwes A1 yoes ul suaidues |Ad
snotiea buisn Ajlep pa129]j0d aJam (61=U ‘0 LINd ‘Ez=U "0l
-GN '€€=U 'GZINd '08=U dS1) sa|dwes GG| 4O [BI0} Y

‘PIAIRSCO

2J9M 32B3S 3Y) PUE J91EMIISEM 13]103 JO SUOIDBIIU
dl|neJpAy 3y "SWooJyieq 03Ul Pasesfal Sem (aueyia) seb
J32e13 ‘Wa)sAs abeulelp ay3 Ul s19|dop Uspe|-SnJIA Jo
JUSWISAOW 3Y] JO J0IBD|PUI U Se uoisiads|p pue smoly
seb pa1ebisaAulswa1sAs abeulelp bulpjing pue ‘seale
211gnd ‘Buip|ing 8y} Ui S1ef} €8 Y} JO | L Woly sajduies iy

Ysew e bulleam 10U sem pue Juasaid sem uaized
aU1 3Iym WYBIY WG| 18 ulw G| JoJ uiw/7 00t 1e Jsjdwes
|0S0J2E |eJIA 3|qEe1IOd 00% WAA B Buisn ‘wood buissalp 3dd

1J81S 3Y) Ul pue paq 1usned ay) Wodl WG'Q Usyel ajom
sa|dwes Jie auwnjoA-ybiy ‘buiues|d aunRNoJ Ja)e SINoy oM

‘(Auewian
YDJ3IA) INUIW/S3.31 00 | ADBXD 01 19S SEM JIe JO Weails
3U1 YdIYM 10} (0DF 00 L-SVIA) J3]dwies Jie [eigodiw e pue
UOIRIUSWIPSS [BINIBU :SPOYIaW OMI AQ PR123[|0D SEM Iy

924nos sajdwes

‘Buidwes Jie pue asepns

'020Z AelN Y3 uo syuaned
61-AIAOD pPawlLu0d Aq Jie Joopul
spJem [exdsoy ybnoJayy buydwes Jpy

sanp 0|

Ul suapJeb |eldsoy pue suonedo|
punoJbydeq uegin pue uegin
BuipnpUl S9YIS € WOJ) Pa123||0d
2JoM sabuel 3zis snopen Ul saidwes
(INd) Jo1ew a1endnJed usiquiy

‘ApN1s Moy} Jie |eyuswiiadxe
pue ‘Buidwes (3e4ns pue) Jiy

uaned g |-pInod auo
40 NDI 4o sajdwies 2epns pue Jiy

pJem uoie|osl

61-PIA0D WOy sajdues Jie Joopup

poylay

P20

uel]

Axany

eulys

eulys

eulyd

Aiyuno)

|endsoH

|endsoy

uegJn

S1el 40 420]g

|endsoy

|eadsoH

bunias

020z [N wy

0¢0¢
Vv 1YoOYJeusy)

Lc0¢
O Jejehey

020z N buey

0coz Lulf

0Z0Z A buelf

Page 14 of 124


https://www.medrxiv.org/content/10.1101/2020.02.25.20028043v2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7428766/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7464151/
https://www.medrxiv.org/content/10.1101/2021.01.24.21250391v2
https://www.medrxiv.org/content/10.1101/2021.01.24.21250391v2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387923/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387923/
https://jkms.org/DOIx.php?id=10.3346/jkms.2020.35.e332

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

=)y
‘sa|dwes Jie Vd3IH e buisn
anIsod-yNY /% so|dwes z/0
10} PAAIDSUO DM S

3dD PRINPUISNIIA  y/g3H B IN0yIM

sajdwes Jie /1

vi71/0
d 1un |esipaw
PRICLISHE 10N ¥8E/0 NI
87S/0 210}
v/N 82/0
‘pa1dwane JoN anisod 6€/0
€/0 o L/E

(pa3eas
asImIaylo
ssajun) YNy
2-N\0D-SYY'S 10}
ansod yod
sa|dwes a1y

24n3Nnd [eAIA

"J0129]|0d 3y}
UIYIM SNUIA [BNPISSJ JO UOIII3I9P JOU pPUB UOIID3||0d 3N}
103}y24 sbujidwes aAIN23SU0D Ul P12319P SNUIA JB3YIYM
[B9ARJ 03 SS220.d B '9gn) 33|ul 3y} 03 PaxIye a1 (V dIH)
9oueISalle a1endnJed Auainiye ybiy e yim pawsoad
sem sbuljduwes 22443 ay3 Jo puodas ayy Ua|dwes yoes
104 "Pa3129||0d 2J49M Sa|dwes Jie JY-¢ [elas 93y |
‘syuaied ayy woly Aeme wg 03 wiz dn 39s auam syuaied
6L-AIAOD OM] JO WOOJ 3Y) W0y sa|dwes Jie SYAIA

(wr |>) 9z1s aJod

wirl z yam Ja1)1 susjAyrsolonpjeisifjod Jsisulelp ww

-/ € e buluipIu0d 91195SED U311} B UO pue ‘(wr -1) agn
2bny1usd Jw g | e (W >) agn3 abnylusd Jw G| e ul
P2193]|02 3Je YdIym ‘Suoidely azis € ol saiied ajeledas
sJa|dwes HSOIN 3yl ‘pouad bujdwes yaes y g Joj ‘'suun
[EDIPAW [BJ3U3b pUE SHUN 3JED SAISUIUI Ul SIOPIIIOD
JOMSIA pue suofels buisinu Buipnjpul ‘syun g Inoybnoayl
dn 19s aJam siajdwes auo|pAd abeis-z 15z D9 YijeaH

pue A1ajes |euoiednddQ Joj 23n3suT [euonen 1ybig

“(uonoedy wd |>)

saJjod wird z yam 4911 ausjAyrsolonjjeaaifjod Usiswelp
WW-/€ e Buluiepluod 9119ssed Ja1jl) e Uo pue (uonded)
wr 4-1) aqn1 abnyauad W G° | e ‘(uonaed) wirl <) agni
2bnj1L1IUSd W G| B Ul P123||0d 3Je YdIYm ‘suondel) 3zis
€ 01Ul sopJed paresedas siajdwes HSOIN YL 6pasn
aJam suajdwes auojpAd abeis-z |Gz D9 HSOIN UL

J919Wowsaue a|geniod e buisn painseaw Ajgspaud

9JoM suonisod palnads [eJaAS 1e UONRDJIP pue paads
1V 1591 ¥Dd-144 Aq pasAjeue aiam pue JUSLIUOIIAUS Y3
Ul Z-\0D-SYVS 4O BUSa) J0J £7 aun( U0 Pa103[|0d 2JaMm
UOIID3JIP MOJ4 JIB JO UO[IBISPISUOD Ul SJieyd pue sa|qel
AgJesu pue 'y 25ed JO 1e3S 3|gE} ‘SI2UONRIPUOD JIe JO
S19[IN0 PUE SI3|ul JO S3|dWES |BIUBLIUOIIAUD GE JO P10} Y

("dU] DMS) SJ21J14 suURIqIBW Une|ab W-G7 pue ‘(14 ‘e[ed0
‘leuoeulaIul Uoaz) 1|l (Dd) @1euogJeddjod wrl-g:Q yim
911955e2 9231d-€ WW-/€ 3y ‘(vd “no4 Aybig “doul DMS)
SJ3)|1) duelquiaw (341d) ausjAyrsolonjenaifjod ww-£ €
'921s aJod wirl-| ay3 buisn pauieiqo aJam sajdules Jie ‘(v
'‘01nQsia19d 1S ‘BuApisuas ‘dwind bujjdwes Jiy [euosiad
sn|d Jiy|19) dwnd buydwes Jie ue buisn ‘unJ yoes uj
pasn aJaM SJ3|dWes |0S0Jar0Iq 1UJaLIp Z 01 | qusned
4B 104 ‘pa1egniul 10U a1am 1Byl pajjodus siuaned G
1.1} 9y buijdwes 1oj pasn aJam sia|dwies |0S0J9eolq 1

924nos sajdwes

paidwane ainynd
SNJIA pue ‘pa123]|0d sajdwes Jiy

sAem|jey wooJ jusned
pue suonels buisinu ui sajdules Jiy

6 L-dIAOD YIm

juaned pa1e|uSA B JO Woolue
pue ‘WooJyieq 'Wood Uone|os|
uond3ul dUIOUle ue ul sajdues iy

"BJEP UONEDO|

auoyd [|92 pue ‘sabew UoIsIAgIS)
}IN2412-P3S0|d UO UOIII3||0d eIED
pue smajAJIUl [euostad UO paseq
pajuswajdw sem uopnebnsaaul

swuaned 61-AIAOD JO
SwooJ Ul sa|dules sa2epns pue Jiy

poyIay

vsn

VSN

VSN

£2.0)|

epeue)

Anyuno)

e0z0z
BUASOH U Goupen
[eNdsOH  LZ0Z VN 2ueT

|easdoH  0Z0Z VIN [ueT

Alunwwod 070z Sy uomy|

Lc0¢

_E_Qmo_._ "“|b 18 BM]OY

bunias

Page 15 of 124


https://pubmed.ncbi.nlm.nih.gov/34850051/
https://pubmed.ncbi.nlm.nih.gov/34850051/
https://doi.org/10.3346/jkms.2020.35.e415
https://pubmed.ncbi.nlm.nih.gov/32763347/
https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciaa1880/6121685
https://pubmed.ncbi.nlm.nih.gov/32949774/
https://pubmed.ncbi.nlm.nih.gov/32949774/

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

Z=U swooJiysem
€/0 dews)
0c¢/e

‘pardwi=nie 10N L2/0

sajdwes piem

uonejosi ¢gl/c
sa|dwes
no18Les/L

1B pue 25e4Ns

‘pa1dwiane 10N

b 1uajeAInba
S9'6¢ PD -9 3l
/L Sy
uonejnoul
LmOQ m\ANU oMy
UIYIIM PaAISSOO -
2JBM S1D8JJ3 <
d1Lpedoifd padnpul
-SNJIA |eJausD)
(paess
asimiayilo
ssajun) YNy
aJNn3|nd |eAIN T-N\0D-SHYS 10}
annisod ¥yod

sajdwes a1y

1Z0Z "0 19 17 pauiodal se (zs “bi4) bullieg ul Auedwod

e Ag pazieinJawiulod pue Alsiaaiun bupad Aq padojanap
Jabuidwi suopA> suo buisn (euiyd ‘bullisg “aur Abojolg
U0d0A) (LOEOLIA) PINbI| 81n3Nd snuIA W € 03Ul pa123)|0d
aJam sajdwies Jie ay AjpAndadsal ‘sjew pue sjewa) 1o}
PIAIDSJ SWOOJ Yleq pue woodysem 13|101 21jgnd awes
3y aJeys buip|ing axuapIsal aakojdwis swes ay Ul
Buipisal ((Y)1 "BiH) (Q-V) seiuedwod JusJa41p JNo} WoJ)
(a)doad pz 1noge aiam a43y3 ¥ea1qino ayl Jo awi ayl 1e

"JOO|} 3541} Y1 U 2deds

ssaully ab.e| oyl Jo 211U By Ul punolb sA0ge W G |~
pauonisod saxeIul Jie 11y Yim SYAIA10dS0lg 10 SYAIA
3y Jaya Buisn 3siA yoes Bupnp pawlioyiad sem |-ujw

7 g 1e buidwes Jie y-¢ v 'suaidwes [euosiad se (15z-D9)
Ja|dwies [0s04ae0Iq aU0Ad 868IS-0M1 HSOIN B pue (VIA
‘pJojpag ‘a.0diIA) J3P|OY SUl|-Ul Ue Ul 431l 341d WW /i e
pue ‘sigjdwes Aieuonels se (0D ‘Sul||oD) 1404 Ul Sad1Ae(
|0S0.3Y) SYAIA-10dS01g pUe (SYAIA) J3|dwes [0S01ay

SNJIA 3]9BIA (1S “B14) S221A9p IN0J AQ Pa123]|0D SEM 1Y

13]103 3Y1 WOy W > HUIS

3y Jesu poddns uojsnjul ue uo 31 bupunow Ag wooayleq
3U) Ul pasn os|e sem Jajdwes ay1 ‘pJem Uone|os ayl

Ul "W €1 Jo ybray e 3e pesy sjuaiied syl Jo Wil Uiyim
paq 2y Jo peay ayi 1e podii e uo padejd sem Jajdwes
HSOIN @UL "UOOU 7| pue Weg Ussmiaq 101esiusduod
pinbi| appnued josoldae ue pue (HSOIN) Ja|dwes josoaeolq
21UOPAD 96BIS-0M) B Y3IM P3123]|0D dJam sajdwes Jiy

(1 21nbi4)

(423)1)-J91E UB UO PR1I3||0) W Gz 0> pue ‘(g abeis)
wrl0g'0-5¢°0 ‘(O 8be1s) wrl g L-05°0 (g °be1s) wrigz-0° |
‘(v 2be1s) wirl g z< :sabueld 9zis 9l Jo Jujod-1nd 3yl SA0Qe
J31ew a1eindiied sulogdie S1239|02 pue saieledss S1Dd
3y ‘(3) abe3s yig e 01uo pappe aq ued Jaylj-4a1je [euondo
ue pue ‘(g-Y) sebeis uondedwl| JN0J UO SIS1|1} UONDS||0D
sey 3] “(s4231} (341d) 2usjAyrsolon|esiaifjod uo uonoedu
AQg sojpnJed pa1euondelj-azIs 3yl S193]|02 Asnosuelnulis
pue uolyse} buipedsed e uj sajpied suioglie saieledss
(SIDd) Ja|dwies 1o1dedwl spedsed) [euosiad Seinols syl

‘|9A9| 100} 9A0Qe WG | Aj@1ewixoldde

SEeM 33|ul JIe 3y "SWOOJ UOREN|BAD |BIIUID YdEdd 0}
SiSew e bulieam ‘payj[em sased 6 |-pirod [enuaiod yoiym
Buoje Aem|jey e ui pade|d sem ad1aap Buljduies Jje ayl

92unos sajdwes

‘PoYIBW dDUE|IBAINS
SE ||2M Sse 22Uanbas YN |edin
‘Buipeny [eaibojoiwspida ‘burdwes
Z-N\0D-SHVS [PausWUOIIAUD Buisn
'pa123jul seako|dwa pooy 1se)

OMI LM Xea4gIno 6 L-AIAOD

9J3U3D SSaully e
1e pa129||0d Sa|dWwes aJeyNS pue Jy

‘'syuaned

61-AIAOQD 10J piem uopne|os| ue
pue (NDI) 2UN 2182 SAISUIUI YL
woJ) saidwes adepns pue Jy

Juaned 61-QIAOD e Ag usALp
1ed B Ul Z-A0D-SHVS J0J UdJdS

pa1dusne aJnynd
SNJIA pue ‘pa123||0d sajdues Jiy

poyIaN

eulyd

vsn

euyd

vsn

vsn

A1iauno)

Buipjing
sofolduw3 720T X I
S9.3U3) Ssaull LZOZ H I
|lendsoH 0Z0C H 197
1207
By hpiupen

2JJUad
aledyljeaH 3?%%%

u9pNIS :
bunyas

Page 16 of 124


https://doi.org/10.4209/aaqr.2020.05.0202
https://doi.org/10.4209/aaqr.2020.05.0202
https://www.medrxiv.org/content/10.1101/2021.01.12.21249603v1.full
https://www.medrxiv.org/content/10.1101/2021.01.12.21249603v1.full
https://onlinelibrary.wiley.com/doi/full/10.1111/irv.12783
https://aaqr.org/articles/aaqr-21-05-oa-0106
https://aaqr.org/articles/aaqr-21-06-oa-0131

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

‘pardwane 10N

(zg'6l) anjea
-1D SdO 1s8Mmo| 3y}
UM Jusned ayd Jo
U004 Y1 Wolj sem
pue (5°'67) sajdwes

[EIUSLLIUOIIAUD

/e 10 1D 1SaMO|

pey (Uonoely azis
wriyy<) Jajdwes

HSOIN-DdD
9=U paseq auojdAd

‘p=u
sajdules paseq

-Juswiabuidwi

oL/L

V/N

V/N

‘pardwane 10N

24n3|Nnd |eJIA

8L/0

67/1
SdO aAneban

781/€6 9ems
|leabueydelp
AANISOd

€La/ve .ol

‘pardwaiie 10N

‘pardwaiie 10N

SEL/O

(pa3eds
asIMmIaylo
SS9|un) YNy

C-\0D-SYYVS 410j

ansod ¥ydd
sajdwes a1y

‘Ajan10adsal

‘UO[IBIIUIDUOD SSBW | |Ad PUB G ZINd PUB OLINd PapI03l
‘POYIBW S1UBI)RJ d1IaWIARID By 3sulebe pajepijea
'£0L L wININIYD pUe (82UrlRqO.DIA Bune||PSO JUsWa)3
patadel,u) 40S0% L INOTL SIoNUoW s[an.ed swh [esy

'suondel) 871 d14123ds LINd Pue S'ZIANd ‘0 LINd @y3 Buydwes

104 (08-YHQ 2161) SI|UI WUSIDHIP YIM P3ILIO||0D S19M
sia|dwes (Mo} LY W O€) SWN|oA ybiy ADIN 92U L

“UIW/1G € JO MOJ4 e Je paiedado uaym wrl | > Jo saienoiped

J0J (YSN JogJy uuy ‘paiesodiodul jjed azis-alod wirl o'z
J319Welp wwi /€) Jayl4 uoal dn-xdeq e pue ‘wrly< pue
wriy—| Jo sarejnaued Ajpandadsad sjdwes yoiym (Jw g° |
pue |W G| JO) Saqn) |eDIU0D OM) Yiim paddinba sem pue
Buldwes aAn9|9s-9z1s pamol|e Jajdules paseq-auo|dAd
abe1s-om1 ay] U1y Uo|aL azis-a4od wirlp'z Jo1aulelp
wwi/Z€ e yum paddinbs sem uajdwes paseq-uoie|iy

3YL (1N DS Usjdwiesolg jws) usned syl Jo peay ay)

40 Awixold u pauonysod Jajdwes paseg-1uswabuidwii
Jy-| e sejamse ‘(‘'L.5z D9 HSOIN) Juaned ay) jo Jieyd ays
W0JJ SI1919W G'| 18 IO UappHUpaqg uaym uaned ayy Jo 199}
2y1 Jeau pauonisod sem dn-yoeq Ja1j1) yum ajdwies paseq
-2u0|pAd abe3s-oml Jy-9 auo ‘uonippe Ul ‘(MN ‘sbuipjoH
S[(SID) 4adwles Isnp ajgejeyu [e21U0D) SUONEDO| 93JY3
||e 1e anbiuyda) paseq-uoine|l e Buisn usyel alam
sajdwes 1snp ajgejeyul Jy-9 ‘wood Juaned AIaas U]

Jie ybnoJyy uoissiwsuey (epuaiod Jo ssedold syl
21e[NWIS 01 JUBWIIRAX3 Seb-182e.) B PR1aNpUod 21042J3Y)

oM 'W1sAs adid uowwod e pateys spjoyasnoy 3sayi 1eyl

pue llun swes 9yl Ul PaJindd0 Sased a9yl ||e 1ey]l UaAID)

pawlioad bulidwes oN

‘eale dj|gnd ay3 pue sWooJ 32UaJ34U0D

'91SEM [BDIPaW J0J WO0J 9HeI01s DIl JaAd) ‘Spiem
uope|os| [elauab ‘piem NDI By WoJ) U el SUOedo| Gty
woJy sajdwes [osolae G| G| ‘9-laumded-01g Jajdwes
Jle Juswisbuidwi ue Ag pa123)|0d sajduies |osoly

924nos sajdwes

‘(LINd pue §'ZINd
'0LINd U0) sa|jduies Jie 100pINo

‘sjuaned
Pa129JUl JO SWOO0J Ul sadwes Jiy

‘w1sAs pbuidid

awes ay1 bupieys buipjing auo Jo
syun paubije Aj[eauaA 9343 Ul paAl|
oym noyzbueno ul AUNWILIOd 3UO
Ul S35 6 1-AIAOD SUIN :S9LI3S 958D

s19|doup pajeyxa Joj a1ebouins e se
‘passasse sem seb Jadel) uliem e Jo
uolsiadsip ay3 ‘A|puodas ‘pa1da||0d
3J4am Buoyl BUoH Ul JueINeISal 3yl
woJj Juswasbuelle-buness uoiied
e pue pJ0dal 03pIA B WOoJ) eIeq
‘leyuswiadxa pue [euUoOReAISqO

swuaied 61-aIA0D
9J9A3S J0J [eNdSOY e Ul pa3129)|0d
sa|dwes a2epns 3 s9|dwes |0solay

poyIa

ureds

puejjoH

eulyd

euiys

euyd

Anuno)

SI00PINO

sawoy buisinN

Siel} 0 50|d

juelnelseoy

|endsoy

bunias

1Z0Z Ollipeld
-S0[juI

220z M apur

0¢0c¢ SO U

0¢0¢
HUuelO g Al

0¢0¢
ZA U4 7R HA T

Page 17 of 124


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7371847/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7371847/
https://www.medrxiv.org/content/10.1101/2020.04.16.20067728v1
https://www.medrxiv.org/content/10.1101/2020.04.16.20067728v1
https://doi.org/10.1016/j.atmosenv.2020.118083
https://www.medrxiv.org/content/10.1101/2022.02.16.22271053v1
https://pubmed.ncbi.nlm.nih.gov/33609549/
https://pubmed.ncbi.nlm.nih.gov/33609549/

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

J9P|0Y 13|} Y2BS Ul UIW/ 9°6 JO MOJ) B LIIM Jie L1
Bulaly ‘(| 24nbi4) asoy dnseld pa1dsjuisip Aisnoiaald e
ybnouyy waisAs wnnoea e 01 pajdnod (XNNIMS ‘@40di|IA)
Japjoy a1y pazi|Lals e ul padeld (00SZ0dMYY ‘210dI||IIN)

pardwane 10N ol-€ pazi|nNNn a4am saiod wrl zz'0 Ylm Ja1sulelp ww Gz Jo
SI91|14 Y € Ul paysiidwodde sem seade e ul buldwes g

d1UID JO Wood aJed syuaned 6 L-dIAOD @Yl pue v/ diuld Jo

seale 3241 Ul Jie oY1 3jdwies 01 pasn sem dwind wnndeay

91/0 Jay1o NDI 8Y3 Ul sew [edjbins

e JeaM Jou pIp oym Jusned buipuodsaliod auo Jo yinow

Lmimmmmcmo 3Y1 WOJ) WD QE INOQE 1 P3123||0D 249M S3|dWeS Jje aAl

‘pardwiane 10N P _ “L—UIW 77| JO 2184 MOJJ B 18 UlW Ot JoJ S3|dWwes Jie 123]|0d
6/1 NI Alsnonunuod 01 pardope sem 1pedull pue uoneledss

9U0|2AD Jo uoneuIquIod 3yl uo paseq (bulllag ‘HOIL

ov/l JNT9ONIA ‘S L-gM) Jojdules [0Solseolq dewoine Uy

'skep £ 10} NDI Ue JO SIDUI0D OM]

Ul JOOJJ Y1 U0 10e1Ul pade|d 2Jam SIN1) 'ZWd O'EY JO eale

uonisodap aAndaYa ue Yliim Japjoy e oul payded siaijiy

seale Ja1awelp-uww-0g buisn pa1da|j0d sajdwes uonisodap
suand |1/ |0S0J428 OM] " |—UIW | 0’6 JO D18J MO B I8 (SIS} WW-/ €
uo wr gz'0 01 0 pue ‘se1easgns Ja)|I) Ww--GzZ uo wr

SWwooJ
. 05003620 pue wrl 0L 03050 ‘Wrigz o3| ‘wrlges)
pardwane 10N _umummﬁ_v_wm\w> sabuel oAl 01Ul S|0S0dae palesedas 1eyl (DS Uoredw]

UONBIOS] ZZ/S L seInols) Joredwi apedsed ainejuiw e buisn paida|jod
: sajdwes |osodae pa1ebalbas-azis aaly] ‘(e[|ased ‘zx3dy)
ansod €/ 'NdI dwnd sjgewod e buisn |—uiW | 0°G JO 31eJ MO} Paxi} e 1e
Jie buiidwes Ag (D¥S) $911955e2 J1|1) 9UaJAIS 0IUl Papeo)|
SI91|1J J2IBWeEIP-WW-SZ Uo Pa12a|0d sajpnled papuadsns
|e101 Jo sajdules josolae Q€ :poliad 3aam Z e JIaA0

(pareas
asImIaylo
ssajun) YNY
Z-N\0D-SHYV'S 10}
annisod yod
sajdwies a1y

24n3|Nd [eAIA 924nos sajdwes

swooJ uaned uj bujdwes Jiy

sjedsoy 234y3 Jo splem [eiausb pue
NDI @Y1 Ul sajdwes Jie pue a2epns

poylal UonIa1Lp
paseq-yYdd |eabip 1ojdoup e buisn
s1unod Adod aya payuenb pue
'siendsoy 6 1-pIn0D 7 wodj sajdwes
118 UI'YNY ¢-AOD-SYVS Painsesiy

poyIay

0JIXaN

euiyd

euiyd

Anyuno)

[eadsoH  1z0z (e) zadoT

|edsoH LZ0Z M NI

sadeds dignd 0207
pue [endsoH 7 BuiN g A NI

bunias

Page 18 of 124
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https://doi.org/10.1186/s13756-020-00839-x
https://doi.org/10.1186/s13756-020-00839-x
https://www.medrxiv.org/content/10.1101/2021.07.04.21259945v2
https://www.medrxiv.org/content/10.1101/2021.07.04.21259945v2
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https://www.medrxiv.org/content/10.1101/2020.05.31.20107862v1
https://www.medrxiv.org/content/10.1101/2020.05.31.20107862v1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7128692/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7128692/
http://dx.doi.org/10.1016/j.ajic.2020.05.003
https://link.springer.com/article/10.1007/s13762-020-03095-z
https://link.springer.com/article/10.1007/s13762-020-03095-z
https://europepmc.org/article/pmc/pmc7653408
https://doi.org/10.1101/2020.05.12.20097105
https://www.nature.com/articles/s41370-022-00442-9
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https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciaa905/5868534
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https://onlinelibrary.wiley.com/doi/full/10.1111/risa.13500
https://www.sciencedirect.com/science/article/pii/S0013935121001353?via=ihub
https://www.sciencedirect.com/science/article/pii/S0013935121001353?via=ihub
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7294988/
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Table 3. Quality of included studies.

Adenaiye OO 2021
Alkalamouni H 2021
Ahn JY 2020

Ang AX 2021

Baboli 2021
Baribieri P 2021
Barksdale AN 2020
Bays D 2020
Bazzazpour S 2021
Ben-Shmuel 2020
Binder 2020

Bokharaei-Salim F
2021.

CaiY 2020
Charlotte N 2020
Cheng VCC 2020a
Cheng VCC 2020b
Cheng VCC 2021
Chia PY 2020
Chirizzi D 2020
Coleman KK 2021
Conte M 2021
Declementi M 2020
De Man P 2020

Di Carlo P 2020

de Rooij MMT 2021
Ding Z 2020

Dohla M 2020
Dubey A 2021

Dumont-Leblond 2020

Dumont-Leblond N
2021

Dziedzinska R 2021
Escudero D 2021

Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Not Applicable

Not Applicable

Not Applicable

Not Applicable

Not Applicable
‘ Not Applicable

Not Applicable

|

| |
—‘7‘ Not Applicable
| |

| |

Not Applicable Not Applicable

Not Applicable

Not Applicable
Not Applicable

" Unclear " INESIN 1ot fopicable | Unlear ot appicabic

Not Applicable Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Not Applicable
Not Applicable

Not Applicable
Not Applicable
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Faridi S 2020

Feng B 2021

Ge 2020

Ghaffari HR 2021
Gharehchahi E 2021
Gholipour S 2021

Gomes da Silva P 2022

GuUnther T 2020
Guo ZD 2020

Hamner & Miller 2020

Hamza H 2021
Hemati et al., 2021
Hernandez JL 2020
Hoffman JS 2022

Horve PF 2020 &
Horve PF 2021

Horve PF 2021

Hu J 2020

Jiang Y 2020

JinT 2020

Kang M 2020
Kayalar O 2021
Kenarkoohi A 2020
Kim UJ 2020

Kotwa et al., 2021
Kwon KS 2020
Lane MA 2020
Lane MA 2021
Lednicky JA 2020a
Lednicky JA 2020b
Lednicky JA 2021
Lei H 2020

LiH 2022
LiX2022

Li YH & Fan YZ 2020
LiY & Qian H 2020
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Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Not Applicable

Not appicebie | Uncear [ENESNN

~ Unciear INEIN ot ropicetic

Not Applicable
Not Applicable
Not Applicable

Not Applicable

Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
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Not Appicobi. [NESR I
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Lin G 2020

Linde KJ 2022
Linillos-Pradillo 2021
LiuY, Ning Z 2020
Liu W 2021

Lépez 2021
Lotta-Maria AH 2021
LuJ 2020

Luo K 2020

Ma J 2020

Mahdi SMS 2021
Mallach G 2021
Marchetti 2020
Masoumbeigi 2020
McGain F

Moharir SC 2022
Moreno 2020
Morioka S 2020
Mouchtouri 2020
Mponponsuo K 2020
Nagle S 2022
Nakamura K 2020
Nannu Shankar S 2021
Nissen K 2020

Nor 2021

Ogawa Y 2020

Ong SWX 2020

Ong SWX 2021
Orenes-Pifiero E 2020
PanJ 2022

Passos RG 2021
Pivato A 2021
Pochtovyi AA 2021
Ramuta MD 2022
Razzini K 2020
Ruffina de Sousa 2022
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Not Applicable Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable Not Applicable
Not Applicable _—
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable Not Applicable
Not Applicable
Not Applicable

Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
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https://pubmed.ncbi.nlm.nih.gov/33609549/
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https://www.sciencedirect.com/science/article/pii/S1201971220322931
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Santarpia JL 2020a
Santarpia JL 2020b
Schoen CN 2022
Semelka CT 2021
Setti L 2020 Not Applicable
Seyyed Mahdi SM 2020
ShenY 2020

Stern RA 2021 (a)
Stern RA 2021 (b)
Song Z 2020

Tan L 2020

Thuresson S 2022
Vosoughi M 2021

Wei L 2020a

Wei L 2020b

Winslow R 2021

Wong JCC 2020

Wong SCY 2020

Wu S 2020

Yarahmadi R 2021
Yuan XN 2020

Zhang D 2020

Zhang X 2022

Zhou | 2020

Zhou L 2020

Total 73 111
128 128

Percentage 57.0% 86.7%

We could not identify a published protocol for any of the
studies. Most studies were based on convenience sampling.
While the description of methods provided sufficient detail to
replicate them in 87% of studies (see Figure 2), the research
often lacked standard methods, standard sampling sizes and
standard reporting. In 57% of the studies, the sample sources
were clear, however, outcomes that aimed to demonstrate the
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Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Not Applicable
Not Applicable

101 67 12
128 128 128
78.9% 52.3% 9.4%

detection of culturable, replicable viruses were lacking. The
variation in sample methods coupled with flaws in the report-
ing made it difficult to distinguish between aerosol and
droplet nuclei transmission routes. Interpretation was further
limited by the variability in reporting of patient distance from
the sampler, use of protective equipment or oxygen masks
by patients, time since symptom onset, patient activities
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https://www.frontiersin.org/articles/10.3389/fpubh.2022.881613/full
https://academic.oup.com/ofid/advance-article/doi/10.1093/ofid/ofab107/6160157
https://respiratory-research.biomedcentral.com/articles/10.1186/s12931-021-01637-8
https://www.sciencedirect.com/science/article/pii/S0048969721018672
https://academic.oup.com/cid/advance-article/doi/10.1093/cid/ciac161/6539846?login=false
https://link.springer.com/article/10.1007/s11356-021-14260-3
https://thorax.bmj.com/content/77/3/259
https://link.springer.com/article/10.1007/s13762-020-03095-z

B Yes

Is the source popn
adequately
described

Description of
methods and
sufficient detail to
replicate

Samples sources
clear and quantified

Analysis & reporting
outcomes
appropriate

0.0% 25.0%

Figure 2. Risk of Bias Airborne Transmission Studies (n=128).

(coughing and sneezing during sampling time), air movement,
air conditioning sampler design, method of sampling, storage,
and transfer conditions.

Primary studies

We included 128 primary studies, of which 105 (82%) reported
binary data on RT-PCR air samples (see Table 1). All the stud-
ies were observational. Twenty-eight studies (22%) reported
Ct values and 36 studies (28%) reported copies per sample
volume (see Table 4).

Of the 128 included studies, 54 (42%) reported viral RNA
concentrations (see Table 3). Of these, 31 reported data
on Ct and 36 on genome copies. The lack of standardized
reporting prevents the pooling of the data. Thirteen studies
reported both Ct and genome copies [de Rooij MMT 2021,
Dumont-Leblond 2020, Guo ZD 2020, Kayalar O 2021,
Lednicky JA 2020a, Lednicky JA 2020b, Lednicky JA 2021,
Ma J 2020, Mallach G 2021, Nannu Shankar S 2021, Nor
2021, Passos RG 2021, and Pochtovyi AA 2021]. Only eight
studies reported air samples with a RT-PCR Ct below 30: Ang
AX 2021, Dubey A 2021, Guo ZD 2020, Linde KIJ 2022,
Mallach G 2021, Nannu Shankar S 2021, Ramuta MD 2022,
Razzini K 2020. We found five studies that reported Cts
below this threshold: Dubey A 2021, Guo ZD 2020, Nannu
Shankar S 2021, Ramuta MD 2022, and Razzini K 2020.
Infectivity (defined by virus growth in Vero cell culture) has
been found to be more likely when the RT-PCR Ct value is <25."

Table 5 shows 24 studies reporting the size of detectable
particles containing RNA from SARS-CoV-2 [Adenaiye OO
2021, Baboli 2021, Baribieri P 2021, Binder 2020, Chia PY
2020, Chirizzi D 2020, Coleman KK 2021, Feng B 2020,
Hernandez JL 2020, Kayalar O 2021, Lednicky JA 2021, Linde
KJ 2022, Liu Y & Ning Z 2020, Lotta-Maria AH 2021, Mallach
G 2021, McGain F 2020, Nannu Shankar S 2021, Ong SWX
2021, Passos RG 2021, Semelka CT 2021+, Santarpia 2020a,

B No
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Unclear

43.0%

12.5%

20.3%

52.3% 38.3%

9.4%

50.0%

75.0%

Stern RA 2021a, Stern 2021b and Zhang X 2022]. Overall,
the methods used for air sampling were heterogeneous across
studies. SARS-CoV-2 RNA was detectable in a range of air
sample sizes from <1 pm through to >18 um. Thirteen studies
detected particles below <4 um, and Chirizzi D 2020 et al
reported on coarse particles up to a diameter > 18 um. Different
samplers in the same study also detected different size
particles. For example, McGain F 2020 et al. reported that the
APS detected larger aerosols (> 0.37 um) and MiniWRAS
smaller particles (0.01-0.35 um).

We found 69 different descriptions of air samplers deployed:
the two most frequently used samplers were the MDS8 sampler,
Sartorius, Goettingen, Germany (n=12 studies) and the
National Institute for Occupational Safety and Health (NIOSH)
Aerosol sampler (n=10 studies). Several studies used differ-
ent methods, and there were variations in the flow rate used
and associated methods that affect sampling techniques (see
Extended data: Appendix 5').

Hospital/Health Center. There were 90 studies conducted
in healthcare settings: Of these, 362/3079 air samples in
hospital ward environments from 75 studies (median 8%,
IQR=0% to 23%) and 74/703 (median 17%, IQR=0% to
38%) air samples in the ICU setting from 23 studies reported
RT-PCR positive results. (See Figure 3).

Twenty studies reported sampling results in the hospital envi-
ronment (non-ICU) and the ICU. Figure 4 shows that ICU
environments were approximately twice as likely to detect
SARS-COV-2 RNA in air samples, OR 2.07 (95% CI,
1.23 - 3.47, I> =0%, n = 20 studies, 1300 air samples).

We found eleven studies conducting air sampling both in
hospitals and in other environments. Ben-Shmuel ef al. sampled
within the hospital environment and in a quarantine hotel.
Lotta-Maria et al. sampled the air and surfaces from the
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Table 5. The size of air particles in the sample. Twenty-four studies reported detecting RT-PCR SARS-CoV-2 test positive RNA in a wide
range of sizes (see Table 4).

Study

Adenaiye OO
2021

Baboli 2021

Baribieri P
2021

Binder 2020

Chia PY 2020

Chirizzi D 2020

Coleman KK
2021

Feng B 2020

Hernandez JL
2020

Kayalar O
2021

Lednicky JA
2021

Samples Source

30-minute breath samples while vocalizing into a Gesundheit-II, 2 paired breath
samples 1 with and 1 without a mask; 1 or 2 visits 2 days apart.

Fifty-one indoor air samples were collected in two areas, with distances of less
than or equal to 1 m (patient room) and more than 3 m away (hallway and nurse
station) from patient beds.

PM10 was collected by a low noise (<35 dB) air sampler (SILENT Air Sampler—FAI
Instruments S.r.l., Roma, Italy) for 24 h on quartz fibre filters.

Elght National Institute for Occupational Safety and Health (NIOSH) BC 251
Aerosol Samplers 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

Air sampling was performed in three of the 27 airborne infection isolation rooms
(AIIRs). Bioaerosol samplers were 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.

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 pum) up to coarse particles (D > 18 um).

Used a G-II exhaled breath collector to measure viral RNA in coarse and fine
respiratory aerosols emitted by COVID-19 patients during 30 minutes of
breathing, 15 minutes of talking, and 15 minutes of singing. participants were
seated facing the truncated cone-shaped inlet, with air drawn continuously
(130 L/minute) around the subject’s head and into the sampler. Aerosols were
collected in 2 size fractions, namely coarse (>5 pm) and fine (< 5pm).

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, and
12 bedside air samples)

Air was 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 pm 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.

A total of 155 samples were collected daily using various PM samplers in each
city.Samples were collected on glass fiber filters (GF) and Teflon filters (TF) with
different sampling equipment

Samplers: SKC filter sampler; dichotomous PM sampler; high volume air sampler;
low volume stack filter; Zambelli PM sampler; High volume cascade sampler

The Sioutas Personal Cascade impactor sampler (PCIS) separates airborne
particles in a cascading fashion and simultaneously collects the size-fractionated
particles by impaction on polytetrafluoroethylene (PTFE) filters). It has collection
filters on four impaction stages (A-D), and an optional after-filter can be added
to a 5th stage (E). The PCIS separates and collects airborne particulate matter
above the cut-point of five size ranges: >2.5pm (Stage A), 1.0-2.5um (Stage B),
0.50-1.0um (Stage C), 0.25-0.50 um (Stage D), and (Stage E) <0.25pm (collected
on an after-filter).

Size of air particles

Coarse (> 5 pm) 25/149
Fine (£ 5 pm) 24/149

PM1, PM2.5, and PM10 detected

PM

10

Aerosol particle size <4 ym

positive particles of sizes >4 pum
and 1-4pum detected in two
rooms

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

All three activities
Coarse fraction: 14.6%
Fine fraction: 85.4%

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

Filtration through 0.22 pm pores.

The PM sizes of positive samples
were PM<O‘49 (n = 1)’ PM0v49-0.95
(n=1),PM,.,.(n=1),and PM_,
(n=2).

PCIS filter A Cq value: 36.66
PCIS filter B: 35.23

PCIS filter C: 34.37

PCIS filter D: 33.50

PCIS filter E <0.25: 40.1
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Samples Source

In every patient room, 6-hr inhalable dust samples were taken using a filtration-
based technique at all three locations (Conical Inhalable dust Sampler (CIS),

JS Holdings, UK). In addition, one 6-hr two-stage cyclone-based sample with

filter back-up was positioned near the feet of the patient when bedridden or

at 1.5 meters from the chair of the patient (NIOSH BC 251,), as well as a 1-hr
impingement-based sampler positioned in proximity of the head of the patient
(5ml BioSampler, SKC, UK) The filtration-based sampler was equipped with a
37mm diameter 2.0um pore-size Teflon filter. The two-stage cyclone-based
sampler allowed size-selective sampling and was equipped with two conical tubes
(of 15 ml and 1.5 ml), which sample respectively particulates of 1-4um and >4um,
and a backup Teflon filter (37 mm diameter 2.0 um pore-size Pall incorporated,
Ann Arbor, USA) for particulates of <1pum when operated at a flow of 3.5L/min.

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 | min—1 using a portable pump (APEX2, Casella).
Three size-segregated aerosol samples were collected using a miniature cascade
impactor (Sioutas Impactor, SKC) that separated aerosols into five ranges
(>2.5um, 1.0to 2.5 pm, 0.50 to 1.0 ym and 0.25 to 0.50 ym on 25-mm filter
substrates, and 0 to 0.25 pm on 37-mm filters) at a flow rate of 9.0 | min-1. Two
aerosol deposition samples were 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.

“Seven different air collection methods were used.

A Dekati PM10 cascade impactor (20 I/min air flow) with three stages (>10, >2.5,
and >1 pym), The impaction stages of PM10, PM2.5, and PM1 were fitted with
25-mm-diameter cellulose acetate membrane filters (CA filter, GE Healthcare Life
Sciences) and the backup plate with a 40-mm C The BioSpot 300p bioaerosol
sampler prototype (Aerosol Devices Inc.)

As a more portable solution for personal area air sampling, a standard 25-mm
gelatin (Sartorius Stedim Biotech) or mixed cellulose ester (MCE) filter equipped
in the Button sampler with a Gilian 5000 air sampling pump, 4 I/min airflow, and a
porous curved surface inlet was used Three Andersen cascade impactors (400 W
pump and 28.3 I/min flow rate) were used simultaneously

a Dekati eFilter was used in two collections.

Aerosol (small liquid particles suspended in air) samples were collected onto
gelatin filters by Ultrasonic Personal Air Samplers (UPAS) fitted with <2.5um
(micrometer) and <10 pm size-selective inlets operated for 16 hours (total
1.92m3), and with a Coriolis Biosampler over 10 minutes (total 1.5m3).

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

Using polytetrafluoroethylene (PTFE) filters and a VIable Virus Aerosol Sampler
(VIVAS), (2) size-fractionated particles in aerosols according to aerodynamic size
using a 2-stage cyclone aerosol sampler (NIOSH bioaerosol sampler, BC-251)
and a Sioutas personal cascade impactor sampler (PCIS), The PCIS was used with
a Leland Legacy pump and operated at a flow rate of 9 L/min for 90 min. PTFE
filters (25 mm, 0.5 pm pore) were used to collect particles of size >2.5 um, 1-2.5
pm, 0.5-1 pm and 0.25-0.5 pm in the 4 collection stages.

Air samples were collected using a BioSpot-VIVAS BSS300-P bioaerosol sampler
(Aerosol Devices, Fort Collins, CO), which collects airborne particles using a water-
vapor condensation method into a liquid collection medium at a flow rate of 8 L
per minute.

Size of air particles

>4 um: 60%

1-4 pm 50%

<1 um 20%

Inconclusive and positive results

were more frequently present in
the largest particle size fraction,

SARS-CoV-2 aerosols, one in

the submicrometre region (dp
between 0.25 and 1.0 pm) and
the other in supermicrometre
region (dp > 2.5 pm). Aerosols in
the submicrometre region were
found with peak concentrations
of 40 and 9 copies m?in the
0.25-0.5 pm and 0.5-1.0 pm
range, respectively. By contrast,
aerosols in the supermicrometre
region were mainly observed in
the PPAR of zone C of Fangcang
Hospital with concentrations of 7
copies/m?

SARS-CoV-2 RNA was detected

in the following particle sizes:
0.65-4.7 ym, >7 pm, >10 ym, and
<100 pm.

RNA samples were positive in
9.1% (6/66) of samples obtained
with the UPAS 2.5um samplers,
13.5% (7/52) with the UPAS
10pum samplers, and 10.0%
(2/20) samples obtained with the
Coriolis samplers.

APS detected larger aerosols
(> 0.37 mm) and MiniWRAS
smaller particles (0.01-0.35 mm).

virus-associated particles
were >0.25 pym and >0.1 pm
respectively

SARS-CoV-2 nucleic acid was
detected in aerosols <1 pm,
1-4 pm, and >4 ym in diameter.
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Samples Source

Two types of aerosol samples in indoor environments were collected: (1) aerosol
samples of suspended particles using air samplers with filters, in order to
quantify the concentrations of SARS-CoV-2 in aerosols and to estimate the size
of airborne particulates. In this case, the lower limit was estimated by the filter
porosity and the upper limit defined by a cyclone separator (<4 um at a flow rate
of 2.5 L min-1; or with no cyclone, no upper size limit), and/or by approximate
comparison between results of sampling with different filters (pore sizes), at the
same location; and (2) aerosol deposition samples, in order to determine the
deposition rate of airborne SARS-CoV-2.

Viral transport media (VTM) on sedimentation plates from Anderson air samplers
were pooled from stages 1 and 2 (filter sizes =5 um) and stages 3-6 (filter sizes
<5 pm) to separate large droplets from aerosols.

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

for 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 particle sizes of >4.1 ym,
1-4 ym, and <1 pm in the patient environment. An Aerodynamic Particle Sizer
Spectrometer was used to measure aerosol concentrations and size distributions
from 0.542 um up to 20 pm. A NIOSH BC251 sampler18 was used to provide size
segregated aerosol samples for both rRT-PCR and culture analysis.

“Cascade samplers were located at floor height: (1) outside the entrance to

a COVID-19 ward (CW1); (2) in personal protective equipment (PPE) donning
room outside the entrance to another COVID-19 ward (CW2); (3) outside the
entrance to the medical intensive care unit (ICU); (4) at a staff workstation in the
emergency department (ED); and (5) at a nursing staff workstation of a ward not
designated for the care of COVID-19 patients

The study used custom-designed Harvard Micro-Environmental Cascade
Impactors (Demokritou et al., 2002) to collect simultaneous samples in three
distinct size fractions: fine (£2.5 pm aerodynamic diameter), coarse (2.5-10 pm),
and large (=10 pm)

Aerosols of 0.5 to 10 um in diameter were collected using SASS 2300 Wetted Wall
Cyclone Samplers (Research International, Inc. Monroe, WA, USA) operating at a
flow rate of 325 liters per minute (L/min)

Size of air particles

Air samples tested positive for
SARS-CoV-2, in particle sizes

>4 ym and 1-4 um in diameter.
Samples from the fractionated
size <1 ym were all negative in
that study, as were all
non-size-fractionated PTFE filter
cassette samples (3 um pores).

Viral particles in large respiratory
droplets were recovered adjacent
to the head from 2 of 26 patients
(8%; droplet sizes =5 ym) who
were closer to symptom onset

(2 and 4 days). No aerosol-

sized particles were detected

in air samplers for masked or
unmasked runs.

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

In total 8 samples were positive:
2 for Fine (£ 2.5 ym) particles and
3 each for Coarse (10.0-2.5 pm)
and Large (> 10.0 ym)

In total 13 samples were positive:
3 for Fine (£ 2.5 ym) particles
and 7 for Coarse (10.0-2.5 pm)
and 3 for Large (> 10.0 ym). The
proportion of samples found
positive was greatest for the
symptomatic patient rooms (6/24
samples or 25%) with the highest
viral concentration in these
rooms (25 copies/m3)

Aerosol particles of 0.5 to 10 ym
in diameter were detected

surroundings of 23 hospitals and eight home-treated patients.
Ma J 2020 et al. reported on an unventilated quarantine hotel
toilet room from 26 samples taken and Moharir SC 2022
et al. sampled in hospital, the ICU and in patients’ homes. Ong
SWX 2021 et al. reported air samples from airborne-infection
isolation rooms and a community isolation facility housing
COVID-19 patients. Stern RA 2021 (b) et al. sampled 30
locations in a hospital and also a COVID-19 quarantine facility.

Liu Y & Ning Z 2020 et al. reported 4/13 public areas were
RT-PCR positive; Zhang D 2020 et al. sampled the outdoor
environment of three hospitals. Mallach G 2021 et al. sampled
in rooms with COVID-19 positive patients and in long term care

homes. Similarly, Mouchtouri VA 2020 et al. sampled a hospital,
a nursing home, and Long-Term Care Facility, but also included
a ferryboat. Passos RG 2021 er al. reported environmental
and hospital air sampling from May to August 2020.

Masoumbeigi H 2020 et al. sampled in a military hospital.
Lednicky JA 2020(b) et al. sampled in a respiratory infection
evaluation area of a student healthcare centre and reported
one positive sample with a CT of 39 (virus genome equivalent
of 0.87 virus genomes L' air).

Four studies reported on Exhaled Breath Condensate (EBC).
Ma J 2020 et al. reported 14/52 EBC samples as RT-PCR
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ICU Air samples (n=23 studies)
Median = 17.4 % (1QR = 0% to 38%)

Figure 3. Proportion and distribution of SARs-CoV-2 RT-PCR positive Air samples in Hospitals and Intensive Care Unit (ICU)

environments (n=80 studies).
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Figure 4. Forest plot showing the risk of presence of positive air samples of SARS-CoV-2 in hospitals.
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positive and Feng B 2020 er al. reported 2/8 positive EBC
samples. Zhou L 2020 et al. collected samples of exhaled
breath of patients ready for discharge and air samples.
Adenaiye OO 2021 et al, sampled in a university campus
and in the community and collected 30-minute exhaled breath
samples while vocalizing into a Gesundheit-II sampler.

Community. Thirty-eight studies reported data in the community
and did not sample in hospitals (see table of characteristics
and Figure 1). Eight were done outdoors and/or in the com-
munity [Chirizzi D 2020, Kayalar O 2021, Kwon KS 2020,
Linillos-Pradillo 2021, Pivato A 2021, Ramuta MD 2022,
Setti L 2020, Dziedzinska R 2021]; five studies sampled buses
[Di Carlo P 2020, Hoffman JS 2020, Luo K, 2020, Shen Y
2020 and Moreno T 2020 that also included sampling in
subway trains). Four studies sampled in student rooms or
university buildings [Adenaiye OO 2021: university campus
and community; Pan J 2022: student rooms; Zhang X 2022: non
clinical areas of University buildings and Lednicky JA 2020b:
a student Healthcare centre.

Three studies sampled apartments/blocks of flats [Lin G 2020,
Kang M 2020 and Nannu Shankar S 2021] and three nursing
homes [De Man P 2020, Dumont-Leblond N 2021, Linde KJ
2022]. Two studies each sampled choir practices [Charlotte N
2020, and Hamner L 2020]; meat processing plants [de Rooij
MMT 2021 and Giinther T 2021]; restaurants [Li Y & Qian
H 2020 and Lu J 2020]; quarantined households [Dohla M
202 and Horve PF 2021] that also included an isolation
dormitory.

Seven studies sampled one setting each: a car [Lednicky JA
2021]; dental clinics [Bazzazpour S 2021]. an employee building
[Li X 2022], a fitness centre [Li H 2021] a home residence
[Wong JCC 2020] an indoor community setting [Conte M
2021] and a wastewater treatment plant [Gholipour S 2021].

Viral culture. Twenty-six studies attempted viral culture
[Adenaiye OO 2021, Ang AX 2021, Ben-Shmuel 2020, Binder
2020, Coleman KK 2021, Dohla M 2020, Dumont-Leblond N
2020, Hu J 2020, Kotwa 2021, Lednicky JA 2020a, Lednicky
JA 2020b, Lednicky 2021, Li X 2022, Linde KJ 2022,
Lotta-Maria AH 2021, Mallach G 2021, Moharir SC 2022,
Nannu Shankar S 2021, Nissen K 2020, Ong SWX 2021, Pan
J 2022, Ruffina de Sousa 2022, Santarpia JL 2020a, Santarpia
JL 2020b, Winslow R 2021, Zhou J 2020]. In 18 of these
studies, infectious virus could not be isolated and cytopathic
effects could not be observed [Ang AX 2021, Ben-Shmuel
2020, Binder 2020, Coleman KK 2021, Dohla M 2020,
Dumont-Leblond N 2020, Hu J 2020, Kotwa 2021, Li X
2022, Lotta-Maria AH 2021, Mallach G 2021, Nissen K 2020,
Ong SWX 2021, Pan J 2022, Ruffina de Sousa 2022, Santarpia
JL 2020b, Winslow R 2021, and Zhou J 2020] (see Table 6).

Of the remaining eight studies, Adenaiye OO 2021 found
culture-positive SARS-CoV-2 from two exhaled breath samples
from participants while they were wearing face masks. None

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

of the fine aerosol samples collected when the participants
were not wearing face masks tested positive on culture.

Lednicky JA 2020b reported that general virus-induced cyto-
pathic effects were observed within two days post-inoculation.
The amount of virus present in 390 L of sampled air was very
low (approximately 340 virus genome equivalents). RT-PCR
for SARS-CoV-2 RNA from the cell cultures were negative,
but three other respiratory viruses were identified: Influenza A
HINI1, 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
United States. 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 competent replicating virus.

Lednicky JA 2021 reported positive culture in one out of four
samples collected from inside a car driven by a SARS-CoV-2
positive patient. The passenger was sitting approximately 3
feet from the sampler.

Linde KJ 2022 reported positive cultures in one out of 10
air samples taken from the rooms of patients who were
SARS-CoV-2 positive. The authors did not specify the
distance from the patient from where the sample was collected.

Moharir SC 2022 reported positive cultures in one out of
three air samples taken from the homes of patients who were
SARS-CoV-2 positive. The authors did not specify the
distance from the patient from where the sample was collected.

Nannu Shankar S 2021 reported positive culture in four out
of 16 air samples taken from the home of a patient who was
SARS-CoV-2 positive. However, the patient was co-infected
with HAdV B3, which outgrew SARS-CoV-2 in Vero E6
cells. The authors stated that adenovirus B3 likely contributed
to the respiratory symptoms experienced by the patient.

Santarpia JL 2020a reported 3/39 aerosol samples (particle size
<1 pm) that cell culture resulted in increased SARS-CoV-2
RNA at very low levels. A virus-like particle 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 statement that some increase
in viral RNA may have occurred. No size-fractionation tech-
niques 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).
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Table 7. Methodological issues in viral culture studies.

Study

Adenaiye OO
2021

Ang AX 2021

Ben-Shmuel
2020

Binder 2020

Coleman KK
2021

Hu J

Kotwa, 2021

Lednicky 2020a

Lednicky JA
2020b

Lednicky JA
2021

Li X 2022

Methodological

Logistical considerations required freezing samples between collection and culture, with the potential loss of
infectiousness.

Used a Gesundheit-II (G-1I) exhaled breath sampler does not necessarily represent the real-world situation as
samples are collected directly from patients, not the environment

Sample collection and subsequent analysis were subject to the availability of the trained medical staff, consent of
patients, and the capacity of the BSL-3 processing laboratory.

There was a delay between the onset of symptoms and the actual sampling in patients’ rooms. Therefore, at the
time of sampling, these patients might not have shed viable virus,

This study separated particles by three sizes: >4 um, 1-4 um, and <1 pm 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.

Used a Gesundheit-II (G-II) exhaled breath sampler (see Adenaiye 2021)
Low viral load in the samples compared with those generally found in culturable clinical samples. Sampling
methodology yielded viral RNA loads below 103.8 genome copies per sample,

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.

The median time between the onset of illness and air sampling was 11 days (IQR, 7-14); the time between the
onset of iliness and sampling date for all 3 PCR-positive air samples was 4 days.

Air samples were excluded from the genomic sequence analyses due to poor quality sequences.

it is not clear why plague assays could not be performed due to a nationwide nonavailability of some critical
media components in the US. Three serial 3-hr air samplings were performed.

Over the 9 hours, patients likely would have moved about and may have been close 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 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.

Nothing is presented about testing the air sampling isolates in susceptible animal models.

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).

The PCR tests for SARS-CoV-2 VRNA from cell culture were negative, highlighting the essential requirement to
test for other pathogens when general virus cytopathic effects are observed.

Three respiratory viruses were identified: Influenza A H1N1, Influenza A H3N2, and Human coronavirus OC43

Two days after the diagnostic sample was obtained, the patient agreed to have the PCIS placed in her car (an
older model Honda Accord) for the drive from the clinic to her home.

The PCIS was attached to the sun-visor on the passenger side of the car, approximately 3 feet from the patient’s
face and with the intake port pointing toward the roof of the car, with the pump assembly placed on the front
passenger seat. During the 15-min drive, the patient was not wearing a mask.

Early CPE consistent with SARS-CoV-2 were observable by 3 days in cells inoculated with material collected onto
PCIS filter D; by day 5, foci of infection were apparent for cells inoculated with material from filter D, with no
signs of virus infection in cells inoculated with material collected by PCIS filters B, C, and E.

For further confirmation, an aliquot (20 uL) of the virus collected 5 days post-inoculation of material from filter D
was passaged in Vero E6 cells, wherein an rRT-PCR Cq value of 12.46 was attained 3 days post-inoculation of the
cells.

Two air samples collected on Dec. 20 and 21 from the female washroom without ventilation even after the

disinfection were positive for SARS-CoV-2 with an estimated concentration level of 5640-7840 SARS-CoV-2 RNA
copies m-3
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Methodological

L]

Among the 78 positive OPS, cyclone-based samples, impingement-based samples, surface swab samples, 44
had an RdRp Ct-value <35 and were investigated by virus culture.

CPE was observed in three OPS and one active air sample and confirmed by immunofluorescent staining.

The active air sample from the CDC-NIOSH sampler (>4um size fraction) had the lowest Ct-value of all
environmental samples (29.5) and was from the room of the patient with the lowest OPS Ct-value (19.82).

If the virus-induced cytopathic effect was observed, immunofluorescent detection of nucleocapsid proteins was
performed to confirm the presence of SARS-CoV-2

Limited information on the virus culture was reported

Seven different air collection methods were used.
Only conducted environmental sampling at a single time point.

were careful to always sample two or more meters from COVID-19 patients, to ensure detection of the virus only
at distances traditionally considered to be consistent with the airborne transmission.

The mean Ct values were just over and under 34 for the N and E proteins, respectively. The Ct value was <34 for
the N protein in only one room, and <34 for the E protein in eight rooms

No direct sampling of patients was performed to determine their infectiousness, and we did not have access to
patient history

Almost all hospitalized patients were admitted at least five days after symptom onset, when they are less likely to
be shedding infectious virus,

Many of the air samples from hospitals and closed room experiments showed PCR signal for one of the SARS-
CoV-2 genes or had very high Ct values.

No details on culture results or on samples beyond the three from the home setting

“Virus-induced CPE were observed in Vero E6 cells inoculated with air and surface samples collected from
volunteer B's room within 4 days of their inoculation. Since the Cq value was high (>34) when nucleic acids
extracted from the cell growth media of the cell cultures were tested by RT-qPCR for SARS-CoV-2.

The study authors suspected an additional respiratory virus was present, as previously observed in Lednicky
et al., 2020b and Pan 2017)

Volunteer B was co-infected with HAdV B3, which outgrew SARS-CoV-2 in our Vero E6 cells. Adenovirus B3
causes acute respiratory infections and likely contributed to the respiratory symptoms experienced by volunteer
B.

There was an Inconsistent use of samplers and no measurements on aerosol size distribution.

Selected patients early in their illness course and with a lower Ct value because they hypothesized this would
maximize the possibility of successfully isolating viable viruses.

Most patients had only mild disease,

Sampling was conducted in a naturally ventilated community isolation facility, and airborne-infection isolation
hospital rooms (designed to limit transmission of airborne infections)

Viral load estimates were made by extrapolating information on the amount of RNA found on the rooms’ HVAC
filters.

Results suggest that SARS-CoV-2 decays within the amount of time between the student vacating the room and
sampling in this study (ranging from 6 h to 4 days).

Patients were entering their second week of the disease, and SARS-CoV-2 titers in the upper respiratory tract
tend to peak in the first week of disease - Median days since onset (IQR) 11.5 (7-14)

No CPE was observed

Average Ct in the patient rooms 38.3 and anterooms 38.3 was too high for viable viral culture
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Methodological

For Santarpia 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 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).

Neither plague assay nor serial passage was attempted in the study. The statistical inferences are very difficult
to interpret in Figure 1 when you look at the error bars. The broad sweeping conclusions that SARS-CoV-2 RNA
exists in respired aerosols less than 5 um 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
is much higher than what most labs use and accept and a lot of background “noise” as a result

Itis likely an equation was 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

The authors remark they found no significant differences with the environmental variables.

There was no relationship between days unwell at the time of sampling, or nasopharyngeal Ct values between
those who did and did not have viral RNA in air samples.

Participants in our study were on average in their second week of illness when admitted to the hospital (mean
9-days) and when sampled (mean 12-days).

Plated specimens in the presence of antibiotics and antimycotics and after incubation of 5 days plaques were
subjected to RT-PCR for agent identification. A good, well-reported descriptive study. Very low evidence of
environmental contamination and only one NP specimen showed infectivity.

No evidence that CPAP or any of the other procedures raised the risk of infectiousness. The report shows a
breakdown of Ct by gene and comments on CPE, with confirmatory PCR. Shows correlation between symptoms
and Ct and air samples in the range of 35-40 Ct.

Samples with at least one log increase in copy numbers for the E gene (reduced Ct values relative to the original
samples) after 5-7 days propagation in cells compared with the starting value were considered positive by viral
culture.

No indication of 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.

Discussion

We identified 128 primary observational studies that showed
RT-PCR SARS-CoV-2 RNA can be detected in airborne
samples in a variety of settings both indoors and outdoors.
Several 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/or the location
and variable distance of the sampling methods. Control sampling
for concomitant bacterial or fungal organisms (which can
also produce cytopathic effects on cell monolayers) was not
generally done, which would serve as useful controls. In one
study which looked for multiple bacteria, fungi, and viruses,
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including SARS-CoV-2, using qPCR assays, they found much
higher burdens of nucleic acids from multiple species of
commonly encountered pathogenic and non-pathogenic bacteria
(e.g., coagulase negative staphylococci and enterococcus and
some Gram-negative bacilli), Candida species and Herpes
simplex virus and on all sampling days in comparison to
the small quantities of SARS-CoV-2 RNA in their airborne
samples”>. These findings suggest that the presence of bio-
aerosolized DNA or RNA from multiple microbes in hospitals
is commonplace, and none of these commonly-encountered
organisms are considered to be transmitted by the airborne
route.

Past attempts to detect infectious particles have proved
difficult: aerosols are dilute, and culturing fine particles is
problematic. In a NEJM editorial, Roy er 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 expo-
sure of a large colony of guinea pigs to a clinical ward filled
with patients who had active tuberculosis'®” A 2019 review
reported that viral RNA or DNA, depending on the virus,
could be found in the air near patients with influenza, respira-
tory syncytial virus, adenovirus, rhinovirus, and other corona-
viruses but rarely reported viable viruses'’. For coronaviruses
including SARS-CoV-1 and MERS-CoV, previous review
evidence supporting the airborne route of transmission is
weak'®; The majority of the studies included in our system-
atic review and reported in the tables, do not find evidence
to support the airborne transmission route. 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 with low Ct values [Mponponsuo K 2020];
and Wong SCY et al. reported that none of 120 contacts of a
patient with initially undetected COVID-19 subsequently became
infectious.

Strengths and limitations

There is a current dearth of well-conducted high-quality
studies addressing airborne transmission. To our knowledge,
this is the most comprehensive review assessing airborne
transmission of SARS-CoV-2. We extensively searched the
literature, and we accounted for the reporting quality of the
included studies, including the methods used for air sampling
and viral culture. However, we recognize several limitations.
The findings of our review are limited by the low-quality
of the included studies that lack standardised protocols, meth-
ods, reporting and outcomes. The small sample sizes, the
absence of study protocols and the lack of replication further
limit any firm conclusions to be drawn from the findings.
Sporadic isolation of viral RNA may be due to problems
with sampling techniques. Furthermore, while our search was
comprehensive, we may have missed some studies. The lack
of standardised reporting means it can be difficult to find
essential study details about the methods and the results.

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

Implications for research

Evidence from the referenced systematic reviews we found
noted the need to improve the quality of the primary studies.
Anderson et al. reported the need for further data collection
under differing temperature and humidity conditions'. Carducci
et al. considered no studies had sufficient confirmatory evi-
dence, and airborne transmission remains hypothesis-driven”,
Schiinemann et al. noted direct studies in COVID-19 are limited
and poorly reported’’, and Mousavi ef al. noted the need
for rigorous and feasible lines of research in the area of air
filtration and recirculation in healthcare facilities™.

Future studies are warranted to verify findings before defini-
tive conclusions can be reached about modes of transmission
and including important knowledge regarding the minimal
infectious dose for a specific mode of transmission. Because of
the heterogeneity of the settings, the case-mix limitations, the
timing between symptom onset and sampling, the sampling
techniques used, the lack of clear descriptions and variable
study protocols, it is difficult to make meaningful comparisons
of air sampling positivity or viral concentrations between
settings. Many factors, including relative humidity, tempera-
ture, aerosolization medium, exposure period, the chemical
composition of the air, seasonality, sampling methods, and
ultraviolet light exposure, can affect the potential infectivity
of airborne viruses. While sampling techniques have improved
greatly over time, the lack of standardisation requires attention
as it limits the development of general recommendations for the
sampling of airborne viruses™.

One essential question is whether observed epidemiologic
associations are causal””. Establishing transmission modes
requires integrated epidemiological and mechanistic approaches
to narrow uncertainty’. 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 should ensure that there is evidence of exposure to
a transmissible agent. 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. Identifying those circum-
stances that promote transmission using all relevant evidence
that would be more likely to promote viral transmission is
important, as well as for identifying interventions. Any study
based on epidemiological associations regarding infectious
agents should ideally have confirmation from whole genome
sequencing. Sequencing has repeatedly shown that outbreaks
initially thought to share a single origin were, in fact, the
product of multiple independent infection events™.

It is worthy to note that when conducting environmental
sampling only a small fraction of the detectable nucleic acids
is necessarily incorporated into virus particles, and not all the
particles are intact and infectious. It can also take variable
numbers of infectious virions to initiate an infection, with this
“minimal infectious dose” varying depending upon many
factors including the disease agent, route of infection, the
host, host age, underlying health conditions, and host immune
status. Even a relatively straightforward measurement like
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particles-to-PFU varies widely among different viruses”’. Of
special importance is data from a recent human challenge
trial” where an intranasal dose of 10 TCID,, (~7 PFU) virus
yielded 53% attack rates. Given that one PFU corresponds to
~160,000 genome copies in human clinical specimens® one
can then estimate that an exposure to >1 million genome
copies might be required to yield a ~50% chance of infection.
Given the high Ct values detected in the majority of air
samples, and the poorly designed and reported virological
assays, further research and standardisation of the protocols
used to measure genome copies and assay for virus are
required in clarifying whether air samples of SARS-CoV-2 are
truly infectious.

We found that air samples in the same hospital were more
likely to be positive in ICU environments than in the non-ICU.
These results are homogenous. However, this observation
should be interpreted with caution as the lack of information on
the individual demographics of the patients (e.g., symptom
onset, underlying illness and degree of immunocompromise)
and lack of standardisation across the studies limits the com-
plete interpretation of the result. Detection of SARS-CoV-2
RNA in the air cannot confirm transmission, since only infec-
tious virions can cause disease, but it can be a useful tool
for surveillance.

Because of the widespread misunderstanding over the role of
PCR positivity in assigning transmission causation, we have
proposed a framework for reporting studies that assess cau-
sality that helps strengthen the methods used for conducting
and reporting respiratory virus transmission research”. The
reporting of viral RNA concentrations was heterogeneous as
were the sampling methods.

Our proposed framework requires serial viral culture, genome
sequencing and evidence that the source was sufficiently con-
taminated (low Ct) with infectious material (cultivatable virus)
to transmit infection to another human. Availability of all
such evidence provides a high standard of proof of transmission™’.

In some studies, the setting fitted within the definition of trans-
mission in a close contact setting. For example, in Lednicky
JA 2021 and Linde KJ 2022, the distances between the
index patients and the exposure participants (from which
positive cultures were reported) were within 3 feet and 6 feet
respectively.

None of the included studies definitively demonstrated that
replication-competent SARS-CoV-2 can be recovered in the
air, which offers the most robust evidence of transmissibility’'.
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, immun-
ofluorescence staining, and confirming the exclusion of other
pathogens or contaminants with sequence confirmation.

General virus-induced CPE were observed in Lednicky JA
20202b however, RT-PCR tests for SARS-CoV-2 were nega-
tive while three other respiratory viruses were identified:
Influenza A HINI, Influenza A H3N2, and human coronavirus
0C43.%%. Similarly, Nannu Shankar S 2021 reported positive
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culture in 4/16 air samples from a patient’s home. However,
the patient was co-infected with HAdV B3, which outgrew
SARS-CoV-2 in Vero E6 cells. Both studies demonstrate
the importance of testing cultured samples for other viruses.

In further versions of this review, we plan to focus solely on
those studies that attempted serial viral culture, given its vital
role for establishing transmission causality. This is similar to
the methods we used to assess the transmission of Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) from
pre and asymptomatic infected individuals'’. By reviewing
only the high-quality studies we were able to provide probable
evidence of SARS-CoV-2 transmission from presymptomatic
and asymptomatic individuals. This update required writing
to authors to clarify methods and obtain missing information
this is beyond the scope of this current update. We have
published a protocol outlining the additional methods™.

Conclusion

SARS-COV-2 RNA can be detected by RT-PCR in the air in
a variety of settings. The lack of definitive consistently recov-
erable viral culture samples of SARS-CoV-2 prevents firm
conclusions to be drawn about the relative contribution of
airborne transmission of this virus. Although airborne trans-
mission of SARS-CoV-2 cannot be ruled out, particularly
in certain situational settings, further research is required to
investigate the plausibility of such transmission. The current
evidence is low quality, and there is a 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
Previous version of this data were stored on Figshare, https://doi.
org/10.6084/m9.figshare.14248055.v2'.

The extended data for this version is available at the Open
Science Framework

SARS-CoV-2 and the role of airborne transmission: a
systematic review. https://doi.org/10.17605/OSF.I0/PE&76

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.v2'°.

Data are available under the terms of the Creative Commons
Attribution 4.0 International license (CC-BY 4.0).
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+/  Jennifer Grant
Faculty of Medicine, The University of British Columbia, Vancouver, British Columbia, Canada

Thank you for this interesting study. A couple of comments:
1. It would be nice to know in which way you modified the QUADAS 2 tool if it is possible to put
that in an annex or supplementary materials, for reproducibility.

2. Greater clarity between the difference of detection of virus and transmissibility would be
helpful to orient the reader in the introduction. In fact, this review is not a study of
*transmission* but rather the presence of viral nucleic acid which *may* indicate the
potential for transmission.

3. Iwill quibble with your statement (description of table 4) that Ct Values <25 are associated
with risk of transmission since this is based on patient samples, not environmental samples.
Given the complexities of understanding transmission, this is an extrapolation that cannot
be demonstrated with any confidence. In fact, based on your presented data, with positive
SARS-CoV-2 cultures only in very specific circumstances (car, exhaled breath samples), there
appears to be no CT threshold associated with infectivity based on viral culture. Since you
report no data on onward transmission in the studies presented, there is not data on
infectivity based on detected infections either.

4. It would be helpful for the reader to document, in the results section, those viral cultures
that definitively detected SARS-CoV-2 growth rather than simply detecting cytopathic effect
given the potential for other viruses to cause the same CPE without being SARS-CoV-2.

5. While it is true that having a high concentration of virus that is replication competent is
necessary to cause infection, it has not been shown to be sufficient. Therefore it would not
stand as a "high standard of proof of transmission," as stated in your discussion. These
criteria could stand as a high standard for the potential for transmission, but, at the end of
the day, the only proof of transmission is transmission itself which could be shown either by
experimental infection or through animal studies (e.g. ferret studies in influenza), or as you
correctly state through serial passage of infectious virus through cell-lines.
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6. Please include a discussion of ferret experiments in the transmission of influenza in your
discussion of airborne transmission of other respiratory infections as this is the most
natural argument for the potential for SARS-CoV-2.

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
I cannot comment. A qualified statistician is required.

Are the conclusions drawn adequately supported by the results presented in the review?
Yes

If this is a Living Systematic Review, is the ‘living’ method appropriate and is the search
schedule clearly defined and justified? (‘Living Systematic Review’ or a variation of this term
should be included in the title.)

Yes

Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Patient Quality and Safety, infectious diseases

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Reviewer Report 05 October 2021
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© 2021 Yao M. 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.

X

Maosheng Yao
College of Environmental Sciences and Engineering, Peking University, Beijing, China

I just read their responses to my comments. First, a thank you to the authors for taking their
valuable time to respond. Unfortunately, I found none of my critiques have been adequately
answered. Thus, I feel that I do not need to further comment this paper. It seems to me that the
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authors are reluctant to revise their paper as commented. For most of my comments, the authors
said they are out of scope of their paper, although they state that their paper is a “systematic”
review. If they state many things, despite vital to the review, are out of the scope of the paper,
they should at least change their paper title to something: a mini review, not a systematic review.
Overall, I am not satisfied with any responses to my comments.

It is unusual to see that they refused to change their conclusion even the WHO has

officially recognized the aerosol transmission of COVID-19. As another reviewer pointed out they
performed a biased review. It would be very harmful if misleading statements or documents are
endorsed by influential authors from prestigious institutions on a public domain especially in face
of the disastrous pandemic. I think if the authors were right with their position of the COVID-19
transmission, the pandemic would already have been well under control since disinfection and 1-
meter distancing were all in place across the world since March 2020. However, the reality is that
the pandemic is still ravaging the world.

It is important that the paper be revised according to the comments raised by many online
authors and reviewers in order to avoid causing further confusion and misleading the public on
combating the pandemic. This is what I, as a reviewer, can write and can do regarding this matter.

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
Yes

Are the conclusions drawn adequately supported by the results presented in the review?
Yes

If this is a Living Systematic Review, is the ‘living’ method appropriate and is the search
schedule clearly defined and justified? (‘Living Systematic Review’ or a variation of this term
should be included in the title.)

Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: 1 obtained a PhD in conducting bioaerosol related studies from Rutgers
University; and did postdoc training at Yale in the same field. I am currently a Professor from
Peking University, and has been working in bioaerosol field for about 20 years. My expertise
ranges from bioaerosol sampling and detection to air pollution health effects and particulate
matter toxicity.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to state that I do not consider it to be of an acceptable scientific standard, for
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reasons outlined above.

Reviewer Report 16 September 2021
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x David R. Tomlinson
University Hospitals Plymouth NHS Trust, Plymouth, UK

Dear Professor Heneghan and team,

Thank you for responding to my submitted comments following my review of version 1 ‘SARS-CoV-
2 and the role of airborne transmission: a systematic review'. I hope that my responses herein to
your comments and manuscript changes are of use to you and your team.

1. Re: my request for a revision to the stated definition of an aerosol.
Thank you for revising the stated definition.

Note: This additional section has been pasted into your response, but I believe this relates to
comments made by reviewer 3 and was in error?

“There are varied definitions of aerosols in the published literature. An aerosol is defined as a collection

of particles (liquid or solid) with varying aerodynamic diameters, suspended in the air (gas) for a

prolonged period of time. The size of the particles and the distance they may travel is highly variable

and depends on many factors,(https://www.ncbi.nlm.nih.qov/pmc/articles/PMC2843947/;
https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf;jsessionid=41AA684FB6457 1CE8D.
)

Consider to add this reference Xie X, Li Y, Chwang AT, Ho PL, Seto WH. How far droplets can move in

indoor environments--revisiting the Wells evaporation-falling curve. Indoor Air. 2007 Jun;17(3):211-25.

doi: 10.1111/.1600-0668.2007.00469.x. PMID: 17542834

2. Re: my request for you to address evidence of plagiarism in paragraph 2 of the
introduction (55% match to text from Kutter et al. (2018), your original reference 4, now
reference 7).

Thank you for making changes. However, the first sentence of the new text you have provided in
your response does not match that of version 2 manuscript:

Your response to my review: “Transmission via droplets and aerosols in specific settings or situations
may potentiate the spread of some viruses in humans, resulting in disease outbreaks that are difficult to
manage.”
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Version 2 manuscript: “Transmission via droplet nuclei and aerosols in specific settings or
situations may potentiate the spread of some viruses in humans, resulting in disease outbreaks
that are difficult to manage.”

I would be grateful if you could clarify which of these is the correct and final version, please. Thank
you.

3. Re: my request to provide objective methodological descriptors of factors employed to
determine the selection of included studies (i.e., concerns over terms including ‘adequately’,
‘'sufficient’ and ‘clearly defined’) and assess their quality.

Thank you for providing a response to this together with my point 6: a request for ‘objectively
defined descriptions of ‘Quality of included studies’ in ‘your table 3.

You have provided a far clearer description of the methods used here and I am pleased to see
your qualifying statement regarding the use of the ‘QUADAS 2 risk of bias tool’ towards quality
reporting [my term], since QUADAS 2 was never intended to be used to assess study quality.
Instead, it was devised towards ‘more transparent rating of bias and applicability of primary
diagnostic accuracy studies’'. However, again there are differences in the text between the
‘tracked changes’ version 2 manuscript submitted to the F1000 editorial office, and the text in your
response to my comments, as follows:

Your response: “We assessed quality using a modified QUADAS 2 risk of bias tool,. 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 low”.

Version 2 manuscript: “We assessed quality using a modified QUADAS 2 risk of bias tool 11 . We
simplified the tool because the included studies were not designed as primary diagnostic accuracy
studies, and there is a lack of high-quality data in published transmission studies.”

I would be grateful if you could clarify which of these is the correct and final version, please. Thank
you.

In your extended description of the methods here, you have provided useful insights into how
study quality was assessed, thank you. However, this new description of ‘quality reporting’ [my
term] scoring - i.e., low / moderate / high - remains importantly imprecise. For example, under
point (ii) you state:

“Methods - did the study authors sufficiently describe the methods used to enable replication of the
study? E.g. methods used for diagnosing SARS-CoV-2 in patients, procedure used for air sampling, time-
point for sampling, number of samples per site, cycle thresholds, culture methods, airflow/ventilation
settings, humidity”.

From this total of eight factors, how many of these would constitute your scoring of low vs
moderate vs high quality? Similarly, under each point you have not clarified how each of the
multiple stated ‘quality factors' [my term] was used to achieve your final ‘quality reporting'.
Therefore, for your newly described study methods to be considered reproducible, these points
require further clarification please. In so doing, this will also help provide assurance to readers
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that study quality assessment processes were without important bias. Thank you.
You later state:

“The risk of bias for each domain was rated “low”, “moderate” or “high” depending on the adequacy of
reporting. One reviewer (CJH) assessed the risk of bias while a second author (EAS) independently
verified the risk of bias.”

I believe these are typographical errors, since you had modified the QUADAS 2 risk of bias tool to
assess study quality, not bias. I would be grateful if you would correct these sentences
accordingly, please. Thank you.

One further important methodological point arises here from review of some of the new text
provided in which you state:

“(v) Follow-up - was the pattern and number of air samples sufficient to demonstrate airborne
transmission - e.g. repeat sampling, serial sampling?”

This newly clarified list of ‘quality indicators’ suggests that you consider a single air sample
demonstrating live SARS-CoV-2 to be insufficient evidence towards airborne transmission of SARS-
CoV-2. Whatever the argument regarding the purely circumstantial level of evidence afforded by
air sampling studies (Kutter et al, your reference 7), please could you provide justification for this
requirement for repeated findings of this nature? Thank you.

4. Re: my concerns over inappropriately narrow study selection criteria towards assessing
the evidence base for SARS-CoV-2 airborne transmission (e.g., exclusion of laboratory studies
of SARS-CoV-2 aerosol viability, animal models of transmission within controlled
environmental conditions).

My concern over the difference in methodology comparing the ‘Protocol for a living evidence
review (Version 3: 1 December 2020)" and this present manuscript (i.e. the former stated under
‘Study inclusion and exclusion”: “Eligible studies should include sampling for the detection of SARs-
CoV-2 in the population or the environment on any potential mode of transmission...” whereas the
latter states: “We included field studies that included airborne sampling for SARS-CoV-2 in the
population under study or the environment.”). The former methodology permits the inclusion of
studies that have formed the historical basis for investigations into the transmission routes of
many human pathogens (e.g. outbreak reports within households, hospitals and/or aircraft),
including the demonstration that measles is transmitted via the airborne route, whereas the latter
does not).

In your response, you have not explained why you changed the protocol from that originally
outlined in your online protocol and nor have you provided clarification of this methodological
change in the final manuscript. I would be grateful if you could include this point in your final
manuscript, please. Thank you.

Thank you for including this sentence in version 2, study limitations:

"We excluded study designs/settings that attempted to detect SARS-CoV-2 via other methods apart from
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air sampling, e.g., virus stability, outbreak reports, aircraft outbreaks, non-pharmaceutical intervention,
experimental infection, air tracer studies and computational modelling/simulation.”

However, from a ‘scientific’ perspective this statement alone is insufficient: given that you have
chosen to exclude methods which represent the foundational approach to historical studies
towards understanding routes of pathogen transmission, you must provide a valid scientific
argument for excluding each of these experimental types. Moreover, you must provide an
explanation of how any resulting narrow methodological search strategy remains a valid indicator
of ‘real world’ SARS-CoV-2 transmission characteristics, particularly since Kutter et al. (your
reference 7) correctly state that air sampling studies - your current restricted study inclusion
criterion - only provide circumstantial evidence towards airborne transmission.

Furthermore, if animal transmission studies remain excluded from your final manuscript, you
must explain the scientific validity of this decision, particularly considering that transmission in
animal models represents one of the 10 foundational methods employed by the Centers for
Disease Control and Prevention (CDC) in its Influenza Risk Assessment Tool (IRAT) - as you know,
an ‘assessment tool developed by the CDC and external influenza experts that assesses the
potential pandemic risk posed by influenza A viruses that currently circulate in animals but not in
humans.’ (source, https://www.cdc.gov/flu/pandemic-resources/national-strategy/risk-
assessment.htm)

In addressing my concerns over the exclusion of airborne viability experiments conducted in
March 2020, you state:

“Laboratory studies such as the one quoted provide insights into the stability of the virus in airborne
suspensions but provide no insights into whether there exist ordinary biological mechanisms capable of
generating such high-titer aerosols in the first place. The fact that one can put humans into orbit,
doesn’t mean it is an easily achieved or common task. It simply says humans can survive in orbit.”

Thank you for clarifying your views. However, considering this explanation, your newly included
reference 4 - used to better define the meaning of the term ‘aerosol’ - states: “Aerosols are
produced when an air current moves across the surface of a film of liquid, generating small particles at
the air-liquid interface. The particle size is inversely related to the velocity of air.” (Annex A, first
sentence of body text, page 37/156).

May I respectfully remind you and your co-authors that during every respiratory cycle - an
‘ordinary biological mechanism’ - in mammals, air currents move across the surface of a film of
liquid (respiratory fluid) lining the endothelium of the respiratory tract. It is self-evident that
humans create aerosols during tidal breathing. Furthermore, in experimental studies of human
subjects during influenza infection dating back as far as 1966, sufficient quantities of influenza
virus aerosols have been demonstrated to be released during coughing, to result in levels of
environmental air contamination necessary to sustain transmission via the airborne route (Couch
RB et al., (1966)°.

Also, a 2013 investigation of children and adults during respiratory virus infection?, referenced by
World Health Organisation COVID-19 Infection Prevention and Control Scientific Brief authors, July
2020 in their discussion of possible airborne transmission of SARS-CoV-2 (
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-
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infection-prevention-precautions), stated:

“The simultaneous detection of viral RNA in small, airborne-sized (<4.7 mm) and large, droplet-sized (
=4.7 mm) particles produced on breathing and coughing by children and adults with symptomatic
respiratory infections was observed in this study. Viruses detected included hRV, Influenza A virus,
Parainfluenza 1 and 3 viruses and RSV”<. Using the PubMed search criteria ‘cough’ AND ‘aerosol’
demonstrates 1,392 published manuscripts since 1967-2020 inclusive.

I hope there is no further need for me to reference this extensive literature for you and your co-
authors to accept that abundant aerosol release occurs during ‘ordinary biological’ activities
including breathing, speaking, singing, coughing, and sneezing. Accordingly, it is a biological
inevitability that any pathogen contained within fluid lining the respiratory tract and which
demonstrates aerosol viability, has the potential for airborne transmission when the time course
of its airborne viability exceeds a critical threshold. Considering that the aerosol viability
experiments conducted by Van Doremalen et al.> demonstrated SARS-CoV-2 survival for hours,
clinically important airborne / aerosol transmission of SARS-CoV-2 is inevitable, according to these
universally applicable physical laws. It will therefore probably come as no surprise to learn of more
recent data from humans with COVID-19, demonstrating that: “fine aerosols [<5um diameter)
constituted 85% of the SARS-CoV-2 viral load emitted during singing, talking, or breathing.”* In
short, just like SARS Coronavirus [1], SARS-CoV-2 is airborne.

Now considering your review comment:

“The inclusion of laboratory studies was not a part of our protocol but could be included as a part of a
separate review but is outside the scope of our study.”

This present study protocol is simply not fit for purpose when it comes to addressing the stated
objective in your online Web appendix 1 Protocol for a living evidence review (Version 3: 1
December 2020): “to provide a rapid summary and evaluation of relevant data [my emphasis] on
transmission of SARS-CoV-2..."”. You have provided no scientifically valid justification for such a
limited study protocol in your responses, and as such your study protocol must be changed to
include all studies of relevance, i.e., as stated in my original response, virus stability, outbreak
reports, aircraft outbreaks, non-pharmaceutical intervention, experimental infection, air tracer
studies and computational modelling/simulation. Thank you.

5. Re: my concern over your questioning the occurrence of airborne transmission of SARS-
CoV-2 according to first principles of similarity in biological properties of closely related
viruses (i.e., my statement that SARS Coronavirus was proven to be airborne (2003), so SARS-
CoV-2 will be airborne too).

The principle of ‘concordant ‘biological properties of closely related viruses can be found in the
‘WHO Ebola 2014 IPC guideline’, which is why I included this reference in my comments. In
responding to this point, you cast doubt on the proven airborne transmission of SARS
Coronavirus. I was hoping that I had perhaps misinterpreted your reply, but this statement in the
discussion of your present manuscript is concerning:

“For coronaviruses, previous review evidence supporting the airborne route of transmission is weak
(reference cited: Herfst et al 2017)".
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Searching this quoted reference for evidence in support of this statement reveals the following
(first paragraph, page 27):

‘Furthermore, for some microorganisms, for example, for coronaviruses, epidemiological or
experimental evidence that transmission of the pathogens via the airborne route is successful or even
contributes importantly to epidemic or pandemic spread of the agent remains weak.” - Astonishingly,
Herfst et al. (2017) provide no reference in support of this assertion, so this statement lacks
scientific validity.

I am surprised that you were not aware of this fact, since the Herfst et al. manuscript was your
choice of reference to support your assertion against airborne transmission of SARS Coronavirus.
Furthermore, given some of your fellow contributing authors’ expert standing in the infectious
diseases / infection prevention and control community, they must be aware of the WHO
declaration that ‘'SARS is an airborne virus' (https://www.who.int/health-topics/severe-acute-
respiratory-syndrome#tab=tab_1). Accordingly, please would you explain: (1) why you have denied
airborne transmission of SARS Coronavirus, given the international consensus on the existence
and clinical importance of this transmission route? (2) Why did you try to support your statement
by using a manuscript whose authors failed to provide a reference to support their statement:
‘epidemiological or experimental evidence that transmission of the pathogens [i.e., coronavirus]
via the airborne route is successful or even contributes importantly to epidemic or pandemic
spread of the agent remains weak? Thank you.

6. Re: my comment, ‘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.’

You respond as follows:

“We already have a published protocol that has been used to conduct our series of systematic reviews of
studies investigating transmission dynamics of COVID-19.”

As described in detail above, you have importantly deviated from this original protocol without
providing suitable justification on scientific grounds. Furthermore, the objectives of this present
systematic review (i.e., ‘to provide a rapid summary and evaluation of relevant data on
transmission of SARS-CoV-2', from the Web Appendix 1, Protocol for a living evidence review
Version 3: 1 December 2020) cannot be met using such restricted study inclusion criteria.

You continue:

“However, our research is ongoing, the quality of the evidence and methods have changed over time
and we make necessary adjustments to improve the robustness of the evidence as more studies (and
evidence) become available (and examined).”

I am glad that your team'’s research is ongoing, since this meets your stated aim: ‘there is a need to
continuously and systematically conduct reviews of publicly available studies with the latest knowledge
from publications to inform WHO recommendations using the most up-to-date information.’ (Web

Page 70 of 124


https://www.who.int/health-topics/severe-acute-respiratory-syndrome#tab=tab_1
https://www.who.int/health-topics/severe-acute-respiratory-syndrome#tab=tab_1

E1O0O0OResearch F1000Research 2022, 10:232 Last updated: 07 JUN 2024

Appendix 1, Protocol for a living evidence review (Version 3: 1 December 2020). However, it is
surprising that despite previously undertaking an updated literature review every 2 weeks
between 15t February and 20t December 2020 for version 1, the time-period for included
literature in this present version 2, has not been extended beyond December 2020. In short, why
not? Why would any research team with a stated protocol aim ‘to provide a rapid summary and
evaluation of relevant data on transmission of SARS-CoV-2', fail to update their manuscript in the 6
months since its first release?

Furthermore, I am sure there would be huge benefit in extending the date range for your search,
not least in view of your repeated criticism of methods and stating:

“Standardized guidelines for conducting and reporting research on airborne transmission are needed”,
the February 2021 manuscript of Borges JT et al. is likely to be of great interest to you ‘SARS-CoV-2:
a systematic review of indoor air sampling for virus detection’. But this is just one of very many
published studies which demonstrate conclusively that SARS-CoV-2 transmission occurs via the
airborne route. Indeed, taking a simple mathematical approach to assess the probability of
aerosol inhalation versus large droplet-based SARS-CoV-2 transmission between humans, led me
to the figure of 56 million to one in favour of aerosol inhalation. I'd be keen to know whether you
agree with my logic (https://twitter.com/DRTomlinsonEP/status/14362149952394567697s=20).

Thank you again for responding to my comments. I hope you find my responses useful towards
your stated aim: “to provide a rapid summary and evaluation of relevant data on transmission of SARS-
CoV-2".
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Are sufficient details of the methods and analysis provided to allow replication by others?
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Is the statistical analysis and its interpretation appropriate?
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Are the conclusions drawn adequately supported by the results presented in the review?
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Yes

If this is a Living Systematic Review, is the ‘living’ method appropriate and is the search
schedule clearly defined and justified? (‘Living Systematic Review’ or a variation of this term
should be included in the title.)

Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: My regular daytime job since 2009 has been as Consultant Cardiologist and
Electrophysiologist - perhaps an unlikely job title for anyone reviewing this manuscript. However,
as MedRxiv Affiliate since June 2019, I have been exposed to and performing 'release review' of a
constant stream of early published works on SARS-CoV-2 - something which has catalysed my
interest in this field. I am also experienced in assessing the validity of experimental methods
chosen (please see my recent peer reviewed publications and/or preprints) and believe my
background allows me to approach this topic without risk of anchoring bias towards one or other
mode of respiratory viral transmission. My interest in this area can be further affirmed by
evidence of my 'peer review' of the WHO SARS-CoV-2 IPC Scientific Briefing July 2020, assessing the
validity of the chosen references *against* airborne transmission of SARS-CoV-2 (my pinned tweet
@DRTomlinsonEP). I mention this to illustrate the breadth and depth of my reading and
background on this subject, which may otherwise be assumed to be insufficient for someone in
my professional role. I hope this is acceptable and that you are able to consider my comments
constructively - since this is my intention. Thank you.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to state that I do not consider it to be of an acceptable scientific standard, for
reasons outlined above.

Reviewer Report 05 May 2021
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First, I have to declare that this review is provided solely based on scientific evidence and
reasoning without any discipline preferences or conflicting interests. Despite not being
exhaustive, I have to greatly applaud the efforts of all the authors for developing this review,
especially the compiling of relevant COVID-19 aerosol related articles. However, to me this review
serves as a perfect piece for evidence compiled for probable airborne transmission of COVID-19 if
the biased discussion and preferences of content inclusion are eliminated/avoided. Thus, I feel this
review, if to be indexed, needs to completely change the tone, and better suited for an article with
a title like: Evidences for probable aerosol transmission of COVID-19: a systematic review. For its
current form, there are many problematic issues with this review, and the discussion is also
biased.

Major comments are listed below:

1. This review is commissioned and supported by the WHO (World Health Organization) which has
clearly stated in March 2020 that COVID-19 is not airborne. An effort supported by the WHO is
hardly believed to use to overturn its own statements or harm its authority. Thus, the authors
should provide documents that can demonstrate such potential conflicting interests can be
sufficiently cleared. Otherwise, I can only say that this review just serves as a proxy of the WHO for
its statements with a biased science provided.

2. The aerosol definition was not effectively or properly communicated. For example, in the
Introduction, they state that “aerosol particle ranges from 0.001 pm to over 100 mm". Are they
sure that there are 10 cm (100 mm) aerosol particles in the air? In case they mistyped the unit,
e.g., 100 pm should be used. Experimental data in many studies (they did not cite) show that
major fraction of exhaled particles during breathing or speaking in controlled and real world
scenarios are smaller than 5 pm, and sometimes they peak at 1 pm. Most recently, US CDC states
that surface contact transmission of COVID-19 is minimal (the authors should certainly update the
review). Therefore, how do the authors explain the COVID-19 transmission between people? They
might attribute the droplet transmission. But, airborne droplet is an aerosol by definition. The
review did not provide any data for droplet transmission. Instead, they have provided a lot of
studies that have detected SARS-CoV-2 in aerosol particles.

3. This review lacks a significant amount of discussion of aerosol physics (very important) in terms
with aerosol transmission of COVID-19. For example, a lot of studies they provided used a filter to
sample air, and it is known that filtration itself can cause desiccation which affects the integrity of
biological cells/particles over a prolonged time period. Accordingly, it partially attributed to low
recovery of viable SARS-CoV-2 virus. For impaction or liquid based studies, the sampling velocity
could also damage the integrity of the viruses, e.g., the BioSampler has an impact velocity of up to
300 m/s by calculation, which would somehow damage the virus. Besides, when the viruses are
released into the air, they would be rapidly diluted and transported away given any ventilation of
either natural or mechanical nature is present. Thus, the airborne viral concentration level is time,
ventilation, and space dependent. The aging of the virus in the air also affect its viability. In
addition, the in vitro viability tests with cells can not be directly translated back to the infection of
human cells inside the body where the overall physiological environment is different, and more
favorable for viral replication. So far, no studies have demonstrated that those in vitro tested non-
infectious viruses cannot infect humans. Human inhalation takes place at a rate of about 12 L/min,
which is relatively gentle in terms of sampling stress on the virus. Therefore, their argument that
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lack of recovery of viable virus prevents a firm conclusion of airborne transmission of COVID-19 is
not supported by their reasoning and existing data. Instead, many outbreaks or infections are
difficult to explain without referring to airborne/aerosol transmission.

4. In their review, I do not know how they could define a low quality study. They stated that all 67
primary studies are of low quality. However, these studies are published by peer-reviewed
journals including those premier ones. If they are of low quality, how they could pass the rigorous
screening of these journals? On the other hand, this review did not state which are high quality
studies and they did not provide them either. I think they should at least provide high quality data
to support their conclusion. It seems they used “low quality data” to produce “high quality”
conclusions.

5. For bioaerosol studies, there are no unified or standardized methods or procedures. Different
studies have different purposes, different circumstances, different set of sampling tools (the
efficiencies could vary greatly; in terms of sampling biological agents higher physical efficiency
usually results in higher damage). So, different sampling tools have very different efficiencies.
Because viral level is greatly diluted in the air, higher volume or longer sampling time is required
to enrich enough viral particles for detection. Most of the studies they complied used RT-PCR for
quantification. Depending on the detection kit used, the efficiencies could also vary greatly.
Generally, the detection limits of RT-PCR are higher, and accordingly those samples with low viral
level would be tested negative. If a more sensitive method such as digital PCR (1 copy per ul) was
used, higher percentage of positive samples would be reported.

6. Clearly the review did not discuss how any ventilation would affect the airborne viral levels. Air
is constantly moving in not enclosed environments. Thus, air sampling is very time sensitive.
Besides, emission of viral particles by the patients might not be continuous. Airborne detection of
SARS-CoV-2 is highly time dependent in ventilated environments.

7. For airborne transmission, increasing physical distance significantly reduces the viral levels
depending on the indoor building ceiling height and ventilation status. Human inhalation of the
airborne virus is a comparably gentle sampling (causing less damage), and the respiratory tract
provides a better incubation environment for SARS-CoV-2. Thus, mechanical air sampling together
with in vitro viability tests cannot confirm the true non-infectiveness of airborne SARS-CoV-2 given
the results are negative. In addition to shared space, shared time in an indoor space might be also
important for airborne transmission to occur. Shared time would allow the virus not to age for too
long in the air before inhaled. All of this should be discussed in the review.

8. The tables take up most of the review, however high quality discussion is lacking. It is often
observed that the statements in the review lack references.

Minor comments

1. Technical presentation of the data are not good. To me, all the tables prepared are like a
laundry list of items without in-depth discussion or elaboration. Often, some important
information present in certain studies they cited are not included in the table or in the discussion.
For example, Ma et al. (2020)' found COVID-19 patients emit millions of SARS-CoV-2 during just
breathing, implying great potential of aerosol transmission of the diseases. Breathing produces
fine aerosol particles. However, they did not elaborate on this. Nonetheless, viable SARS-CoV-2
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was indeed recovered from hospital air. But, the review did not provide direct data against the
airborne transmission.

2. There are many grammar mistakes throughout the manuscript as pointed out by other
reviewers.

3. The debate or discrepancy might primarily arise from different understanding and definition of
aerosol, droplet or airborne transmission from different communities. Aerosol concentration is
higher in close ranges, while it is substantially diluted with increasing physical distance, like
injecting a drop of ink into a sea. The dose and viability of the virus also play important roles in
terms of causing an infection. This should be discussed in a more neutral tone in the review.

I strongly encourage the authors to include aerosol scientists to provide a comprehensive and
correct guidance/review that the WHO can use to save millions of lives. Time and resources for
certain regions are running out & actions need to be taken immediately.

I have provided some references for the authors to further read the details of relevant
topics I have discussed in the report:

Greenhalgh, Trisha, Jose L. Jimenez, Kimberly A. Prather, Zeynep Tufekci, David Fisman, and Robert
Schooley. Ten scientific reasons in support of airborne transmission of SARS-CoV-2. The Lancet
397, no. 10285 (2021): 1603-1605.

Morawska, Lidia, Julian W. Tang, William Bahnfleth, Philomena M. Bluyssen, Atze Boerstra, Giorgio
Buonanno, Junji Cao et al. How can airborne transmission of COVID-19 indoors be minimised?.
Environment international 142 (2020): 105832.

Yao, Maosheng, Lu Zhang, Jianxin Ma, and Lian Zhou. On airborne transmission and control of
SARS-Cov-2. Science of The Total Environment 731 (2020): 139178.

Wilson, Nick, Stephen Corbett, and Euan Tovey. Airborne transmission of covid-19. BMJ 370 (2020).

Morawska, Lidia, and Donald K. Milton. It is time to address airborne transmission of coronavirus
disease 2019 (COVID-19). Clinical Infectious Diseases 71, no. 9 (2020): 2311-2313.

Prather, Kimberly A., Linsey C. Marr, Robert T. Schooley, Melissa A. McDiarmid, Mary E. Wilson, and
Donald K. Milton. Airborne transmission of SARS-CoV-2. Science 370, no. 6514 (2020): 303-304.
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1. Ma}, Qi X, Chen H, Li X, et al.: COVID-19 patients in earlier stages exhaled millions of SARS-CoV-2
per hour.Clin Infect Dis. 2020. PubMed Abstract | Publisher Full Text

Are the rationale for, and objectives of, the Systematic Review clearly stated?
No

Are sufficient details of the methods and analysis provided to allow replication by others?
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Is the statistical analysis and its interpretation appropriate?
Partly

Are the conclusions drawn adequately supported by the results presented in the review?
No

If this is a Living Systematic Review, is the ‘living’ method appropriate and is the search
schedule clearly defined and justified? (‘Living Systematic Review’ or a variation of this term
should be included in the title.)

No

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: I obtained a PhD in conducting bioaerosol related studies from Rutgers
University; and did postdoc training at Yale in the same field. I am currently a Professor from
Peking University, and has been working in bioaerosol field for about 20 years. My expertise
ranges from bioaerosol sampling and detection to air pollution health effects and particulate
matter toxicity.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to state that I do not consider it to be of an acceptable scientific standard, for
reasons outlined above.

Carl Carl

Peer Reviewer #3

First, I have to declare that this review is provided solely based on scientific evidence and
reasoning without any discipline preferences or conflicting interests. Despite not being
exhaustive, I have to greatly applaud the efforts of all the authors for developing this
review, especially the compiling of relevant COVID-19 aerosol related articles. However, to
me this review serves as a perfect piece for evidence compiled for probable airborne
transmission of COVID-19 if the biased discussion and preferences of content inclusion are
eliminated/avoided. Thus, I feel this review, if to be indexed, needs to completely change
the tone, and better suited for an article with a title like: Evidences for probable aerosol
transmission of COVID-19: a systematic review. For its current form, there are many
problematic issues with this review, and the discussion is also biased.

Revised: Thanks. We have made several revisions to the original submission and we
believe the quality of the manuscript is much improved. We do not agree with the
reviewer that the title must be changed based on our rigorous review of the evidence
presented within the papers we assessed.

Major comments are listed below:
1. This review is commissioned and supported by the WHO (World Health Organization)
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which has clearly stated in March 2020 that COVID-19 is not airborne. An effort supported
by the WHO is hardly believed to use to overturn its own statements or harm its authority.
Thus, the authors should provide documents that can demonstrate such potential
conflicting interests can be sufficiently cleared. Otherwise, I can only say that this review
just serves as a proxy of the WHO for its statements with a biased science provided.

Response: The guidance by the WHO on modes of transmission of SARS-COV-2 is
constantly evolving and has done so since March 2020. The reviewer has made
assumptions which are simply untrue and inaccurate. Such documents do not exist as
WHO had no influence in any of our reviews, the process included for the reviews or
the interpretation of the results. This standard of proof is not required by editors for
submitted manuscripts (CH has been an Editor-in-Chief of a BMJ journal, IJO has been a
research editor and JMC has also been an Editor-in-Chief of a Journal). A peer reviewer
who has submitted previous research would know the requirements for submission
according to the ICMJE criteria. The insinuation of overt bias by this reviewer is
unfounded and the statement should be retracted.

2. The aerosol definition was not effectively or properly communicated. For example, in the
Introduction, they state that “aerosol particle ranges from 0.001 pm to over 100 mm". Are
they sure that there are 10 cm (100 mm) aerosol particles in the air? In case they mistyped
the unit, e.g., 100 pm should be used. Experimental data in many studies (they did not cite)
show that major fraction of exhaled particles during breathing or speaking in controlled and
real world scenarios are smaller than 5 pm, and sometimes they peak at 1 ym. Most
recently, US CDC states that surface contact transmission of COVID-19 is minimal (the
authors should certainly update the review). Therefore, how do the authors explain the
COVID-19 transmission between people? They might attribute the droplet transmission. But,
airborne droplet is an aerosol by definition. The review did not provide any data for droplet
transmission. Instead, they have provided a lot of studies that have detected SARS-CoV-2 in
aerosol particles.

Response: We have redefined aerosol (see the response to peer reviewer #1 above).

3. This review lacks a significant amount of discussion of aerosol physics (very important) in
terms with aerosol transmission of COVID-19. For example, a lot of studies they provided
used a filter to sample air, and it is known that filtration itself can cause desiccation which
affects the integrity of biological cells/particles over a prolonged time period. Accordingly, it
partially attributed to low recovery of viable SARS-CoV-2 virus. For impaction or liquid based
studies, the sampling velocity could also damage the integrity of the viruses, e.g., the
BioSampler has an impact velocity of up to 300 m/s by calculation, which would somehow
damage the virus. Besides, when the viruses are released into the air, they would be rapidly
diluted and transported away given any ventilation of either natural or mechanical nature is
present. Thus, the airborne viral concentration level is time, ventilation, and space
dependent. The aging of the virus in the air also affect its viability. In addition, the in vitro
viability tests with cells can not be directly translated back to the infection of human cells
inside the body where the overall physiological environment is different, and more
favorable for viral replication. So far, no studies have demonstrated that those in vitro
tested non-infectious viruses cannot infect humans. Human inhalation takes place at a rate
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of about 12 L/min, which is relatively gentle in terms of sampling stress on the virus.
Therefore, their argument that lack of recovery of viable virus prevents a firm conclusion of
airborne transmission of COVID-19 is not supported by their reasoning and existing data.
Instead, many outbreaks or infections are difficult to explain without referring to
airborne/aerosol transmission.

Response:

We have shown the bewildering array of samplers used in the studies. The reviewer
raises a good point, but it is a subject matter beyond the scope of our systematic
review and our protocol. We might suggest the reviewer and others in the field could
contribute to establish an international standard for air capture and hope that all
primary studies conform to that standard which we will be quite happy to report in
future reviews.

The review by Verreault and colleagues (Methods for sampling of airborne viruses.
Microbiol Mol Biol Rev. 2008;72(3):413-444. doi:10.1128/MMBR.00002-08) sets out some of
the basic principles in improving the methods in this area and has been included as a
reference in the revised manuscript.

‘Many types of samplers have been used over the years, including liquid impingers,
solid impactors, filters, electrostatic precipitators, and many others. The efficiencies
of these samplers depend on a variety of environmental and methodological factors
that can affect the integrity of the virus structure. The aerodynamic size distribution
of the aerosol also has a direct effect on sampler efficiency. Viral aerosols can be
studied under controlled laboratory conditions, using biological or nonbiological
tracers and surrogate viruses, which are also discussed in this review. Lastly, general
recommendations are made regarding future studies on the sampling of airborne
viruses.’

4. In their review, I do not know how they could define a low quality study. They stated that
all 67 primary studies are of low quality. However, these studies are published by peer-
reviewed journals including those premier ones. If they are of low quality, how they could
pass the rigorous screening of these journals? On the other hand, this review did not state
which are high quality studies and they did not provide them either. I think they should at
least provide high quality data to support their conclusion. It seems they used “low quality
data” to produce “high quality” conclusions.

Response: We have expanded the methods section describing how we assessed study
quality (see the response to peer reviewer #1 above).

5. For bioaerosol studies, there are no unified or standardized methods or procedures.
Different studies have different purposes, different circumstances, different set of sampling
tools (the efficiencies could vary greatly; in terms of sampling biological agents higher
physical efficiency usually results in higher damage). So, different sampling tools have very
different efficiencies. Because viral level is greatly diluted in the air, higher volume or longer
sampling time is required to enrich enough viral particles for detection. Most of the studies
they complied used RT-PCR for quantification. Depending on the detection kit used, the
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efficiencies could also vary greatly. Generally, the detection limits of RT-PCR are higher, and
accordingly those samples with low viral level would be tested negative. If a more sensitive

method such as digital PCR (1 copy per uL) was used, higher percentage of positive samples
would be reported.

See response to comment 3.

Response: We agree that the methods can be improved and made more sensitive. This
should be the focus of future work but is not an area that we are able to address.

6. Clearly the review did not discuss how any ventilation would affect the airborne viral
levels. Air is constantly moving in not enclosed environments. Thus, air sampling is very
time sensitive. Besides, emission of viral particles by the patients might not be continuous.
Airborne detection of SARS-CoV-2 is highly time dependent in ventilated environments.

Response: We agree and ventilation issues were considered to be beyond the scope of
work outlined for this systematic review. It would be a very interesting topic for a
future systematic review.

7. For airborne transmission, increasing physical distance significantly reduces the viral
levels depending on the indoor building ceiling height and ventilation status. Human
inhalation of the airborne virus is a comparably gentle sampling (causing less damage), and
the respiratory tract provides a better incubation environment for SARS-CoV-2. Thus,
mechanical air sampling together with in vitro viability tests cannot confirm the true non-
infectiveness of airborne SARS-CoV-2 given the results are negative. In addition to shared
space, shared time in an indoor space might be also important for airborne transmission to
occur. Shared time would allow the virus not to age for too long in the air before inhaled. All
of this should be discussed in the review.

Response: Thanks for the comments. We appreciate the points raised but these
mechanistic hypotheses are beyond the scope and intent of our systematic review. A
separate review of mechanistic modes of transmission would be of value in the future.

8. The tables take up most of the review, however high quality discussion is lacking. It is
often observed that the statements in the review lack references.

Response: The tables report the evidence, we can comment but it's up to the readers
to consider our conclusions.

Minor comments

1. Technical presentation of the data are not good. To me, all the tables prepared are like a
laundry list of items without in-depth discussion or elaboration. Often, some important
information present in certain studies they cited are not included in the table or in the
discussion. For example, Ma et al. (2020)" found COVID-19 patients emit millions of SARS-
CoV-2 during just breathing, implying great potential of aerosol transmission of the
diseases. Breathing produces fine aerosol particles. However, they did not elaborate on this.
Nonetheless, viable SARS-CoV-2 was indeed recovered from hospital air. But, the review did
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not provide direct data against the airborne transmission.

Response: We have attempted to lay out the information in the tables in line with
previous reviews. We have also revisited the information to ensure the information
presented is relevant.

Ma and colleagues suggested COVID-19 patients recruited in Beijing exhaled millions of
SARS-CoV-2 RNA copies into the air per hour and that exhaled breath emission may play an
important role in the COVID-19 transmission. The Ct values of the breath and air samples,
respectively (35.54+3.14 and 38.40) are extremely high and not compatible with infectious
virus based on other studies that have correlated infectious virus and Ct values (Jefferson T,
Spencer EA, Brassey J, Heneghan C. Viral cultures for COVID-19 infectious potential
assessment - a systematic review. Clin Infect Dis. 2020 Dec 3:ciaa1764. doi:
10.1093/cid/ciaa1764. Epub ahead of print. PMID: 33270107; PMCID: PMC779932).

The mere presence of RNA copies based on PCR sampling does not imply infectiousness
and the reviewer comments suggesting millions of SARS-CoV-2 intact viruses are emitted
during breathing and capable of causing infection does not have evidence to support the
statement from what we have been able to find.

Response: Meaningful inference can only be drawn from solid evidence.

2. There are many grammar mistakes throughout the manuscript as pointed out by other
reviewers.

Response: Thanks. We have checked for grammatical errors and typos.

3. The debate or discrepancy might primarily arise from different understanding and
definition of aerosol, droplet or airborne transmission from different communities. Aerosol
concentration is higher in close ranges, while it is substantially diluted with increasing
physical distance, like injecting a drop of ink into a sea. The dose and viability of the virus
also play important roles in terms of causing an infection. This should be discussed in a
more neutral tone in the review.

Response: We have already commented on the confusing nature of the definitions of
aerosol, droplet and airborne transmission.

I strongly encourage the authors to include aerosol scientists to provide a comprehensive
and correct guidance/review that the WHO can use to save millions of lives. Time and
resources for certain regions are running out & actions need to be taken immediately.

Response: We have substantial expertise and experience within our team (see the
response to peer reviewer #2 above.

Of note, in undertaking peer review the ICMJE states: ‘Reviewers should declare their
relationships and activities that might bias their evaluation of a manuscript and
recuse themselves from the peer-review process if a conflict exists.’ Intellectual
conflicts would introduce such bias to peer review assessments. And according to
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COPE’s Ethical Guidelines for Peer Reviewers, COPE also highlights that the
professional responsibility underpinning the peer review requires the necessary
expertise to assess the manuscript and can provide an unbiased assessment.

We do not engage in emotive statements regarding the reviewers' opinions. We
ensure our comments are evidence-based, unbiased and reflect the best available
evidence. The reviewer should note that we do not speak for WHO and two co-authors
of this review are currently collaborating with aerosol scientists to look for high-
quality evidence relating to the mechanism(s) of transmission.

Competing Interests: No competing interests were disclosed.

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
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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.

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
o For this definition of airborne (aerosol) transmission, emerging discussion has suggested
aerosol transmission occurs in both short- and long-range (see my review').
A collection of particles (liquid or solid) ranging in size from 0.007 um 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 transmission’.
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
pred/ct/ve 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.
o 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.

o 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
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(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 low?.

o As listed in Table 3, one of the criteria was "Analysis & reporting outcomes appropriate".
What were the benchmarks that were being used to be evaluated against about whether
the analysis or the reporting outcomes are appropriate or not?

o 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.

o 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.
o 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).

o 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).

> Isuggest 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?
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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 rhinovirus’.
For coronaviruses, previous evidence supporting the airborne route of transmission is weak'3.

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.
o 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 transmissibility?2.

o 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"')? 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 um in diameter -
--> typo.

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

Horve PF 2020: 74/56 s ---> typo.

Li & Qian 2020: missing notes.

o LuJ 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.

o Ji B 2020: Missing main results.
> Singhai S 2020: Missing main results and key conclusions.
Hussain A 2020: Missing key conclusions.
o Correia G 2020: Missing main results.
Figure 1
Full-text articles excluded because no transmission outcome studied ---> What does
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'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"?
Table 4
o 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 | 2020: 101 copies per how much air?

Table 5
Feng B 2020: truncated sentence.

Figure 4

o 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. ---> 1 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:
o 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.
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o 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.

o 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 um 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
qguantity 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.

References
1. Leung NHL: Transmissibility and transmission of respiratory viruses.Nat Rev Microbiol. 2021.
PubMed Abstract | Publisher Full Text

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Partly

Is the statistical analysis and its interpretation appropriate?
Not applicable

Are the conclusions drawn adequately supported by the results presented in the review?
Partly

If this is a Living Systematic Review, is the ‘living’ method appropriate and is the search
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schedule clearly defined and justified? (‘Living Systematic Review’ or a variation of this term
should be included in the title.)
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Infectious disease epidemiology; aerosol transmission; modes of
transmission; respiratory viruses; air sampling studies; field studies

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Carl Carl

Peer reviewer 2

1. 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.

Response:

Thank you. Our team includes an expert virologist, a vaccinologist and an infectious
disease specialist and epidemiologists. We have expanded our methods section to
show how we assessed the quality of included studies (see response above).

2.1 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
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(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.

Response:
Thanks for your observations. We have made some revisions.

We have revised the statement regarding reference #9.

“We simplified the tool because the included studies were not designed as primary
diagnostic accuracy studies, and there is a lack of high-quality data in published
transmission studies”

We have expanded the process used to assess the reporting quality in the methods
section.

Our team includes viral transmission experts, epidemiologists, clinicians and
systematic review experts. This review set out to assess whether published studies
demonstrated evidence of SARS-CoV-2 transmissibility.

The included studies where the culture of viable virus was attempted were analysed
in-depth given their importance and the potential for bias. We have considerable
expertise in transmission studies. Across nine reviews we have assessed over 500
studies to date. CH and TJ are contact editors in the Cochrane Acute Respiratory Group
and as a group, we have over 3 decades of experience in systematic reviews and
infections. We, therefore, dispute this reviewer's assertion. We have clarified the
methods as per the previous reviewer's response.

3. There are also quite a number of missing information in the Tables, truncated sentences
and typos, which requires a thorough re-read and check.

Response:
We have re-read the manuscript to check for any grammatical errors and typos.

4. 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 review).

Response:
Our definition was based on current WHO guidance. However, we have added a
statement to reflect this view:

“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
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air over long distances and time.1 However, some authors have defined aerosol
transmission as occurring over both short and long distances (
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7982882/)."

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

Response:
We have revised our definition of aerosol (see response to peer reviewer 1 above).

6. 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.

Response:
We have revised the paragraph.

“We primarily included studies that reported sampling for the detection of SARS-CoV-2.
However, we also included observational and randomised studies that investigated
airborne transmission of SARS-CoV-2.” Non-predictive and experimental studies were also
considered for inclusion.”

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

Response:
Thank you. Revised.

“air sampling for the detection of SARS-CoV-2"

8. 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.

Response:

Revised to “copies per m3 of sampled air".

The included studies reported the total number of air samples as well as proportion of
positive samples (if any). We presented the results as reported by the authors.

We have added the following footnote to table 1:

“For positive air sample proportions, the denominator refers to the total number of air
samples as reported by the study authors irrespective of the method used for sampling.”
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9. Results
Limitations of the sampling methods and the poor-quality reporting make it difficult to
discriminate between airborne or droplet nuclei transmission.

o Is"airborne" a typo here?

Response:
Thanks. Revised.

“The variation in sample methods coupled with flaws in the reporting make it difficult to
distinguish between aerosol and droplet nuclei transmission.”

10. 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.

Response: Revised. Deleted “and none were comparative”.
“All the studies were observational.”

11. Overall the reporting was heterogeneous.
o Do you mean the methods or the results in the reported studies were
heterogeneous?
Response:
Thanks. We have revised the sentence. “Overall, there was heterogeneity in the methods
used for air sampling across the studies.”

12. 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).

Response:
The outdoors here refers to hospital outdoor environments. We have revised the
statements.

“Hospital. There were 50 studies conducted in healthcare settings: 45 studies included
binary RT-PCR air samples: 42 hospitals, 1 hospital outdoor environment, 1 hospital
indoor and outdoor environment and 1 student healthcare centre).” (revise figure 1).

“Of the studies conducted in the community, 15 were conducted in indoor settings:
choir practice (2), care home (1), inside a bus (3), quarantine households (1), meat
processing plant (1), block of flats (2), restaurant (3), buses and subway trains (1), and
home residence (1); three studies were conducted in outdoor settings: public places
(1), industrial outdoor (1) and outdoor of a working/residential area (1).”

13. (142 positives out of 1,403 samples: average 10.1%).

Response:
We have described the denominator above (total number of air samples irrespective
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of sampling method).

14. 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).

Response:
Revised. Added a new sub-title.

“Indoors.”

15. 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.

Response: We have emphasized the need for a framework to assess studies of
transmissibility and included a reference.

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

o Why is culturing fine particles (as opposed to coarse particles?) problematic, apart

from being diluted?

Response: Thank you for raising this point. We have several references below which
address this point. The reference by Verreault is one of the most comprehensive on
this subject.
Verreault D, Moineau S, Duchaine C. Methods for sampling of airborne viruses.
Microbiol Mol Biol Rev. 2008;72(3):413-444. doi:10.1128/MMBR.00002-08

Aaron J. Prussin, II, Linsey C. Marr, Kyle J. Bibby, Challenges of studying viral aerosol
metagenomics and communities in comparison with bacterial and fungal aerosols,
FEMS Microbiology Letters, Volume 357, Issue 1, August 2014, Pages 1-9,

see also Lednicky

Viable SARS-CoV-2 in the air of a hospital room with COVID-19 patients
https://www.ijidonline.com/article/S1201-9712(20)30739-6/fulltext#.

‘The amount of airborne virus detected per liter of air was small, and future studies
should address (a) whether this is typical for COVID-19, (b) if this represented virus
production relative to the phase of infection in the patient, (c) if this was a
consequence of active air flow related to air exchanges within the room, (d) or if the
low number of virus was due to technical difficulties in removing small airborne
particles from the air.’

See also Collection, particle sizing and detection of airborne viruses
Pan A, Lednicky JA, Wu C.-Y. International Journal of Infectious Diseases. 100 (2020)
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476-482
We have referenced Verreault D and Pan M as new references.

17.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 tuberculosis.’

Response: We quote what Roy et al. reported in the New England Journal of Medicine
who also states there is a “need for a better understanding of aerosol-acquired
disease.’

18 For coronaviruses, previous evidence supporting the airborne route of transmission is weak'3.
Please clarify that this review was published before the COVID-19 pandemic.

Response: Clarified: “For coronaviruses, previous review evidence supporting the airborne
route of transmission is weak’?; however, it should be noted that this review was published
before the COVID-19 pandemic.”

19. 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.

Response: We have deleted this statement within the manuscript.

20. 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.

Response: Revised: “... ensure that there is evidence of exposure to a transmissible agent”

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

Response: We have revised the statement. “None of the included studies definitively
demonstrated that SARS-CoV-2 can be recovered in the air.”

22.
Table 1

Response: Thank you for pointing out the typographical errors and missing notes. We
have made revisions to Table 1

=80 um in diameter
The choir rehearsal room was not ventilated.
14 out of 56 samples
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Analysed outbreak using computer models and experiments based on airflow
dynamics

Air-conditioned, 5-floor building without windows

It satisfied our inclusion criteria - observational studies of RCT that investigated
airborne transmission

Revised; used quotation marks where necessary

Results added

Added

Added

Added

24. Figure 1

Response: For instance, several modelling studies did not ‘study’ a transmission
outcome and were therefore excluded. This is different to whether studies
‘demonstrate’ an effect or not as both would be included irrespective of the resulit.
Otherwise, we would introduce publication bias.

25. Figure 2

Response:
We have revised what we mean by follow-up. See methods section.

26. Table 4

Response:

Thanks. Revised. We have presented the units as reported by the study authors
(D <0.056 pm) up to coarse particles (D > 18 pm); as reported by the study authors
No truncation. Sentence extends into next page

Corrected

Corrected

27.Table 5

Response:
No truncation; statement extends into the next page.

28. Figure 4

Response:
We have addressed this comment earlier.

29. Table 6

Response:
“A Ct of <20 would be considered positive...”
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Corrected: Hu J 2020
30 Lednicky 2020a:

Response:
Revised: “The authors reported that plaque assays could not be performed due non-
availability of the components which make up the culture media in the USA.”

31. Santarpia JL 2020a:

Response: As far as we are aware, Santarpia 2020(a) is still only available as a preprint.
The Scientific Reports citation is the journal publication for Santarpia 2020(b)

See the following reference. The reported changes in RNA were very small and may
not be truly reflective of active replicating virus.

Jefferson T, Spencer EA, Brassey J, Heneghan C. Viral cultures for COVID-19 infectious
potential assessment - a systematic review [published online ahead of print, 2020 Dec
3]. Clin Infect Dis. 2020;ciaa1764. doi:10.1093/cid/ciaa1764

‘Complete live viruses are necessary for transmission, not the fragments identified by
PCR. Prospective routine testing of reference and culture specimens and their
relationship to symptoms, signs and patient co-factors should be used to define the
reliability of PCR for assessing infectious potential. Those with a high cycle threshold
are unlikely to have infectious potential.’

Thanks. We have deleted the statement
changed text to:
"Neither plaque assay nor serial passage was attempted in the study."

Competing Interests: No competing interests were disclosed.

Reviewer Report 16 April 2021

https://doi.org/10.5256/f1000research.55319.r82591

© 2021 Tomlinson D. 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.

X

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
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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 um 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, 2009") - are typically stated as being
<100pm 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
um 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.

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.Tronically, 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:
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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)?, 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 uym) 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
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-> to 1027 TCID s, per liter of air. This reduction was similar to that
observed with SARS-CoV-1, from 10%3 to 103->TCIDs, 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.’
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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 (>5-10pym 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 >5-10pm 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'>.

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
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
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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.

References

1. Tellier R: Aerosol transmission of influenza A virus: a review of new studies,/ R Soc Interface.
2009; 6 Suppl 6: S783-90 PubMed Abstract | Publisher Full Text

2.van Doremalen N, Bushmaker T, Morris D, Holbrook M, et al.: Aerosol and Surface Stability of
SARS-CoV-2 as Compared with SARS-CoV-1. New England Journal of Medicine. 2020; 382 (16): 1564-
1567 Publisher Full Text

3. Kutter J, de Meulder D, Bestebroer T, Lexmond P, et al.: SARS-CoV and SARS-CoV-2 are
transmitted through the air between ferrets over more than one meter distance. Nature
Communications. 2021; 12 (1). Publisher Full Text

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
No

Is the statistical analysis and its interpretation appropriate?
Not applicable

Are the conclusions drawn adequately supported by the results presented in the review?
No

If this is a Living Systematic Review, is the ‘living’ method appropriate and is the search
schedule clearly defined and justified? (‘Living Systematic Review’ or a variation of this term
should be included in the title.)

No

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: My regular daytime job since 2009 has been as Consultant Cardiologist and
Electrophysiologist - perhaps an unlikely job title for anyone reviewing this manuscript. However,
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interest in this field. I am also experienced in assessing the validity of experimental methods
chosen (please see my recent peer reviewed publications and/or preprints) and believe my
background allows me to approach this topic without risk of anchoring bias towards one or other
mode of respiratory viral transmission. My interest in this area can be further affirmed by
evidence of my 'peer review' of the WHO SARS-CoV-2 IPC Scientific Briefing July 2020, assessing the
validity of the chosen references *against* airborne transmission of SARS-CoV-2 (my pinned tweet
@DRTomlinsonEP). I mention this to illustrate the breadth and depth of my reading and
background on this subject, which may otherwise be assumed to be insufficient for someone in
my professional role. I hope this is acceptable and that you are able to consider my comments
constructively - since this is my intention. Thank you.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to state that I do not consider it to be of an acceptable scientific standard, for
reasons outlined above.

Carl Carl

Peer reviewers' comments
Authors’ responses

Peer Reviewer #1
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.

Response: Thank you.

1. Page 4: ‘A collection of particles (liquid or solid) ranging in size from 0.001 um 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, 2009) - are
typically stated as being <100pm 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
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complete in this respect: ‘Respiratory droplets <5um 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.

Response: We have revised the definition.

“There are varied definitions of aerosols in the published literature. An aerosol is defined as

a collection of particles (liquid or solid) with varying aerodynamic diameters, suspended in

the air (gas) for a prolonged period of time. The size of the particles and the distance they

may travel is highly variable and depends on many factors,(
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2843947/;
https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf;jsessionid=41AA684FB64
)"Consider to add this reference Xie X, Li Y, Chwang AT, Ho PL, Seto WH. How far droplets

can move in indoor environments--revisiting the Wells evaporation-falling curve. Indoor Air.

2007 Jun;17(3):211-25. doi: 10.1111/j.1600-0668.2007.00469.x. PMID: 17542834

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.

Response: We have revised the wording.

“Transmission via droplets and aerosols in specific settings or situations may potentiate
the spread of some viruses in humans, resulting in disease outbreaks that are difficult to
manage. The results of several studies investigating human-to-human virus transmission
have been largely inconclusive, and the evidence to inform such transmission in
experimental studies is often not available.”

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.

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.

Response: There is no Appendix 7 in the submission. However, see the response to
comment 6 below where we expand on the methods used to assess reporting quality.

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
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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.Tronically, 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)7, 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 um) 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 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):
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'SARS-CoV-2 remained viable in aerosols throughout the duration of our experiment (3 hours),
with a reduction in infectious titer from 103-> to 702~7TCID50 per liter of air. This reduction was
similar to that observed with SARS-CoV-1, from 10%3 to 103->TCID s, per milliliter.’

Conclusions (extract):

'Our results indicate that aerosol and fomite transmission of SARS-CoV-2 s 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 (>5-10pm 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 >5-10pm 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' >.

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 revisions to this present manuscript to include all relevant data, as described.
Thank you.

Response:
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We understand the reviewer’s point involving the use of other methods to determine
respiratory virus transmission. However, in our pre-specified “a priori” protocol, we
planned to include sampling in the population or the environment. We do not discount
the suggestion that SARS-CoV-2 can be sampled via other methods as the reviewer
suggests. We have included this as a limitation of the study.

“We excluded study designs/settings that attempted to detect SARS-CoV-2 via other
methods apart from air sampling, e.g., virus stability, outbreak reports, aircraft outbreaks,
non-pharmaceutical intervention, experimental infection, air tracer studies and
computational modelling/simulation”

Laboratory studies such as the one quoted provide insights into the stability of the
virus in airborne suspensions but provide no insights into whether there exist
ordinary biological mechanisms capable of generating such high-titer aerosols in the
first place. The fact that one can put humans into orbit, doesn't mean it is an easily
achieved or common task. It simply says humans can survive in orbit.

The inclusion of laboratory studies was not a part of our protocol but could be
included as a part of a separate review but is outside the scope of our study.

The suggestion to include animal models or laboratory-based studies, in general,
would not be appropriate. An animal review would be a separate review with a
specific methodology. The Collaborative Approach to Meta-Analysis and Review of
Animal Experimental Studies (CAMARADES) research group aims to address the gap in
systematic review and meta-analysis in this area. See: CAMARADES | The University of
Edinburgh.

We would like to point the classic 1964 Nature paper Survival of Measles Virus in Air |
Nature (DE JONG, J., WINKLER, K. Survival of Measles Virus in Air. Nature 201, 1054-1055
(1964). https://doi.org/10.1038/2011054a0).

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.

Response:

We do consider a peer review seriously and do not seek to second-guess any
conclusion but prefer to examine the evidence base in a rigorous manner. We have
published over a hundred (100) systematic reviews and synthesize the evidence
objectively in both this and a previous pandemic (see as an example: Neuraminidase
inhibitors for preventing and treating influenza in adults and children Version

Page 103 of 124


https://www.ed.ac.uk/clinical-brain-sciences/research/camarades
https://www.ed.ac.uk/clinical-brain-sciences/research/camarades
https://www.nature.com/articles/2011054a0
https://www.nature.com/articles/2011054a0
https://doi.org/10.1038/2011054a0
https://www.who.int/news/item/06-10-2014-what-we-know-about-transmission-of-the-ebola-virus-among-humans

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

published: 10 April 2014 Version history
https://doi.org/10.1002/14651858.CD008965.pub4).

We analysed as in our previous work the published evidence to the date specified. We
set out to determine whether SARS-CoV-2 could be detected in air samples. We have
stated in our conclusion that the lack of positive samples does not rule-out airborne
transmission and have tried to be as objective and open as possible but maintaining a
rigorous evidence based approach.

The citation “WHO Ebola 2014 IPC guideline” may have been quoted out of context.
Coronaviruses exhibit a variety of infection modes (respiratory, enteric, systemic), but
if one looks beyond humans the disease is most commonly enteric in nature [see Saif
(2004) Rev. sci. tech. Off. int. Epiz., 23 (2), 643-660]. The human respiratory strain OC-43
may have originated as a bovine enteric coronavirus. This is the reason why there has
been so much interest in trying to detect and retrieve the SARS-CoV-2 from fecal
specimens.

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.

Response: Thank you. We have expanded the section on the methods used to assess
the quality of reporting.

“We assessed quality using a modified QUADAS 2 risk of bias tool,?. 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 low°. We gave particular importance to the
description of methods for air sampling and the reporting of sufficient detail to enable
replication of the study. We examined the following domains: (i) Source population - did
the study authors adequately describe the source population? E.g. setting, severity of SARS-
CoV-2, baseline demographics including concurrent respiratory infections or other
comorbidities, distance between study subjects; (ii) Methods - did the study authors
sufficiently describe the methods used to enable replication of the study? E.g. methods
used for diagnosing SARS-CoV-2 in patients, procedure used for air sampling, time-point for
sampling, number of samples per site, cycle thresholds, culture methods,
airflow/ventilation settings, humidity; (iii) Sample sources - did the authors clearly
describe the sources for the air samples? What was the volume of air in each sample? Was
the period of sampling similar across various sites? (iv) Outcome reporting - was the
reporting of the results consistent with the study outcomes? Was the analysis of the results
appropriate - e.qg., interval and time-point for testing study participants for potential
transmission; (v) Follow-up - was the pattern and number of air samples sufficient to
demonstrate airborne transmission - e.g. repeat sampling, serial sampling?” The risk of
bias for each domain was rated “low”, “moderate” or “high” depending on the adequacy of
reporting. One reviewer (CJH) assessed the risk of bias while a second author (EAS)
independently verified the risk of bias. Any disagreements were resolved through

Page 104 of 124


https://doi.org/10.1002/14651858.CD008965.pub4
https://www.who.int/news/item/06-10-2014-what-we-know-about-transmission-of-the-ebola-virus-among-humans
https://f1000research.com/articles/10-232#ref-8
https://f1000research.com/articles/10-232#ref-9

F1000Research 2022, 10:232 Last updated: 07 JUN 2024

discussion. Where a consensus could not be reached, a third reviewer (IJO) arbitrated.”

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.

Response: We already have a published protocol that has been used to conduct our
series of systematic reviews of studies investigating transmission dynamics of COVID-
19. However, our research is ongoing, the quality of the evidence and methods have
changed over time and we make necessary adjustments to improve the robustness of
the evidence as more studies (and evidence) become available (and examined). We are
in contact with several original authors to clarify and update the methods.

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.

Response:
Thanks. We have made several revisions to improve the quality of the manuscript.

Competing Interests: No competing interests were disclosed.

Comments on this article

Etienne Booth, Université du Québec & Chicoutimi, Saguenay, Canada

Heneghan et al's submission of SARS-CoV-2 and the role of airborne transmission: a systematic review
in an Open Research publishing platform is commendable. It is in my opinion an encouraging sign
that the authors are seeking transparent evaluation from competent peers from the scientific
community.

I want to specify I am not one of those peers.
I do not hold the academic credentials required for such a title. My only claim to having any ability

towards contributing something of value here is the fact that I have spent much of the past year
working on an ongoing book project named In Defense of Training, which is on the subject of what
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the SARS-CoV-2 pandemic has revealed about the place given to physical activity in society. Part of
that project has required to immerse myself in the scientific literature regarding the risks of
transmission during physical training.

In short, I am not commenting here as an academic or as an aerosol expert, but as a writer who
has been interested in the broad subject of understanding and communicating the risks of SARS-
CoV-2 transmission.

As such, I am limiting my comments to my level of competence and, to have a margin of safety, I
am aiming to not go beyond college level science principles. By doing so, I by no means imply that
Heneghan et al are not already expertly familiar with these. By basing my comments on
fundamental principles, my goal is to distance myself from what I am not competent enough to
have an opinion on, and try to contribute by pointing out what may simply be too obvious to be
recognized.

Scientific thinking

At its core, scientific thinking is taking pertinent objective observations and using reason to draw
out logical conclusions. Arguably one of the greatest traps of this process is cognitive dissonance
and its bias manifestations, because they masquerade to its originator and unaware bystanders as
logically coherent and scientifically valid.

As humans, we are all prone to logical inconsistencies because we harbor contradicting and often
unconscious motivations. Given this reality, I am not negatively accusatory when I comment here
that there seems to be cognitive dissonance and biases at work in Heneghan et af's publication. It
simply means that scientists are human.

Coherent sequence of objectives

At the highest level, the greater objective of the WHO funded series of rapid reviews, of which
Heneghan et al's publication is a part of, is stated as: “to undertake a series of living systematic
searches and appraisal of evidence on SARS-CoV-2 modes of transmission and its related updates
are informing WHO guidance and scientific documents.” (Center for Evidence-Based Medecine,
2021)

At the level of this publication, the objective is “to identify, appraise, and summarize the evidence
(from studies peer-reviewed or awaiting peer review) relating to the role of airborne transmission
of SARS-CoV-2 and the factors influencing transmissibility.” To Heneghan et af's credit, the scope of
the publication’s objective is very well communicated. It is broad and inclusive. It is also coherent
with the greater objective of the WHO funded series.

Even more importantly, Heneghan et al's objective is worthy and necessary. It is meaningful. In the
midst of this global pandemic, we need science to guide public health measures, which in turn
guide individual actions. We need to understand if SARS-CoV-2 is transmitted through the air, and
what factors increase or decrease the risk of such transmission.
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At the title level, SARS-CoV-2 and the role of airborne transmission: a systematic review, is once again
coherent with both the greater objective of the WHO funded living rapid review series and the
specific objective from Heneghan et af's publication.

Incoherent methodology with stated objectives

Together, all three levels (series, publication, title) form a consistent and logical sequence from the
general to the specific. Broad in its scope. Inclusive in its search. Meaningful in its implications. But
from that point, there are several logical inconsistencies within and between the methodology,
discussion and conclusion.

Foremost, given the broad scope and inclusive search for evidence that is stated at all levels, it is
hard to understand why Heneghan et al “excluded study designs/settings that attempted to detect
SARS-CoV-2 via other methods apart from air sampling, e.g., virus stability, outbreak reports,
aircraft outbreaks, non-pharmaceutical intervention, experimental infection, air tracer studies and
computational modelling/simulation.” As these studies have value towards attaining the
publication’s objectives, this is as logical as having the goal to “identify, appraise, and summarize all
letters of the alphabet”, while simultaneously excluding “letters B through Z".

Because of its overarching importance, I am reformulating here what commenter Jose-Luis Jimenez
and reviewer Maosheng Yao have already put forward. Respectfully, there seems to be a logical
disconnection between the scope of this publication’s broad and inclusive objectives (at the series,
publication and title level) and its narrow and exclusionary methodology.

To re-establish coherence, the publication could either:

1. Aim to review the evidence relating to the role of airborne transmission (and fulfil its
practical mission of informing WHO guidance and scientific documents) and take in account
all pertinent evidence.

OR

1. Aim to limit the review to evidence of RNA detection and viral culture of air samples, and
change its stated objective, title and content to reflect this limited scope (but will be at odds
with the overarching rapid review series mission).

Quite simply, the publication cannot logically be both. One option excludes the other.

In its current form, the publication’s duality of broad objectives coupled with its narrow
methodology almost inevitably leads to a misinterpretation and overreach of Heneghan et af's
conclusions.

Rationalization of exclusions
It is especially incoherent to exclude, for example, laboratory and animal studies, then including in

the discussion the Wells, Riley and Mills experiments (which are combined laboratory and animal
studies) as a reference for the level of proof required to demonstrate airborne transmission:
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“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
tuberculosis” (Roy et al. 2004)

Furthermore, when reviewer David R. Tomlinson underlined the incoherence in version 1 of this
publication, the authors’ response was: “The suggestion to include animal models or laboratory-
based studies, in general, would not be appropriate. An animal review would be a separate review
with a specific methodology.” As this does not address the core incoherence of excluding animal
and laboratory studies, then including them as required proof in the discussion, this seems to be
rationalization of cognitive dissonance.

Weighing evidence asymmetrically

A similar inconsistency appears at the end of Heneghan et al’s discussion, where a paragraph is
dedicated to studies for which the authors interpret the results as not supporting airborne
transmission. Of the four studies cited, three are retrospective investigations of SARS-CoV-2
exposure that do not include air sampling for the detection of the virus (Bays D 2020, Mponponsuo
K 2020, Wong SCY et al., 2020). Inclusion of these studies as evidence against airborne transmission
even if they should be excluded by the publication’s own methodology standards is incoherent. But
excluding all other equivalent studies that could, by the same logic, be exposed as evidence in
favor of airborne transmission, is the application of a double standard.

Hence, there is an asymmetry in how Heneghan et al's publication weighs and discusses evidence.
In fact, the discussion only mentions studies that “do not support the airborne transmission
hypothesis.” There is no mention that any study supports airborne transmission. Yet many of the
studies reviewed by Heneghan et al retrospectively investigated outbreaks in buses (Luo K 2020,
Shen 'Y 2020), choirs (Charlotte N 2020, Hamner L 2020 and Miller SL 2020), a nursing home (De
Man P 2020), a meat processing plant (GUnther T 2020), an apartment building (Lin G 2020), and
restaurants (Li Y & Qian H 2020, Lu J 2020), which conclude in favor of airborne transmission.

The selective inclusion in the discussion of studies concluding against airborne transmission, while
excluding any mention of similar studies that conclude the opposite, is not only illogical, it is the
text book manifestation of confirmation bias.

Strengths seen as limitations

Heneghan et al are clearly correct in stating that “SARS-COV-2 RNA can be detected intermittently
by RT-PCR in the air in a variety of settings”. That is an empirical fact. The stated “lack of
recoverable viral samples” is beyond my own competence to comment on. But even without taking
into account the technical issues commented by Raymond Tellier and Jose-Luis Jimenez regarding
SARS-CoV-2 RNA detection and viral culture, there are several purely logical flaws in Heneghan et a/
's analysis of data.

First of all, absence of proof is not proof of absence. In this case, this is especially true for
environments designed to dilute and evacuate airborne containments. Of the 42 indoor hospital
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studies that included air sampling RT-PCR data, my own review showed that:

* 19 studies took samples in Airborne Infection Isolation Rooms (AIIRs) or in environments
with equivalent or higher ventilation rates (12 air changes per hour (ACH) or more), although
3 of them were using methods to prevent dilution and evacuation of contaminants during
sampling.

+ 11 studies mentioned no ventilation rates, but had airborne infection mitigating measures
such as being a negative pressure environment (usually, but not necessarily meaning at least
12 ACH), low CO2 measures (ranging from 341 to 503 ppm), being a “level 2 or 3 protection
level”, having UV air disinfection or open windows during sampling.

+ 7 studies mentioned no ventilation rates or airborne infection mitigating measure.

* 4 had relatively low stated ventilation rates (ranging from 1.5 to 7 ACH) and no mention of
airborne infection mitigating measures.

* 1 Did not take air samples in rooms, but only in HVAC systems.

These numbers are not to be taken as absolute, as there is considerable overlap and grey areas in
the methodology of each study (which is exactly Heneghan et af's point). But what should be taken
into account is that most studies were done in hospital environments with ventilation and or
airborne transmission mitigating measures that do not represent the typical ventilation conditions
of indoor environments in society.

Again, these are only estimations (true ventilation is usually based on occupant density and type of
activity, as per ASHRAE 62.1, for example), but many homes will have a ventilation rate of around 1
ACH, offices and retail shops around 2-3 ACH, and restaurants around 6-8 ACH. And in most of
these environments, the occupant density will be much higher than in an AIIR (were there is usually
only one occupant). In consequence, any allusion that intermittent detection in the hospital studies
goes against airborne transmission is tenuous.

Logically, it is to be expected that air samples taken in indoor environments engineered to dilute,
evacuate or destroy airborne contaminants will have less chance of being positive than in indoor
environments that are not. At a minimum, even intermittent positive detection in an AIIR or similar
setting should be concerning, if not taken as a sign of increased risk of airborne transmission in
less ventilated environments. Concluding otherwise is the logical equivalent of believing that there
are no leaks because water is intermittently found at the bottom of boats with actively functioning
bilge pumps.

A similar logical flaw seems to be made in Heneghan et al’s conclusion: “A number of studies that
looked for viral RNA in air samples found none, even in settings where surfaces were found to be
contaminated with SARS-CoV-2 RNA". Although this could be defended as being the statement of a
fact, the phrasing implies that this should be considered evidence against airborne transmission.
Again, absence of proof is not proof of absence. Finding positive surface samples (sometimes in
unreachable ventilation ducts and filters) should logically lead to the question: “How did it get

Page 109 of 124



F1000Research 2022, 10:232 Last updated: 07 JUN 2024

there?".

Yes, variable environmental conditions are stated by Heneghan et al as a limitation. But if the
objective is not simply to suggest a standardised method of sampling and reporting, but to truly
review evidence regarding the “role of airborne transmission of SARS-CoV-2 and the factors
influencing transmissibility”, intermittent detection in settings designed to be unfavorable to
airborne transmission should actually be considered as strength of evidence.

In my opinion, logically reviewing even the limited data considered by Heneghan et al’s
methodology should not lead to a “eureka” against airborne transmission, but at a number of
“that’s funny...” in favor of it.

Science is provisional

Up to this point, I have essentially used basic logical reasoning to analyse and comment Heneghan
et al's publication, mainly regarding its content. Now, I wish to shift to another basic scientific
principle to analyse and comment on what the publication does not contain.

I need to underline that I understand that by setting viral culture of air samples as the “gold
standard” of proof and by concluding that there is a need for standardised methods and improved
reporting, Heneghan et af's intention is to recognize nothing less than the direct and undeniable
observation of infectious SARS-CoV-2 virus contained in expelled respiratory airborne particles by
an index patient. There is nothing intrinsically wrong with this. High standards are commendable.

But this intention misses a fundamental principle and, by doing so, distances the publication from
its functional objective.

Science is forever provisional on available data.

We formulate hypotheses and construct models to explain reality, and these must be changed
when new data disconfirms them. Although models are inherently imperfect (the map is not the
territory), they are still useful. As such, action based on science is using the best available model,
the one that best fits our empirical observations of reality, even if direct proof has not been
observed.

If the map works, it is better to use it than flying blind.

So, what Heneghan et af's publication is missing is the mention that airborne transmission is the
best model humanity has to explain and combat the SARS-CoV-2 pandemic, even if viral cultures
from airborne samples were to be discarded.

It also does not mention the comparative weakness of any alternative model of transmission, all of
which do not hold up to any practical comparison to the empirical observations accumulated after

nearly two years of this global pandemic.

The streams of evidence supporting this claim have been very well summarized in the peer-
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reviewed Lancet commentary from Greenhalgh et al. Many of these were brought to the attention
of Heneghan et al by the comments of Jose-Luis Jimenez on version 1 of their publication, such as:

* Animal studies showing airborne transmission (e.g. Kutter et al. 2021).
* Long distance transmission (e.g. Katelaris et al. 2021).

+ Transmission is twenty times more frequent indoors than outdoors (Bulfone et al. 2021). This
cannot be explained by large droplet transmission, but is readily explained by airborne
transmission, due to much higher dispersion outdoors than indoors.

+ Superspreading events appear to occur dominantly in poorly-ventilated indoor spaces. This
has led e.g. WHO to recommend ventilation as a way to reduce transmission, including
detailed guidelines (World Health Organization 2021). This again is easily explained by
airborne transmission, but not by large droplets or fomites which are not substantially
impacted by ventilation.

+ Presymptomatic and oligosymptomatic transmission is known to occur (Johansson et al.
2021), and may be an important reason why we are in such a difficult-to-control pandemic.
Measurements show that people without cough produce few droplets but abundant
aerosols, (Chen et al. 2020), favoring the airborne route of transmission for people without a
cough.

* Nosocomial infections have been reported in several studies, including some showing
genomic match, despite wearing of surgical masks and eye protection (Klompas, Baker,
Griesbach, et al. 2021; Klompas, Baker, Rhee, et al. 2021; Goldberg et al. 2021).

+ SARS-CoV-2 virus material has been measured (by PCR) after sampling ducts and filtersin a
hospital building (Nissen et al. 2020). It could only have reached these locations as an
aerosol.

Airborne transmission elegantly fits all of the above streams of evidence. All other transmission
theories do not.

Science is unconstrained to a specific discipline

In the same line of thought, I am adding a final principle; science is not constrained to a specific
discipline. It gains by being open. A theory that hold’s up against the basic models of physics,
engineering, biology and medicine has a better chance of surviving the test of reality then if it is
isolated in the theoretical vacuum of a single discipline.

The alternative SARS-CoV-2 transmission theory of combined ballistic droplets and fomites as main
drivers of the pandemic can only live in the theoretical vacuum of historically accepted medical
norms. It does not hold up to the previously stated streams of evidence. In fact, it is incoherent
with even some of the most basic models of science:
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+ The ballistic droplet theory excluding particles >5-10 pm from airborne transmission, as
stated in Appendix 1, goes against Newtonian physics. In reality, particles up to around 100 p
m can remain suspended long enough to be transported in the air and inhaled, the 5-10 pm
limit being a historical mix up with the particles able to reach the deep lung (Randall et al.
2021).

+ As David R. Tomlinson pointed out in his version 1 review, to the best of humanity's
understanding of biology, viruses are not sentient. They cannot choose to be contained only
in to respiratory particles that do not remain suspended in the air.

+ AsJose-Luis Jimenez commented on version 1 of this publication, ballistic droplets and
fomites cannot explain superspreading events that occur exclusively in poorly-ventilated
indoor environments, but the basic engineering models of fluid dynamics can (e.g. Lewis
2021 and references therein, Hamner L 2020).

So, for the alternative theory of ballistic droplets and fomite transmission to be true, it requires us
not to compare it to numerous streams of evidence and basic models coming from multiple
scientific disciplines. Fundamentally, it requires us not to observe or think. That is a bad sign.

What is missing in Heneghan et al's publication is the consideration that airborne transmission
becomes more robust as you compare it to the basic models of different scientific disciplines.

Belief Perseverance

The other telltale signs of a dysfunctional theory or model is the necessity of adding exceptions,
ignoring contradicting observations, or explaining them in an increasingly improbable way in order
to fit reality. Individually or combined, the direct contact, fomite and ballistic droplet theories
require all of these.

Confirmation bias is the often-unconscious search and inclusion of evidence in favor of an initial
hypothesis, while also unconsciously missing or misinterpreting evidence against it. But, once
disconfirming evidence is clearly presented, refusing to take these into account becomes a
conscious, intentional affair.

There comes a point were consciously refusing credible evidence becomes belief perseverance, a
bias so great that no contradicting proof can change the believer's perspective.

Ignaz Semmelweis proved with a simple hand washing protocol that unclean hands were the
source of many post partum infections, even before the bacteria responsible could be observed.
John Snow did the same regarding the propagation mode of cholera through his famous pump
handle removal of a fecal contaminated water source. William Wells proved airborne transmission
of tuberculosis with an experiment using logic and reason, not by bacterial culture from air
samples.

In all of these historic cases, the evidence was for many years deemed unconvincing, of low quality.
But what truly prevented acceptance (and has led to unnecessary death) was not the lack or the
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quality of evidence, but the perseverance of strongly held beliefs.

Contrary to these examples, where only a few individuals were toiling away to produce a single
piece of proof against a dominant belief, the SARS-CoV-2 pandemic has brought the whole world's
scientists together in producing enormous amounts and diversity of evidence.

Viral culture from airborne samples could be completely discarded as an evidence stream, it would
not change the overwhelmingly coherent sum of all other empirical evidence in favor of airborne
transmission and the comparative weakness of alternative theories.

If this fact is being ignored, even after being brought forward numerous times by commenters and
reviewers, it would be an indicator that belief perseverance is at work as a bias in Heneghan et al's
publication.

Conclusion

Given some of the fundamental principles that science is:

1. Using reason to draw out logical conclusions.

2. Provisional, yet we should still use the best available model.

3. Not constrained to a specific discipline.
I respectfully encourage Heneghan et al’s to wonder what the great scientific minds that they
themselves respect and admire would do with the relevant empirical data that has been
accumulated after nearly two years of this worldwide pandemic. What would these people of
reason do with what has been commented here (by other more competent minds than me) as
credible arguments in favor of airborne transmission, especially considering the comparative
weakness of any evidence for an alternative mode of transmission?
Although the process of eliminating biases in the pursuit of truth is central to the role of a scientist,
it still takes great effort, strength and courage to recognize and untangle them. In fact, it is
sometimes so difficult that, as Max Planck has said, only the passage of time leads to acceptance :
“A new scientific truth does not triumph by convincing its opponents and making them see the
light, but rather because its opponents eventually die and a new generation grows up that is
familiar with it.”
I truly hope, for humanity's sake, that we will all prove him wrong.
Etienne Booth
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Reader Comment 18 May 2021
Raymond Tellier, McGill University, Montreal, Canada

Regarding the review in Heneghan et al. of Lednicky 2020a [1], which reported successful isolation
in cell culture of SARS-CoV-2 from aerosol samples: Heneghan et al. take issues with the following:

1) No plaque assays was performed to estimate the concentration of viable viruses in the air due to
shortage of some reagents, and a TCID;, based assay was performed instead.

2) The cytopathic effect (CPE) was observed 6 to 11 days post inoculation.
3) No serial subcultures were done.
4) Infection of susceptible animals with cultured isolates was not performed.

5) There was no attempt to demonstrate a gradient effect by collecting aerosol samples at different
distances from the source patient.

These criticisms appear very unconvincing.

1) Infectious titration by plaque assay typically requires a soft agar overlay; I would speculate that
soft agar was the reagent unavailable as there is a shortage of several agarose products. At any
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rate there is nothing wrong with an infectious titration done by the TCID method, which is a
standard and well established method in virology and indeed essentially equivalent to the plaque
assay for viruses that produce plaques (one TCID, is approximately 0.69 plaque forming unit [PFU
1). We note that many other authors have used TCID-based titration for SASR-CoV-2 (e.g., [2]).

2) “With the exception of a few slower-growing viruses such as CMV, or when viruses are present at very
low titers, the time to detection by traditional tube culture method is generally between 1 and 7 days of
inoculation “[3].

As such, observing CPE 6 to 11 days following inoculation of a low viral load sample is therefore not
unexpected. Other authors have used an observation period of 14 days for CPE when attempting to
culture SARS-CoV-2 from samples with a very low viral load [4]. We would also note that although
the complete CPE with rounding and detachment of cells took 6 to 11 days, early CPE foci with
vacuolisation were already noted by 4 to 6 days [1].

3) The implied requirement for serial passage looks very much like an attempt to move the
goalpost for acceptance of the existence of infectious SARS-CoV-2 viruses in aerosols. If the isolate
would have been passage N times, would there have been a request to passage it (N+1) times?

Primary isolates from clinical samples are not laboratory adapted strains; they typically require
specific mutations to adapt to the cell lines and when dealing with a low viral load sample the
adaptation and the serial passage may or may not be successful; this does not negate the reality of
infectious viruses being present in the sample. It has been reported that SARS-CoV-2 undergo
adaptation in Vero E6 cells for at least 5-6 passages, with an increasing viral titer, acquisition of a
large plaque phenotype and deletions in the furin cleavage site [5, 6].

4) Likewise, the implied requirement for successful animal infection with isolates recovered from
air samples looks like another attempt to move the goalpost, and is especially surprising given
that, as noted by the Reviewer #1, Heneghan et al. did not include in their review animal
transmission studies.

5) Why would the demonstration of a spatial gradient be considered essential? To be sure a greater
concentration of aerosols near the source is to be expected but the steepness of the gradient
would be modulated by the specific ventilation characteristics of the room. There would be also
stochastic effects since an essential property of aerosol is that they will disperse randomly, not
uniformly [7]. But in the end the important result is the demonstration of infectious viruses in
aerosol particles.

We find all of the above disquieting in a review that aspires to be seen as authoritative, as it
strongly suggests a lack of familiarity with the methods of Clinical Virology and the problems
involved in culturing viruses present in very low viral load in clinical samples.

One may ask, of what benefit can it be to have a review of a very large number of published studies
if one cannot trust that the studies have been summarized accurately and knowledgeably
evaluated?
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Reader Comment 14 May 2021
Jose-Luis Jimenez, University of Colorado-Boulder, USA

Heneghan et af's paper is not, as it claims, a systematic review on the role of airborne transmission
for SARS-CoV-2 (Heneghan et al. 2021). The mismatch between the paper’s title, scope,
methodology and conclusions could potentially misinform global policy and cost many lives.

The authors, who do not appear to have extensive (or perhaps any?) empirical experience in
sampling viruses from the air, judge all the studies they reviewed to be of “low quality.” Aerosol
scientists would not reach the same conclusions. Indeed, a study of viable influenza virus released
in aerosol particles during coughing and breathing (Lindsley et al. 2016) illustrates a number of
quality criteria which a reviewer with expertise in aerosol science would expect of an empirical
study in the field, namely the use of a well-characterized sampling system, detailed description of
the sampling medium, careful accounting of collection efficiency as a function of particle size,
sample replication, and purging to prevent cross-contamination. Heneghan et al's technocratic
application of a ‘risk of bias tool’, QUADAS2, that was developed in a completely different discipline
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(clinical epidemiology) for assessing studies of an entirely different kind (diagnostic accuracy
studies) has led these authors to misclassify many excellent studies. This is a troubling example of
what has been termed “epistemological trespassing,” and could have been avoided had the review
team included an expert from the relevant academic field. Indeed, we are surprised that the World
Health Organisation did not require some minimum level of topic expertise when commissioning
the review.

A comprehensive review on the question of airborne transmission would need to include a much
wider range of types of evidence. Importantly, airborne transmission of other diseases was
accepted mainly on the basis of types of evidence not included in the Heneghan review, such as:

+ Tuberculosis: animal studies (Riley et al. 1962)

* Measles: efficacy of UV disinfection (Wells 1943) and superspreading events with long-
distance transmission (e.g. Bloch et al. 1985)
+ Chickenpox: superspreading events (Leclair et al. 1980)

The type of evidence reviewed by Heneghan et al., namely demonstrating the infectivity of
pathogens captured from the air, has never been achieved, to our knowledge, for tuberculosis,
measles, or chickenpox (Morawska and Milton 2020; Fennelly 2020). Therefore if a review of only
this narrow type of evidence allows one to reach the conclusion that “The lack of recoverable viral
culture samples of SARS-CoV-2 prevents firm conclusions over airborne transmission,” as done in
this paper, we must reach the same conclusion for tuberculosis, measles, and chickenpox. This
would clearly be nonsensical. Heneghan et al. have thus applied a much higher standard of proof
to SARS-CoV-2 than to other pathogens that are widely agreed to be airborne. There is no
discussion in the Heneghan paper about why such a higher standard of evidence is needed only for
SARS-CoV-2, and of why the other types of evidence that led to the acceptance of other diseases as
airborne have not even been considered.

Indeed, the types of evidence that led to the acceptance of tuberculosis, smallpox, and measles as
airborne are available for SARS-CoV-2:

* Animal studies showing airborne transmission (e.g. Kutter et al. 2021)

+ Superspreading events that occur exclusively in poorly-ventilated indoor environments, and
can be generally explained by airborne transmission but not large droplet or fomite
transmission, (e.g. Lewis 2021 and references therein; Miller et al. 2021)

* Long distance transmission (e.g. Katelaris et al. 2021)

In addition, as recently summarized in a peer-reviewed commentary in The Lancet (Greenhalgh et
al. 2021), there are multiple additional streams of evidence that are also not considered at all by
Heneghan et al., and that also support airborne transmission of SARS-CoV-2. These include:

+ Transmission is twenty times more frequent indoors than outdoors (Bulfone et al. 2021). This
cannot be explained by large droplet transmission, but is readily explained by airborne
transmission, due to much higher dispersion outdoors than indoors.

+ Superspreading events appear to occur dominantly in poorly-ventilated indoor spaces. This
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has led e.g. WHO to recommend ventilation as a way to reduce transmission, including
detailed guidelines (World Health Organization 2021). This again is easily explained by
airborne transmission, but not by large droplets or fomites which are not substantially
impacted by ventilation.

* Presymptomatic and oligosymptomatic transmission is known to occur (Johansson et al.
2021), and may be an important reason why we are in such a difficult-to-control pandemic.
Measurements show that people without cough produce few droplets but abundant
aerosols, (Chen et al. 2020), favoring the airborne route of transmission for people without a
cough.

* Nosocomial infections have been reported in several studies, including some showing
genomic match, despite wearing of surgical masks and eye protection (Klompas, Baker,
Griesbach, et al. 2021; Klompas, Baker, Rhee, et al. 2021; Goldberg et al. 2021).

+ SARS-CoV-2 virus material has been measured (by PCR) after sampling ducts and filtersin a
hospital building (Nissen et al. 2020). It could only have reached these locations as an
aerosol.

Therefore, it is clear that there are many more lines of evidence to consider in order to ascertain
the importance of airborne transmission of SARS-CoV-2. It is well-known that viruses are fragile and
they are easily damaged when sampling them from the air (Pan et al. 2017), leading to difficulties in
detecting viable virus. Amounts of pathogens in air that scientists have so far failed to cultivate can
still drive disease transmission, as exemplified by measles and tuberculosis. Studying only the
narrow topic of cultivation of viruses from air samples is therefore likely to give a highly misleading
picture of the relevant evidence base.

The authors also appear to expect that live virus should be detectable in all locations where COVID-
19 patients are present. However, it is clear that viral load is extremely variable both in time (He et
al. 2020) and between people (Yang et al. 2021). Aerosol generation is also highly variable among
different people (Asadi et al. 2019; Edwards et al. 2021). Measurements of viral load by PCR in
exhaled breath showed 73% of COVID-19 patients did not produce detectable virus in their breath,
but 27% exhaled, on average, millions of virus copies an hour (Ma et al. 2020). The very high
variability in the amount of exhaled virus may apply to other diseases, and perhaps explain cases
of lack of infection with shared air, that were used to deny the airborne character of measles for 7
decades (Bloch et al. 1985). This variability in virus emission may be a key reason why some people
transmit SARS-CoV-2 to lots of others, while others do not transmit to anyone (Sun et al. 2021; Endo
et al. 2020). In addition, ventilation of indoor spaces varies substantially across different
environments and will lead to very variable amounts of dilution of any exhaled virus across the
studies. Given all of these considerations, a high variability in the amount of virus captured from
the air is not just not surprising but expected, and it is not an argument against airborne
transmission of SARS-CoV-2.

In summary, no conclusions can be made about the importance of airborne transmission from only
this review, while excluding all the other lines of evidence. We caution against using the findings of
this review to inform policy.
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