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Abstract
The	question	of	whether	SARS-	CoV-	2	is	mainly	transmitted	by	droplets	or	aerosols	has	
been	highly	controversial.	We	sought	to	explain	this	controversy	through	a	historical	
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1  |  INTRODUC TION

The	 COVID-	19	 pandemic	 motivated	 an	 intense	 debate	 over	 the	
modes	 of	 transmission	 of	 the	 SARS-	CoV-	2	 virus,	 involving	mainly	
three modes: First, impact of “sprayborne” droplets on eyes, nos-
trils, or mouth, that otherwise fall to the ground close to the in-
fected person. Second, by touch, either by direct contact with an 
infected person, or indirectly by contact with a contaminated sur-
face	 (“fomite”)	 followed	 by	 self-	inoculation	 by	 touching	 the	 inte-
rior of the eyes, nose, or mouth. Third, upon inhalation of aerosols, 
some of which can remain suspended in the air for hours (“airborne 
transmission”).1,2

Public	 health	 organizations	 including	 the	 World	 Health	
Organization	 (WHO)	 initially	 declared	 the	 virus	 to	 be	 transmitted	
in large droplets that fell to the ground close to the infected per-
son, as well as by touching contaminated surfaces. The WHO em-
phatically	declared	on	March	28,	2020,	 that	SARS-	CoV-	2	was	not	
airborne	 (except	 in	 the	 case	 of	 very	 specific	 “aerosol-	generating	
medical procedures”) and that it was “misinformation” to say oth-
erwise.3 This advice conflicted with that of many scientists who 
stated that airborne transmission was likely to be a significant 
contributor. e.g. Ref.4-	9 Over time, the WHO gradually softened 
this stance: first, conceding that airborne transmission was possi-
ble but unlikely;10	then,	without	explanation,	promoting	the	role	of	

ventilation in November 2020 to control spread of the virus (which 
is only useful for controlling airborne pathogens);11 then declaring 
on	April	30,	2021,	that	transmission	of	SARS-	CoV-	2	through	aero-
sols is important (while not using the word “airborne”).12	Although	a	
high-	ranking	WHO	official	admitted	in	a	press	interview	around	that	
time that “the reason we're promoting ventilation is that this virus 
can be airborne,” they also stated that they avoided using the word 
“airborne.”13 Finally in December 2021, WHO updated one page 
in	 its	website	 to	 clearly	 state	 that	 short-		 and	 long-	range	 airborne	
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analysis of transmission research in other diseases. For most of human history, the 
dominant paradigm was that many diseases were carried by the air, often over long 
distances and in a phantasmagorical way. This miasmatic paradigm was challenged 
in the mid to late 19th century with the rise of germ theory, and as diseases such as 
cholera, puerperal fever, and malaria were found to actually transmit in other ways. 
Motivated	 by	 his	 views	 on	 the	 importance	 of	 contact/droplet	 infection,	 and	 the	
resistance he encountered from the remaining influence of miasma theory, prominent 
public health official Charles Chapin in 1910 helped initiate a successful paradigm 
shift, deeming airborne transmission most unlikely. This new paradigm became 
dominant. However, the lack of understanding of aerosols led to systematic errors 
in	 the	 interpretation	of	 research	 evidence	on	 transmission	pathways.	 For	 the	next	
five decades, airborne transmission was considered of negligible or minor importance 
for all major respiratory diseases, until a demonstration of airborne transmission of 
tuberculosis (which had been mistakenly thought to be transmitted by droplets) in 
1962. The contact/droplet paradigm remained dominant, and only a few diseases were 
widely	accepted	as	airborne	before	COVID-	19:	those	that	were	clearly	transmitted	to	
people not in the same room. The acceleration of interdisciplinary research inspired 
by	 the	COVID-	19	pandemic	has	shown	that	airborne	 transmission	 is	a	major	mode	
of transmission for this disease, and is likely to be significant for many respiratory 
infectious diseases.

K E Y W O R D S
airborne transmission, disease transmission, droplet transmission, history

Practical Implications

Since the early 20th century, there has been resistance 
to accept that diseases transmit through the air, which 
was	 particularly	 damaging	 during	 the	 COVID-	19	 pan-
demic.	A	key	reason	for	this	resistance	 lies	 in	the	history	
of the scientific understanding of disease transmission: 
Transmission through the air was thought dominant during 
most of human history, but the pendulum swung too far in 
the early 20th century. For decades, no important disease 
was thought to be airborne. By clarifying this history and 
the errors rooted in it that still persist, we hope to facilitate 
progress in this field in the future.
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transmission are important, while also making clear that “aerosol 
transmission” and “airborne transmission” are synonyms.14 However, 
other than that web page, the description of the virus as “airborne” 
continues to be almost completely absent from public WHO com-
munications	as	of	March	2022.

The Centers for Disease Control and Prevention (CDC) in the 
United States followed a parallel path: first, stating the importance 
of droplet transmission; then, in September 2020, briefly posting on 
its website an acceptance of airborne transmission that was taken 
down three days later;15	and	finally,	on	May	7,	2021,	acknowledg-
ing that aerosol inhalation is important for transmission.16 However, 
CDC frequently used the term “respiratory droplet,” generally asso-
ciated with large droplets that fall to the ground quickly,17 to refer 
to aerosols,18 creating substantial confusion.19	Neither	organization	
highlighted the changes in press conferences or major communica-
tion campaigns.20 By the time these limited admissions were made 
by	both	organizations,	 the	evidence	 for	airborne	 transmission	had	
accumulated, and many scientists and medical doctors were stating 
that airborne transmission was not just a possible mode of trans-
mission, but likely the predominant mode.21	 In	 August	 2021,	 the	
CDC	 stated	 that	 transmissibility	 of	 the	 delta	 SARS-	CoV-	2	 variant	
approached	that	of	chickenpox,	an	extremely	transmissible	airborne	
virus.22 The omicron variant that emerged in late 2021 appeared to 
be	a	remarkably	fast	spreading	virus,	exhibiting	a	high	reproductive	
number and a short serial interval.23

The	very	 slow	and	haphazard	 acceptance	of	 the	 evidence	of	
airborne	 transmission	of	 SARS-	CoV-	2	 by	major	 public	 health	 or-
ganizations	contributed	to	a	suboptimal	control	of	the	pandemic,	
whereas the benefits of protection measures against aerosol 
transmission are becoming well established.24-	26	Quicker	 accep-
tance of this evidence would have encouraged guidelines that 
distinguished rules for indoors and outdoors, greater focus on 
outdoor activities, earlier recommendation for masks, more and 
earlier emphasis on better mask fit and filter, as well as rules for 
mask-	wearing	indoors	even	when	social	distancing	could	be	main-
tained, ventilation, and filtration. Earlier acceptance would have 
allowed	greater	emphasis	on	these	measures,	and	reduced	the	ex-
cessive time and money spent on measures like surface disinfec-
tion	and	lateral	plexiglass	barriers,	which	are	rather	ineffective	for	
airborne transmission and, in the case of the latter, may even be 
counterproductive.29,30

Why	were	these	organizations	so	slow,	and	why	was	there	so	
much	resistance	to	change?	A	previous	paper	considered	the	issue	
of scientific capital (vested interests) from a sociological perspec-
tive.31	Avoiding	costs	associated	with	measures	needed	to	control	
airborne transmission, such as better personal protective equip-
ment (PPE) for healthcare workers32 and improved ventilation33 
may	have	played	a	role.	Others	have	explained	the	delay	in	terms	
of	 perception	 of	 hazards	 associated	with	N95	 respirators32 that 
have, however, been disputed34 or because of poor management 
of emergency stockpiles leading to shortages early in the pan-
demic. e.g. Ref.35

An	 additional	 explanation	 not	 offered	 by	 those	 publications,	
but which is entirely consistent with their findings, is that the 
hesitancy to consider or adopt the idea of airborne transmission 
of pathogens was, in part, due to a conceptual error that was in-
troduced over a century ago and became ingrained in the public 
health and infection prevention fields: a dogma that transmis-
sion of respiratory diseases is caused by large droplets, and thus, 
droplet mitigation efforts would be good enough. These institu-
tions also displayed a reluctance to adjust even in the face of ev-
idence, in line with sociological and epistemological theories of 
how people who control institutions can resist change, especially 
if it seems threatening to their own position; how groupthink can 
operate, especially when people are defensive in the face of out-
sider challenge; and how scientific evolution can happen through 
paradigm shifts, even as the defenders of the old paradigm resist 
accepting that an alternative theory has better support from the 
available evidence.36-	38 Thus, to understand the persistence of 
this	error,	we	sought	to	explore	its	history,	and	of	airborne	disease	
transmission more generally, and highlight the key trends that led 
to droplet theory becoming predominant.

2  |  METHOD

Focusing mainly on infections acquired through the airways (such 
as	tuberculosis,	smallpox,	measles,	and	influenza)	and	others	that	
were thought historically to transmit through the air (such as ma-
laria and cholera), we collected historical theories and models 
of	disease	transmission	from	the	ancient	Greeks	to	the	present	
day. Beginning with sources on this topic that were known to 
the authors, we used backward tracking (pursuing references of 
those sources) and forward tracking (tracking the source forward 
in	Google	Scholar	to	see	which	subsequent	sources	cited	it).	We	
also	 used	 literature	 searches	 in	 PubMed,	 Google	 Scholar,	 and	
Web	 of	 Science,	 as	 well	 as	 consultation	 with	 experts	 to	 iden-
tify other key papers on the same topics. Only literature in the 
English language was systematically searched, although some 
references in other languages were reviewed and a few of them 
are cited. We searched for the origins of the resistance to rec-
ognizing	airborne	transmission	during	the	COVID-	19	pandemic,	
especially by leading public health institutions like WHO, which 
appeared to be rooted in Western scientific tradition. We ac-
knowledge that other nations had their own views about res-
piratory disease transmission throughout history, but we do not 
explore	 those	 in	 this	article.	We	used	hermeneutic	methods	 to	
produce a narrative synthesis of this literature, building a pro-
gressively richer picture of how the transmission of particular 
diseases	had	originally	been	conceptualized	and	what	empirical	
evidence had led scientists to revise the model of transmission. 
To	refine	our	 interpretation,	we	explicitly	 sought	disconfirming	
studies (e.g., we looked for ones that challenged prevailing mod-
els and assumptions).
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3  |  FINDINGS

3.1  |  Disease transmission throughout most of 
human history: miasmas and infective air

Humanity has been wrestling with the mystery of disease transmis-
sion	 for	over	 two	millennia.	After	 all,	 figuring	out	how	contagious	
diseases spread is difficult. When a person falls ill, we need to con-
sider which of the many things they did (and in particular, to which 
infectious agents they were exposed to)	led	to	infection.	As	we	will	
see,	time	and	again,	this	difficulty	made	it	hard	to	tell	exactly	how	
people became sick, and led to incorrect theories of transmission 
becoming entrenched, and it was then very difficult to dislodge them 
despite strong evidence in support of a rival theory. Transmission 
through the air is especially difficult to precisely pinpoint, given that 
the infectious particles are invisible and air moves with fewer re-
strictions,	 compared	 to,	 for	 example,	 transmission	 through	water,	
food, hands, or mosquitoes.

However, it should be noted that establishing transmission 
methods was difficult for other mechanisms as well, both for sci-
entific	 and	 sociological	 reasons.	 For	 example,	 the	 (then-	unknown)	
incubation	period	muddied	multiple	experiments	and	systematic	ob-
servations trying to connect mosquitos and yellow fever.39 Similarly, 
the	 co-	occurrence	 of	 poverty	 and	malnutrition	with	 filthy	 air	 and	
unclean	water	helped	confuse	the	fact	of	water-	borne	transmission	
of cholera.40 Without microscopes and a germ theory of disease, 
it is difficult distinguish among various plausible pathways. Plus, 
both	John	Snow	and	Ignaz	Semmelweis	faced	stiff	resistance	from	
the scientific establishment of their day, with some similarities to 
the resistance to accepting airborne transmission from the current 
establishment.40,41

Hippocratic	writings	 in	ancient	Greece	 first	proposed	 that	dis-
eases were caused by imbalance of humors in the body, which could 
be triggered by a “miasma” transmitted through the air: “Whenever 
many men are attacked by one disease at the same time, the cause 
should be assigned to that which is most common, and which we all 
use most. This it is which we breathe in.”42 Postulated imbalances 
between humors also gave rise to a theory of personality types, 
for	 example	 “melancholia”	was	 ascribed	 to	 an	excess	of	 black	bile	
(“melaina chole”). Throughout much of subsequent human history, 
the belief persisted that diseases were transmitted through the air. 
Because the actual causative agents of airborne diseases remained 
a	mystery	 for	 centuries,	 explanations	were	given	 in	 general	 terms	
such as “miasmas,” or “bad air”43 as illustrated by the etymological 
root of the term malaria (from “mala aria,” medieval Italian for “bad 
air”).	Some	origin	theories	were	more	specific	than	others.	For	ex-
ample,	Roman	scholar	Marcus	Terentius	Varro	 (116–	27 BCE)	wrote	
that swamps were a particular breeding ground for minute creatures 
that “float in the air and enter the body through the mouth and nose 
and there cause serious diseases.”43 Based on these considerations, 
it became a policy of the Roman Empire to drain swamps, which re-
moved breeding grounds for mosquitoes and reduced the incidence 
of	 malaria,	 an	 example	 of	 a	 mistaken	 theory	 nevertheless	 giving	

good results. Regardless of whether transmitted or triggered by 
bad humors or minute creatures, airborne infections were generally 
not viewed as contagious and transmitted from human to human. 
Rather, infection was believed to simply flow through the air and 
strike people down.

Persian	physician	Ibn	Sina	(Avicenna)	in	his	Canon of Medicine in 
1025	 summarized	 the	 classical	 Greco-	Roman	 miasma	 theory,	 but	
also blended with it the idea that people could transmit disease to 
others by breath.44	However,	the	theory	of	person-	to-	person	trans-
mission of disease via infection was not clearly formulated until 
Italian	 physician	 Girolamo	 Fracastoro	 (Fracastorius)	 (1478–	1553)	
proposed	 it	 in	 1546.45 This idea was built upon a “seeds” theory 
by	Galen	 of	 Pergamon,	 a	 prolific	Greek	 physician	 and	writer	 (162	
to	203 CE).46	Galen's	seeds	theory	had	not	caught	on,	probably	be-
cause	he	expressed	it	somewhat	tentatively,	and	his	more	extensive	
writings continuing Hippocratic humoral theory overshadowed it.47 
Interestingly,	Fracastoro's	book	proposed	that	the	seeds	of	disease-	
causing contagion, or “seminaria” as he called them, transmitted 
through three modes: direct, indirect, and at a distance. Contagion 
at a distance was, he suggested, the strongest, stronger even than 
direct contagion. From his writings, these seeds could be interpreted 
as chemicals rather than living organisms.

In	 1590,	 less	 than	 half	 a	 century	 after	 Fracastoro's	 writings,	
spectacle-	makers	Hans	and	Zacharias	Janssen	 invented	the	micro-
scope. This invention was quickly used by other scientists to dis-
cover microorganisms.48	 Microscopic	 fungi	 were	 discovered	 by	
Robert	Hooke	in	1665,	who	published	his	famous	Micrographica in 
1667.49	 Bacteria	 were	 discovered	 by	 Antoni	 van	 Leeuwenhoek	 in	
1676. These discoveries were a notable step forward; they demon-
strated the ubiquity of tiny living creatures too small to be seen 
by the naked eye and yet potentially capable of causing diseases. 
What ensued after Fracastoro's pronouncement, however, was a 
centuries-	long	debate	between	“miasmatists,”	who	held	fast	to	the	
idea that diseases floated through the air over distances, and “conta-
gionists,”	who	accepted	person-	to-	person	spread	of	disease.50

Because, as stated earlier, it was very difficult to determine how, 
why, and from where someone became infected, the debate failed 
to reach a resolution. Observations of outbreaks would sometimes 
note that quarantine did not work, suggesting the miasmatists were 
correct. On the contrary, people were not always struck down from 
afar,	suggesting	that	perhaps	it	was	contagion	causing	the	illness.	A	
middle ground was eventually proposed, called “contingent conta-
gionism,” which was a way of modulating the use of the term “con-
tagious disease” for a specific infection. Contingent contagionism 
could	hold,	for	example,	that	malaria,	or	cholera	might	be	contagious	
in an impure atmosphere, but might not be contagious in a healthy 
atmosphere.51 This idea, derived from observation, therefore cap-
tured	some	grains	of	truth,	since	for	example	airborne	diseases	are	
much more contagious in indoors locations with poor ventilation.21

Florence	 Nightingale	 (1820–	1910)	 like	 most	 Victorians	 was	
raised to believe that diseases were caused by ‘miasma’ or foul air. 
In her Notes on Hospitals, she wrote: “What does ‘contagion’ mean? 
It implies the communication of disease from person to person by 
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contact. [ …] There is no end to the absurdities connected with this 
doctrine. Suffice it to say that […] there is no proof […] that there is 
any such thing as ‘contagion’. Infection acts through the air. Poison 
the air breathed by individuals, and there is infection.”52 However, 
she collaborated with contingent contagionists on sanitary mea-
sures. She reduced infection rates with hygiene, ventilation, increas-
ing the distance between beds in hospitals, and creating an “isolation 
ward” for tuberculosis patients. She encountered significant resis-
tance from her family over her chosen profession, and from mili-
tary superiors for implementing basic hygiene practices during the 
Crimean War. Later on in her career, the British government finally 
accepted her sanitary and other reforms after years of lobbying.52-	54

3.2  |  Snow, Semmelweis, and the public health 
establishment

In	 1854,	 a	 cholera	 epidemic	 struck	 London.	 The	 public	 health	 es-
tablishment believed it to be caused by a miasma. English sanitary 
reformers such as Sir Edwin Chadwick, who initiated many modern 
public health practices,55 found miasma theory appealing, as it ap-
peared	to	explain	the	prevalence	of	diseases	in	the	undrained,	filthy,	
and	foul-	smelling	areas	where	the	poor	lived,	and	helped	justify	their	
efforts to address those conditions.56

John Snow, a wealthy doctor but an outsider to public health, 
whose work in anesthesia made him familiar with the behavior of 
gasses,	realized	that	the	spread	was	not	consistent	with	what	would	
be	expected	for	a	gas.	He	noticed	how	cases	had	clustered	in	a	spe-
cific London borough and persuaded the local council to remove the 
handle of the Broad street water pump, which halted the epidemic.57 
However, by the time he did this, the epidemic was already in decline 
and so the Board of Health in the end refused to accept contami-
nated	water	 as	 the	 explanation,	 issuing	 a	 report	 stating	 “[w]e	 see	
no	reason	to	adopt	this	belief	[that	cholera	was	water-	borne],”	and	
dismissing Snow's conclusions as mere “suggestions.”40 Snow died 
before his discovery was accepted in 1866.40 The Sanitarians had 
strong incentives for rejecting water as the source of cholera. To 
remove the sources of the miasma (filth), they had spearheaded the 
effort to build sewers that dumped raw sewage into the Thames, the 
source of much of London's drinking water, thus effectively helping 
the spread of cholera. They had much to lose by admitting cholera 
transmitted through water, including their prestige.

Ignaz	Semmelweis	was	another	pioneer	of	disease	transmission	
who was also initially ignored as having proposed things too radical 
for the establishment of the time to accept. Working in Vienna in 
1847, he showed that handwashing greatly reduced deaths by child-
bed fever in a maternity clinic.41 However, his ideas conflicted with 
established medical and scientific beliefs that still described diseases 
as due to an imbalance of humors triggered by a miasma in the air.58 
Thus, the idea that washing hands would reduce disease made no 
sense to the medical doctors at the time. Not helping matters, his 
colleagues resented not only his brash style but also the implication 
that they were hurting their patients by not handwashing, and he 

was	 largely	 ignored,	 rejected,	or	 ridiculed.	Although	his	data	were	
compelling, he was dismissed from his hospital and harassed by the 
Vienna medical community so much that eventually he was forced 
to	move	to	Budapest.	After	some	years	there,	he	broke	down,	was	
interned and beaten by the guards, and ultimately died from an in-
fected	wound.	As	with	Snow,	Semmelweis	never	saw	the	fruits	of	
his work, as the importance of handwashing to reduce infection was 
only	accepted	by	the	medical	community	more	than	20 years	after	
his death. In an ironic turn, Semmelweis' name lives on not only for 
his advances of hand sanitation, but also in the term “Semmelweis 
reflex,”	which	has	been	coined	to	describe	the	reflex-	like	tendency	
to reject new knowledge or evidence when it contradicts estab-
lished beliefs, norms, or paradigms.59,60

3.3  |  Second half of 19th century: germ theory

In	 the	 second	half	 of	 the	19th	 century,	 Pasteur	 and	Koch	offered	
evidence to support their germ theory of disease. In 1861, Pasteur 
conducted	experiments	disproving	the	spontaneous	generation	and	
proving there are viable microorganisms in the air.61 However, germ 
theory was not accepted overnight, and it too encountered much 
resistance.	For	example,	experiments	by	others	in	which	water	con-
taining organic matter was boiled in a vessel, but microorganisms 
still appeared (later shown to be due to an imperfect seal or insuf-
ficient boiling time) created significant controversy at the time.62 
But by the late 1880s, miasma theory was waning in popularity, and 
in 1888, the Institut Pasteur was created in Paris, reflecting the as-
cendancy of germ theory. Florence Nightingale did accept the new 
ideas	of	germ	theory,	in	fact	before	many	physicians	did.	For	exam-
ple,	in	1882,	she	wrote	“Always	have	chlorinated	soda	for	nurses	to	
wash their hands, especially after dressing or handling a suspicious 
case.	 It	may	destroy	 germs	 at	 the	 expense	of	 the	 cuticle,	 but	 if	 it	
takes off the cuticle, it must be bad for the germs.”63 Initial results 
on some plant pathogens in the 1890s64,65 and the identification of 
the first bacteriophage in 1917 paved the way for the rrecognition 
of viruses.66,67	A	“golden	era”	followed,	with	the	identification	of	the	
actual microorganisms that cause many infectious diseases.

The discovery and identification of the organisms causing differ-
ent diseases did not, however, eliminate the great difficulty in con-
clusively determining the mode by which they transferred from one 
person	to	another.	For	example,	French	physician	Charles	Laveran	
identified the pathogen responsible for malaria in 1880, but the man-
ner	of	transmission	was	still	thought	to	be	through	the	air.	American	
physician	Albert	Freeman	Africanus	King	proposed	that	malaria	was	
transmitted by mosquitoes, but encountered general skepticism. In 
1883, he presented a list of 19 facts that supported mosquitoes as 
the	vector	of	malaria	transmission.	King	had	correctly	identified	the	
co-	occurrence	 of	mosquitoes	 and	malaria,	 but	mistakenly	 posited	
that transmission was through their eggs, not bites, in yet another 
example	 of	 the	 complexities	 of	 causal	 inference	 for	 transmission	
of diseases.68 However, the theory was not accepted until 1898 
when British surgeon Ronald Ross provided definitive evidence, 
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confirming the presence of the malarial parasites in mosquitoes, and 
demonstrating transmission of bird malaria by mosquitoes.43

In	 the	 1890s,	 Carl	 Flügge	 in	Germany	 set	 out	 to	 disprove	 the	
then-	dominant	 transmission	 theory	 for	 tuberculosis,	 one	 of	 the	
major	 infectious	 diseases	 of	 the	 time.	Most	 experts	 believed	 that	
tuberculosis was transmitted when dust of dried sputum that had 
landed on floors, blankets, bowls, and other contaminated objects 
was dispersed into the air. In contrast, Flügge thought that it was 
not the dried secretions from the sick that caused infection, but 
rather	 fresh	 secretions	 that	 people	were	 exposed	 to	 in	 air	 before	
they reached the ground.69 Some contemporaries of Flügge such as 
Cornet argued that tuberculosis was transmitted only through large 
droplets, which were easily visible to the naked eye.70 Cornet was 
very concerned about the social implications of infected air, stating 
“If	 not	only	 the	 sputum,	but	 the	exhaled	air	 […]	 contains	bacteria,	
then we have no choice but to put our feet on our laps and be re-
signed, his fate reaches us too with an infected breath. Terrible then 
is the fate of those suffering […] like the lepers of earlier centuries 
have	to	be	expelled	from	human	society.”

However, although the term “Flügge's droplets” has been used 
to describe only those large particles that fell to the ground quickly 
near the infected person and that were assumed to dominate trans-
mission, e.g. Ref.71 that does not accurately capture Flügge's results. 
Rather, Flügge and collaborators used the term “droplet” to refer to 
fresh	particles	of	all	sizes,	including	aerosols	for	which	the	research-
ers	waited	5 h	to	settle	from	the	air	on	their	collection	plates.69

Investigation	of	airborne	infection	continued.	In	1905,	microbi-
ologist	M.H.	Gordon	was	 commissioned	 to	 study	 the	atmospheric	
hygiene	of	 the	UK	House	of	Commons	after	an	epidemic	of	 influ-
enza	 among	 members.	 He	 famously	 performed	 the	 following	 ex-
periment: after gargling with a broth culture of Serratia marcescens 
(formerly known as Monas prodigiosus, Bacillus prodigiosus, and other 
names; environmental strains produce a bright red pigment making 
colonies unmistakable, and the bacterium has often been used as a 
biological marker), he loudly recited passages from Shakespeare in 
an empty House to an audience of agar plates, in order to investi-
gate	the	spatial	reach	of	pathogen-	containing	aerosols	and	droplets.	
Although	growth	of	colonies	was	more	numerous	on	plates	near	the	
speaker,	cultures	were	apparent	on	some	plates	over	21 m	away.72,73 
However,	progress	was	hampered	by	the	 limitations	of	the	experi-
mental techniques available at the time.

3.4  |  Charles Chapin, contact infection, and the 
key errors

The critical point in this history of the understanding of airborne 
disease	 transmission	 is	 the	work	of	 prominent	American	 epidemi-
ologist, Charles V. Chapin. Chapin worked only a couple of decades 
after the germ theory was accepted, during a period of intense re-
search on pathogen transmission. It was a fluid time, following a 
major paradigm shift, in which it was easier to change the dominant 
scientific discourse than during normal times.38	He	summarized	the	

evidence of transmission of different diseases in his 1910 seminal 
book,	 “The	 Sources	 and	Modes	 of	 Infection.”74 Based on his own 
success	with	infection	prevention,	he	conceptualized	“contact	infec-
tion,” that is, infection by germs that did not come from the environ-
ment, but came from other people through direct contact or close 
proximity.	However,	he	would	go	on	to	conflate	close	proximity	with	
the actual mechanism of transmission, engendering a confusion that 
would muddy understanding for decades.

Chapin believed that contact infection was the main mode of 
transmission of many diseases. But like any new theory, his encoun-
tered resistance: “I have sometimes been told I lay too much empha-
sis on contact infection,” he wrote, although “until recently very little 
attention has been paid to it.” He was no doubt aware of the resis-
tance	 faced	by	Semmelweis,	Snow,	Pasteur,	Koch,	King,	and	many	
others,	and	realized	the	need	to	make	his	case	forcefully	 if	he	was	
to convince his colleagues of the importance of contact infection.

Chapin also reviewed the possibility of airborne infection, which 
he conceived especially as infections from afar. He stated that “From 
time immemorial, and until a very recent period, the air has been 
considered the chief vehicle of infection,”75 but important diseases 
such as cholera, malaria, and childbed fever, that were for centuries 
thought to be transmitted through the air, had been shown to have 
other routes of transmission, and the belief about their airborne 
transmission had been shown to be erroneous. Nevertheless, air-
borne transmission was still considered so important for many dis-
eases76 to warrant a response from Chapin, and the miasmatic ideas 
of phantasmagorical disease transmission through the air were still 
in	 the	public's	mind.	As	Chapin	 admitted	at	 the	end	of	 that	 chap-
ter, the lingering belief in airborne infection was the main obstacle 
he encountered to promote his ideas of the importance of contact 
infection. Echoing earlier concerns from Cornet,70 he stated “If the 
sick-	room	is	filled	with	floating	contagium,	of	what	use	it	is	to	make	
much of an effort to guard against contact infection? […] It is impos-
sible,	as	 I	know	from	experience,	to	teach	people	to	avoid	contact	
infection while they are firmly convinced that the air is the chief ve-
hicle of infection.”

Chapin	was	aware	of	the	work	of	Flügge	and	at	the	UK	House	
of Commons showing transport of germs for considerable distances 
and	 floating	 in	 the	 air	 for	 hours.	He	 also	 did	 realize	 that	 airborne	
infection	may	explain	 infection	 in	close	proximity.	However,	he	ar-
gued	that	ease	of	infection	in	close	proximity	was	better	explained	
by	“spray-	borne”	droplets,	 the	 large	visible	droplets	considered	by	
Cornet and others. He argued that since germs began to die or lose 
their virulence outside of the body, the closer we were to others, 
the greater the chance of infection. There were many opportunities 
for “transfer of secretions” between people during close contact. 
Infection	from	asymptomatic	cases	had	been	identified	by	Koch	for	
cholera,77	 or	 as	 in	 the	 famous	 instance	 of	 “Typhoid	Mary,”	 an	 as-
ymptomatic	cook	who	infected	53	people	with	typhoid	fever	in	New	
York City in 1907.78 Chapin used transmission from asymptomatic 
carriers as an argument to help dismiss the more apparently un-
explainable	transmission	events,	that	had	often	been	attributed	to	
airborne transmission since the time of Hippocrates: “Now that the 
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number of unknown foci of infection and the opportunities for di-
rect transfer of secretions have been demonstrated, the deduction is 
certainly permissible that contact infection is more important [than 
other modes].”74

Chapin stated that “[t]here is no evidence that [airborne trans-
mission] is an appreciable factor in the maintenance of most of our 
common	contagious	diseases.”	And	critically,	he	turned	(an	already	
not completely correct claim of) absence of evidence into evidence 
of absence. “We are warranted then, in discarding [airborne trans-
mission] as a working hypothesis, and devoting our chief attention to 
the prevention of contact infection,” he concluded. “It will be a great 
relief to most persons to be freed from the specter of infected air, a 
specter which has pursued the race from the time of Hippocrates.” 
He	later	summarized	his	conclusions	in	a	review	in	the	prominent	J.	
Am.	Med.	Assoc.,	stating	that	“There	is	little	evidence	that,	among	
the diseases which commonly occupy our attention in this part of 
the world, aerial transmission is a factor of importance. […] We may 
be sure that the sewer gas bogey is laid, the notion that dust is a 
dangerous	 vehicle	 of	 every-	day	 infection	 is	 unsupported	 and	 that	
mouth spray is usually effective only at short distances.” He only left 
open the possibility for tuberculosis, although “the last word has not 
been said.”75

Neither	Snow	nor	Semmelweis	were	highly	recognized	in	public	
health before their major discoveries and, as is often the case, faced 
more resistance to their ideas.79 Chapin was much better positioned 
to	change	the	paradigm	of	transmission,	as	the	long-	serving	Health	
Officer of Providence and also thanks to the success of his empha-
sis on contact transmission in reducing infections in a new hospital. 
In	 1927,	 he	 became	 the	 President	 of	 the	 American	 Public	 Health	
Association.	His	ideas	about	the	dominance	of	contact	infection	and	
the implausibility of airborne infection were incorrectly defined, as 
we	will	later	examine,	but	were	widely	adopted	in	the	fields	of	public	
health and infectious diseases. Chapin was described in 1967 as “the 
greatest	American	epidemiologist”	by	Alexander	Langmuir,	the	first	
and	 long-	time	director	 (1949–	1969)	of	 the	epidemiology	branch	of	
the CDC, and as late as the 1980s, Chapin's views were dominant 
there.80 Critically, Chapin's unproven hypothesis was accepted as 
true:	Ease	of	infection	in	close	proximity	is	accepted	proof	of	trans-
mission from sprayed droplets. This key error conditioned the evo-
lution	of	 this	 field	over	 the	next	 century.	Chapin's	 ideas	were	 still	
dominant	at	the	start	of	the	COVID-	19	pandemic.

3.5  |  No important natural disease is airborne 
(1910– 1962)

Influenza,	thought	in	the	15th	century	to	be	caused	by	the	noxious	
influence	of	winter	constellations	(“influenza	delle	stelle”),	can	cause	
severe pandemics when a significantly different strain emerges 
through genetic evolution. The most severe pandemic by far in the 
20th century was that of 1918 (“Spanish Flu”). In the early stages of 
the	pandemic,	a	warning	from	the	US	Surgeon	General	published	in	
newspapers across the United States warned of “germs being carried 

with	the	air	along	with	the	very	small	droplets	of	mucus,	expelled	by	
coughing	or	sneezing,	forceful	talking,	and	the	like.”81 The dangers 
of infection thus justified public health recommendations for the 
public to cover their coughs, avoid crowds, and wear masks when in 
the same room as infected persons. There was some evidence that 
ventilation and outdoor air reduced transmission, which suggested 
airborne	transmission.	For	example,	some	cities	such	as	Chicago	im-
plemented public health measures strongly focused on ventilation, 
including in schools, churches, and rooms where patients were being 
treated;	places	of	public	gathering,	such	as	dance-	halls	and	theaters,	
were closed until thorough renovation works were carried out as 
a condition for a permit to reopen. Chicago had been the first city 
to adopt ventilation ordinances in public buildings and conveyances 
(including street cars) and in workplaces in 1910. The city reopened 
within	6 weeks	and	did	not	have	a	second	wave	of	pandemic,82 al-
though it may have fared better than other cities for a combination 
of reasons. However, the limited nature of the understanding of 
pathogen transmission that emerged during the pandemic was not 
enough to force a paradigm shift, and Chapin's ideas became firmly 
established	over	the	next	two	decades.

In the 1930s, Harvard engineering professor William Wells and 
physician	Mildred	Wells,	his	wife,	started	applying	more	contempo-
rary	 experimental	methods	 to	 the	 investigation	of	 airborne	 trans-
mission. Chapin had successfully shifted the paradigm and his theory 
was now viewed as scientific progress, while the Wellses were ac-
cused of a retrograde approach to science which sought to bring 
back the miasma theory.83

William	Wells	was	 the	 first	person	to	 rigorously	study	the	size	
of	spray-	borne	droplets	vs.	airborne	aerosols.	He	conceptualized	a	
dichotomy	of	spray-	borne	droplets	(≳100 μm) that reach the ground 
before they dry, vs. aerosols (≲100 μm) that dry before they reach 
the ground (thus referred to as “droplet nuclei”). He correctly un-
derstood the connection with meteorology where these facts are 
common knowledge,84	stating	“A	raindrop	2 mm	in	diameter	can	fall	
miles without completely evaporating under conditions which would 
cause	a	0.2 mm	droplet	 to	evaporate	before	 it	had	 fallen	 from	the	
height of a man.”85

The Wellses suspected that tuberculosis and measles were air-
borne, but both were already believed to be droplet diseases, and 
they encountered intense resistance from the epidemiological com-
munity.	Measles	was	described	by	most	public	health	institutions	as	
a	droplet	disease	as	 late	as	1985,	because	of	ease	of	 transmission	
in	close	proximity	and	cases	of	 lack	of	 infection	with	shared	air.86 
The Wellses had some initial success showing that UV light installed 
in	 the	upper	 zone	of	a	 room	above	 the	head	height	of	occupants,	
such	that	only	aerosols	rising	through	thermal	plumes	would	be	ex-
posed	to	UV,	greatly	reduced	measles	and	chickenpox	infection.87,88 
However, subsequent attempts to replicate these findings produced 
mixed	 results.	 In	 retrospect,	 the	 reason	 became	 apparent.	 In	 the	
schools where UV prevented transmission, children were together 
indoors only in the school, not elsewhere. Thus, disinfecting the 
school air was effective. In subsequent studies at other schools, the 
children shared other indoor spaces (such as school buses), for hours. 
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Thus, there were plenty of opportunities for transmission of measles 
via shared indoor air that was not subject to UV disinfection. In a 
1945	article	in	a	predecessor	journal	to	Science, W. Wells lamented 
how our societies had invested and been successful in eliminating 
infections through drinking water and food, but no action had been 
taken to limit airborne infection, since it was widely accepted that 
natural diseases were not airborne.89

In	1951,	Langmuir	stated,	“It	remains	to	be	proved	that	airborne	
infection is an important mode of spread of naturally occurring 
disease.”90 Langmuir had worked on preventing infectious disease 
transmission among US military personnel during World War II. 
Substantial resources were dedicated to the effort, given the impact 
of disease outbreaks on military readiness, generating knowledge 
“which would have taken decades to accumulate under peacetime 
conditions” and that established the professional leaders in this area 
for	 the	next	several	decades.80 However, Langmuir and collabora-
tors had a key problem when trying to investigate airborne infection: 
they viewed the world through the lens of Chapin's theories. For 
example,	 in	 one	 study,	 crowding	was	 reduced	 in	military	 barracks	
in order to determine whether rates of illness decreased, with the 
reasoning	 that	 increasing	 distance	 would	 reduce	 close	 proximity	
(and	thus	prevent	droplet-	based	transmission).	Conversely,	if	trans-
mission	were	airborne,	Langmuir	expected	that	reducing	crowding	
should have no impact. Reducing crowding reduced disease, thus 
“substantiating the role of droplet spread.”80 But the inference rul-
ing out airborne infection was defective since it was ignoring the 
fact	that	the	exhalation	of	an	infected	person	is	most	concentrated	

in	close	proximity,	with	much	dilution	upon	mixing	with	room	air,17,91 
as shown in Figure 1.	The	concept	of	gradual	dilution	of	the	exhaled	
aerosols with distance from the infector was somehow missing from 
their interpretation. The impact of Chapin's views was profound, 
leading to the misinterpretation of transmission studies over a cen-
tury, including in dominant public health institutions such as the 
CDC.

However, Langmuir's work renewed interest in the physics of air-
borne infection, as he concluded that weapons of airborne disease 
can be created, which became a topic of intense interest during the 
cold war.80	Based	on	studies	of	occupational	exposure,	he	 learned	
that	aerosols	smaller	than	5	microns	can	penetrate	deeply	into	the	
lung, all the way into the alveolar region. Infectious disease aerobi-
ology	was	extensively	developed	during	 this	period	as	part	of	 the	
US and Soviet Union bioweapons programs.92 However, most of the 
work remained classified even after the weapons were banned, and 
thus that body of work had little influence on the general medical 
and infection control communities. This may have contributed to the 
continued dominance of Chapin's paradigm.

3.6  |  Reluctant acceptance of as little airborne 
transmission as possible (1962– 2020)

Despite the stubborn resistance to the idea that airborne transmis-
sion had any relevance for natural diseases, W. Wells, Robert Riley, 
and	Cretyl	Mills	succeeded	in	demonstrating	airborne	transmission	

F I G U R E  1 Illustration	of	droplets	and	aerosols	released	during	talking;	these	may	carry	viruses	if	the	person	is	infected.	The	large	
droplets	fall	rapidly	to	the	ground	in	close	proximity.	The	small	aerosols	are	much	more	concentrated	in	close	proximity,	and	they	can	remain	
floating	in	the	air	and	spread	throughout	the	room,	leading	to	(reduced)	exposure	at	a	distance.	Adapted	from	Tang	et	al91
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of	tuberculosis	(TB)	in	1962	through	extensive	efforts.	They	routed	
the	air	from	a	tuberculosis	ward	to	150	guinea	pigs	for	2 years.	About	
three guinea pigs per month were infected. However, none were in-
fected in a control group where the only difference was that the air 
was irradiated with germicidal ultraviolet light, killing the TB bacte-
rium.93,94 Because of this study, TB was the first important natural 
disease to be accepted as airborne in modern times.

As	this	example	shows,	the	standards	of	evidence	were	clearly	
different for different routes of transmission, as many diseases were 
accepted as “droplet” without any substantive proof— let alone such 
extensive	 and	 time-	consuming	 experiments.	 The	 resistance	 to	 a	
larger role for airborne infection continued, with a pattern of accept-
ing	airborne	transmission	on	a	case-	by-	case	basis	for	each	disease	
only when the evidence was undeniable— that is, only when all other 
transmission routes could be ruled out and the evidence was very 
clear.

For	 example,	 there	 was	 an	 obvious	 case	 of	 long-	distance	 air-
borne	 transmission	 of	 smallpox	 in	 Germany	 in	 1970.	 A	 report	 on	
the outbreak reflected the ongoing thinking, concluding, after ruling 
out all other plausible infection routes: “The only remaining route of 
transmission	considered	reasonable	was	airborne	spread	of	a	virus-	
containing aerosol, a possibility against which all of the investigators 
were initially prejudiced”27 (emphasis ours)98. In addition, the accep-
tance of airborne transmission was applied mainly to this outbreak, 
which	was	described	 as	 an	unusual	 event,	 “a	 unique	exception.”80 
Droplet transmission continued to be considered dominant for small-
pox.	The	success	of	the	program	to	eradicate	smallpox	was	taken	as	
vindication of this view.80 However, when the actual biophysics of 
aerosols is correctly taken into account, the ease of infection in close 
proximity	 together	with	 some	 cases	of	 distant	 infection	 in	 shared	
indoor air with low ventilation is a signature of airborne transmis-
sion,21,27 and there is evidence that airborne transmission of small-
pox	was	more	important	than	has	been	accepted	so	far.96 In addition, 
the	smallpox	incubation	period	was	very	precise:	virtually	100%	of	
infectious people were symptomatic, and viral shedding and trans-
mission did not occur during the incubation period, but only when 
patients became symptomatic, at which time they were very sick and 
did not move around very much. Thus, the track/trace/isolate/quar-
antine/ring vaccination approach of the eradication program worked 
well, despite the potential for airborne transmission.96,97

The same pattern of scientific inquiry played out for measles and 
chickenpox,	 two	 extremely	 contagious	 diseases,	 whose	 airborne	
character was resisted for seven decades and only finally widely ac-
cepted in the 1980s based on multiple superspreading events with 
long-	distance	 transmission	 (when	 the	 infector	 and	 infected	 were	
never together in the same room).86,98 Importantly, ease of transmis-
sion	in	close	proximity	was	observed	for	all	accepted	airborne	dis-
eases (hence their original classification as droplet diseases).86,99,100 
But	despite	this	overlap,	ease	of	transmission	in	close	proximity	con-
tinued	to	be	taken	as	evidence	of	droplet-	only	transmission	for	other	
diseases. Lack of measles transmission with shared indoor air in 
some cases was also used as an argument against its airborne trans-
mission.	The	same	feature	has	been	observed	for	COVID-	19,	and	is	

now understood to be due to very high variability in viral load and 
aerosol shedding among individuals, as well as differences in respira-
tory	intensity	and	vocalization	between	different	situations.27,101-	106

The	SARS-	CoV-	1	epidemics	of	2003	brought	renewed	attention	
to the issue of airborne transmission. Superspreading was clearly 
observed.107	 Airborne	 spread	was	 implicated	 in	 several	 outbreaks	
in hospitals108,109	 and	also	 in	 the	 large	Amoy	Gardens	outbreak	 in	
Hong	Kong,	both	through	a	building	air	shaft	and	possibly	by	out-
door plumes between the closely packed tall apartment buildings.110 
However,	 the	airborne	designation	of	SARS-	CoV-	1	was	not	widely	
accepted in the infection control world.111	Although	WHO	describes	
SARS-	CoV-	1	 as	 an	 airborne	 virus,112 a prominent member of the 
WHO	COVID-	19	IPC	Committee	concluded	in	2015	that	“There	 is	
now	 general	 consensus	 that	 SARS	 is	 not	 airborne.”113 Part of the 
confusion arises from a too narrow use of the word “airborne” in 
which	short-	range	airborne	transmission	is	interpreted	as	only drop-
let	 transmission,	 and	 only	 longer-	range	 airborne	 transmission	 is	
considered	really	airborne.	After	the	2003	SARS-	CoV-	1	outbreaks,	
intense	concern	was	focused	on	the	 impact	of	“aerosol-	generating	
procedures”	 (AGPs).	 These	 are	 medical	 procedures	 such	 as	 bron-
choscopy, intubation, and suctioning, which were thought to gen-
erate large amounts of aerosols and to have infected some of the 
medical	staff	performing	them	during	the	SARS-	COV-	1	outbreaks,	
although the evidence supporting this association was weak.114,115 
This	line	of	reasoning	also	ignores	the	fact	that	although	AGP	may	
lead	to	the	release	of	aerosolized	viruses	as	shown,	for	example,	with	
influenza	A,116	so	will	other	non	AGP	activities	such	as	coughing	or	
breathing	which	can	lead	to	a	sizeable	aerosol	dose	in	the	vicinity	of	
an infected patient.116,117

During	 the	 last	 several	 decades	 and	 until	 the	 COVID-	19	 pan-
demic, with available antibiotics, vaccines, and no major respiratory 
pandemics, studies further probing the details of droplet vs. airborne 
transmission had not been a major public health priority. The after-
math of the Oil Crisis and then the Climate Crisis have led to compro-
mises in building standards in favor of energy saving over ventilation 
and public health.118 The high standards of ventilation and filtration 
adopted in many clinical spaces in modern hospitals119-	121 mean that 
airborne risks have been substantially mitigated in these settings, 
where many key infection control scientists work. However, this is 
not the case in all hospital spaces or for older hospitals dependent 
upon	natural	ventilation.	Adherents	of	droplet	transmission	were	in	
control of all key public health institutions, and scientists proposing 
airborne transmission were typically ignored.69

Evidence also points to the importance of airborne trans-
mission for another disease with high pandemic potential: influ-
enza,122-	124 including superspreading in poorly ventilated indoor 
air,125,126	 low	 transmission	 in	 well-	ventilated	 environments,127 
exhaled	 infectious	 virus128,129 and viral117 detection (of both in-
fectious	virus	and	viral	RNA)	in	room	air,130-	132 100 times smaller 
dose by inhalation of aerosols vs. intranasal inoculation,133-	136 and 
airborne transmission in animal models.137,138 However, likely due 
to the same kinds of resistance as described above for other dis-
eases,	airborne	transmission	of	influenza	virus	has	not	been	widely	
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accepted, and it is still described by WHO and CDC on their web-
sites as a droplet/fomite disease, with no mention of airborne 
transmission.139,140

There is also evidence for airborne transmission of rhinovi-
rus,141-	145 adenovirus,146	 SARS-	CoV-	1,110,147	 MERS-	CoV,148,149 and 
RSV.150,151 Limited data suggest a role of airborne transmission for 
enteroviruses,152,153 filovirus,154 and other pathogens.155

Furthermore, airborne transmission of viruses is well accepted in 
veterinary	medicine	including	for	some	coronaviruses	and	influenza	
viruses,	 sometimes	 over	 distances	 of	 many	 kilometers.	 Examples	
include the foot and mouth virus,156,157 porcine reproductive and 
respiratory syndrome virus (PRRSV),158,159 porcine respiratory coro-
navirus,160 avian infectious bronchitis virus (also a coronavirus),161 
and	equine	influenza.162,163

3.7  |  The COVID- 19 pandemic and the 
uncovering of the historical error

Just	as	the	COVID-	19	pandemic	was	getting	started,	Chen	et	al.17 re-
ported that “Reviewing the literature on large droplet transmission, 
one can find no direct evidence for large droplets as the route of 
transmission of any disease.”.17 One of the earliest reports about the 
early outbreaks in China in the prominent Nature journal concluded 
that “the disease could be transmitted by airborne transmission, al-
though we cannot rule out other possible routes of transmission.”7 
Some early public health announcements in China reported that the 
novel coronavirus was airborne.8

However, and despite a lack of direct evidence in favor of drop-
let	or	fomite	transmission,	by	March	2020	public	health	institutions	
like	WHO	 concluded	 that	 ease	 of	 transmission	 in	 close	 proximity	
proved	 that	 COVID-	19	 was	 transmitted	 by	 those	 mechanisms,3 
continuing	 Chapin's	 1910	 error.	 Key	 experts	 from	 the	WHO	 IPC	
committee	 implied	 that	 they	would	 recognize	 an	 airborne	 disease	
given	an	expected	high	R0,32	despite	a	delay	of	70 years	to	recognize	
measles	and	chickenpox	as	airborne,86,98 and despite the fact that 
pulmonary	 tuberculosis	 is	 exclusively	 airborne	and	yet	 less	 conta-
gious	than	COVID-	19.164 Interestingly, despite publications with the 
types of evidence that were sufficient for accepting tuberculosis 
(animal	 experiments165),	 and	 measles/chickenpox	 (superspreading	
and	 long-	distance	 transmission,	 e.g.	 Ref.166-	168) as airborne, WHO 
and other public health agencies continued to resist the importance 
of	airborne	transmission	of	COVID-	19	for	almost	a	year.	The	public	
health establishment remained entrenched in the old droplet para-
digm. It considered the evidence of airborne transmission provided 
by	the	aerosol	scientists,	who	were	rebuffed	and	excluded	from	key	
committees, as weak or irrelevant.13,31 The same pattern discussed 
above,	that	is,	minimizing	the	role	of	airborne	transmission	as	much	
as possible, was on display, through the use of terms like “situational 
airborne,” or by claiming airborne transmission is restricted only to 
poorly ventilated crowded locations. This is an error in logic, since 
all airborne pathogens are very sensitive to ventilation, e.g. Ref.169 
and if they can infect in shared room air, they must be much more 

infective	in	close	proximity	where	they	are	much	more	concentrated	
(Figure 1).91 Thus, if a pathogen is airborne in poorly ventilated lo-
cations, respirators should also be worn to protect from it in close 
proximity.

Over	the	course	of	a	year,	accumulating	evidence	that	COVID-	19	
is a predominantly airborne disease made clear that it was a logical 
error	to	conflate	infection	in	close	proximity	exclusively	with	droplet	
transmission.21,91,170 Lack of control of the pandemic through only 
droplet/fomite measures such as physical distance, handwashing, 
and surface disinfection became apparent, as did multiple cases of 
unambiguous	long-	range	airborne	transmission	such	as	in	quarantine	
hotels.167,168,171,172,173 Cases of transmission in hospitals despite sur-
gical masks and eye protection174,175 and between patients sharing a 
room despite distance and physical barriers were also published.176 
WHO12 and CDC16 finally partially accepted airborne transmis-
sion	of	SARS-	CoV-	2	in	April/May	2021	as	important.	However,	the	
changes	as	of	January	2022	were	often	expressed	confusingly	and	
had received insufficient publicity,20 and changes in the mitigation 
measures were only partially reaching most of the world. Some of 
the	emerging	SARS-	CoV-	2	variants-	of-	concern	were	more	transmis-
sible,23,177 and for this reason, the cases of airborne superspreading 
or	long-	distance	transmission	have	become	easier	to	identify.

It	has	also	become	clear	 that	 some	public	health	organizations	
would	 at	 times	 use	 the	 concept	 of	 ‘short-	range’	 or	 ‘close-	contact’	
transmission via “droplets” as due to particles that can be inhaled, 
which is actually describing an aerosol phenomenon. To be inhal-
able, particles need to be smaller than about 100 μm.178 They are 
thus	aerosols	that	can	travel	beyond	close	proximity	of	the	infected	
person.85,179	Milton1 proposed avoiding the potentially ambiguous 
term “droplet,” and using the terms “aerosols” for smaller particles 
that can be inhaled, and “drops” for the larger particles that fall to the 
ground, being too heavy to be inhaled. Li proposed referring to the 
mechanisms as aerosol inhalation, surface touch, and drop spray,2 
and those definitions were adapted by the CDC in 2021.16

WHO commissioned in 2020 a series of systematic reviews on 
the	transmission	of	SARS-	CoV-	2	to	a	specific	group.	WHO	commis-
sioned a systematic review on airborne transmission with no aerosol 
science	input,	despite	the	cross-	disciplinary	complexity	of	the	topic.	
Airborne	transmission	was	reviewed	in	a	very	narrow	way,	only	con-
sidering one type of evidence, namely the detection of viable virus in 
air,180 despite the fact that this has not been achieved for accepted 
airborne	diseases	such	as	tuberculosis,	measles,	and	chickenpox.4,181 
The many other types of evidence that support airborne transmis-
sion	 as	 predominant	 for	 SARS-	CoV-	2	 and	 that	 led	 to	 acceptance	
of	 tuberculosis,	 measles,	 and	 chickenpox	 as	 airborne21,86,87,93,98 
were	 ignored	 in	 the	 review.	As	 of	 this	writing,	 the	 paper	 had	 not	
passed	peer-	review,	and	the	public	comments	from	other	scientists	
remained unanswered. e.g. Ref.182	A	review	was	written	for	“close	
contact,”183,184 which appears to be a conceptual error since close 
contact is a measurement of distance* F and not a mechanism of 
transmission.	No	review	has	been	posted	summarizing	the	evidence	
supporting droplet transmission, despite WHO and key coauthors 
stating that it is the main mechanism of transmission.
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AGPs	were	the	only	circumstance	in	which	WHO	clearly	accepted	
airborne	 transmission	 as	 of	 mid-	2020.10 However, multiple studies 
during	the	COVID-	19	pandemic	showed	that	patients	produce	more	
aerosols through simply breathing, talking, singing, and coughing than 
from	many	AGPs.185-	189	Although	the	initial	precaution	was	probably	
warranted,	 the	 continued	 emphasis	 on	AGPs	 as	 a	much	 higher	 air-
borne transmission risk than from naturally produced aerosols was 
misguided, but had not been widely corrected as of this writing.

Figure 2 qualitatively illustrates the shift in dominant paradigms 
over time about disease transmission through the air. The miasmatic 
paradigm/dogma, in which foul air led to disease, prevailed for two mil-
lenia. This paradigm was weakened by the discovery that multiple dis-
eases (e.g., cholera, puerperal fever, and malaria) that had been thought 
to transmit through the air, were in reality transmitted by a variety of 
other means, and by the acceptance of germ theory. Then, in around 
1912,	Chapin	wrote	Sources	and	Modes	of	Transmission,	a	book	that	
cataloged disease transmission modes. He noted that germs lived in the 
body but not well outside, thus incorporating germ theory into study 
of disease transmission, and posited that most infection was transmit-
ted	by	contact,	meaning	touch	or	short-	range	transmission,	which	to	
him	was	explained	by	spray-	borne	droplets.	The	success	of	his	theories	
overturned the previous paradigm, and led to the opposing paradigm/
dogma of droplet transmission for all respiratory diseases, with airborne 
transmission thought to be unimportant for disease transmission by the 
1930s. The second half of the 20th century saw very limited accep-
tance of a few diseases as airborne, amidst great resistance.190 The 
COVID-	19	pandemic	brought	enormous	 scrutiny	on	 the	 subject	 and	
made the errors inherent in the droplet dogma well known, hopefully 
ushering a more objective paradigm for airborne transmission.

3.8  |  The lessons from the persistence of the 5 
micron error

During	 the	 COVID-	19	 pandemic,	 a	 different	 error	 also	 became	
apparent. Public Health documents such as the July 2020 WHO 

Scientific	 Brief	 on	 COVID-	19	 transmission10 (still the latest WHO 
brief	on	the	topic	as	of	this	writing)	repeat	a	long-	standing	error	in	
previous guidance and scientific literature: They place the separa-
tion	between	droplets	that	fall	to	the	ground	in	1–	2 m	and	aerosols	
that	remain	airborne	at	5	microns.	The	correct	value	is	of	the	order	
of 100 μm,	with	an	estimated	range	of	60–	100	μm depending on the 
specific conditions179 (an error of a factor of over a thousand in the 
mass	of	the	particles).	Aerosols	smaller	than	~30 μm can stay aloft 
more	than	one	minute,	while	those	in	the	nominal	range	30–	100	μm 
will	 deposit	 faster	 and	will	 generally	be	 inhaled	 in	 close	proximity	
and	deposit	 exclusively	 in	 the	upper	 respiratory	 tract.191 Particles 
larger than about 100 μm cannot be inhaled192 and can only infect 
by	the	spray-	borne	droplet	impact	mechanism.	When	talking,	drop-
lets need to be larger than about 300 μm to be able to impact onto 
another person at conversational distances of >0.6 m,	 as	 smaller	
droplets do not have enough inertia to cross the air gap and reach 
the other person.17,193 The correct boundary was published by Wells 
in 1934,85 and is shown in the CDC webpage194 (occupational medi-
cine branch). It has been confirmed by more recent publications from 
aerosol scientists,179	and	again	multiple	times	during	the	COVID-	19	
pandemic,	 including	a	workshop	of	 the	US	National	Academies	of	
Science,	 Engineering,	 and	Medicine.170,195 However, the error has 
persisted in the scientific literature and guidance documents and 
was	 not	 corrected	 by	WHO	 as	 of	March	 2022.	 Randall	 et	 al.13,69 
have investigated the source of this error, and traced it to the 1960s, 
where tuberculosis was the only accepted airborne infection, which 
appears	 to	have	 led	 to	 a	 confusion	between	 the	particle	 size	 that	
penetrates the deep lung (necessary for TB infection) and that falls 
to	the	ground	in	1–	2 m.

The	fact	that	the	5	micron	error	was	able	to	persist	for	so	long,	
and is still present in WHO's latest scientific brief on transmission 
of	 a	major	 pandemic	 virus,	 is	 puzzling.	 In	 our	 opinion,	 it	 is	 a	 con-
sequence of the overwhelming dominance of Chapin's paradigm in 
infection prevention and epidemiology, where droplet infection is 
the assumed mode of transmission of respiratory diseases unless 
proven	extremely	conclusively	otherwise.	This	dominance	 led	to	a	

F I G U R E  2 Qualitative	representation	
of the dominant medical/public health 
thinking in the West about how many 
important diseases transmit through 
the air, with some critical steps and 
practitioners	marked	as	text
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persistent lack of attention to the details of the physics of airborne 
transmission, and to the input from disciplines such as aerosol sci-
ence and even occupational medicine.

Because aerosols (up to 100 μm) can follow air currents, the 
recognition	 of	 their	 complete	 size	 spectrum	 is	 important	 for	 the	
selection of PPE that will provide a seal around the airways (e.g., 
N95/FFP2).	Also,	wider	recognition	that	only	small-	size	aerosols	can	
penetrate into the lower respiratory tract (<20 and <5	μm for the 
alveolar space)178 has important implications for infections affect-
ing only the lower respiratory tract, such as tuberculosis or legio-
nellosis.	Another	relevant	example,	given	the	topicality	of	emerging	
coronaviruses,	might	well	be	MERS-	CoV111 which has been shown 
to	 replicate	preferentially	and	extensively	 in	 the	 lower	 respiratory	
tract,196,197 with high viral load detected in clinical samples from the 
lower respiratory tract (LRT). In contrast, samples from the upper 
respiratory tract (URT) show a much lower, sometimes undetect-
able, viral load.198-	200	The	lack	of	detectable	MERS-	CoV	subgenomic	
RNAs	from	nasopharyngeal	swabs,201 reports of the failure to detect 
expression	of	the	DPP4	receptor	in	URT	epithelium,202,203 (although 
dissenting	data	exist204)	and	the	failure	to	detect	expression	of	an	
alternate receptor203 suggest that URT replication may not occur at 
all. In turn, all this evidence points to an important, perhaps neces-
sary,	role	for	transmission	by	small-	size	aerosols.	This	is	supported	
by	 recovery	 of	 infectious	 MERS-	CoV	 in	 air	 samples	 from	 patient	
wards148	and	successful	experimental	infection	of	rhesus	macaques	
and	African	green	monkeys	using	aerosol	inocula.149

4  |  OUTLOOK FOR CONTROL OF 
RESPIR ATORY DISE A SES AND THE NE X T 
PANDEMIC

This overview of the history illustrates the pervasiveness of “be-
lief perseverance,” the psychological tendency to maintain a belief 
despite clear and strong new evidence that should challenge it, 
especially	 in	the	context	of	 institutional	 incentives	that	favor	 iner-
tia and resistance to change.36,37,205	In	an	era	of	amazing	scientific	
advances, with very rapid vaccine development following virus se-
quencing obtained in a few days, the very slow acceptance of criti-
cal new knowledge reminds us that the human aspects of science 
remain as pervasive as they were in past eras.

The persistence of the droplet paradigm may have been aided 
by several other reasons. First, even if the mechanism is incorrect, 
it still works reasonably well to reduce infection from airborne dis-
eases, especially less contagious ones that mostly transmit in close 
proximity.27,206 Distance from an infectious person will always in-
crease	the	dilution	of	exhaled	air	and	reduce	such	transmission.27,206 
Unfortunately, major systematic problems arise when a true empir-
ical fact (distance reduces transmission) is used to reach the incor-
rect	conclusion	(the	mechanism	is	spray-	borne	droplets),	and	then,	
the incorrect mechanism is used to deduce what other measures 
may	 be	 protective.	 For	 example,	 during	 the	 COVID-	19	 pandemic	
billions	of	dollars	were	spent	putting	up	 lateral	plexiglass	barriers	

in schools to block droplet projectiles (even though such barriers 
have	actually	been	shown	to	increase	SARS-	CoV-	2	transmission29) 
rather	than	opening	the	windows	or	wearing	masks.	Second,	spray-	
borne droplets are relatively easy to protect against, just keep 
your distance and wash hands and you should be quite safe. It thus 
provides simple rules to communicate to healthcare workers and 
the general population. Third, it removes the intense fear that air-
borne transmission can cause, and that has been associated with it 
throughout history. The historical fear often appears to be rooted 
in the more phantasmagorical conception of airborne transmission: 
The infected air can reach a person anywhere, and there is little 
that one could do to protect oneself from it. Critically, the logic 
leading to the fear did not account for the importance of dilution, 
and the feasibility of using it to reduce transmission. The irrational 
fear	caused	by	this	lack	of	understanding	is	paralyzing	and	creates	
real-	world	 problems	 for	 controlling	 disease	 transmission,	 as	 sum-
marized,	for	example,	in	the	above	quotes	from	Cornet	and	Chapin:	
Either	people	just	gave	up,	or	extreme	measures	were	needed	such	
as treating tuberculosis patients like lepers.70,74 Fourth, given that 
strict airborne transmission prevention measures can be costly or 
unavailable at large scale in healthcare facilities (e.g., negative pres-
sure rooms in hospitals), there was a reluctance of public health 
organizations	 to	 declare	 a	widespread	 virus	 such	 as	 SARS-	CoV-	2	
during the pandemic as airborne, out of fear of the budgetary, legal, 
and	labor	consequences.	Governments	also	seemed	content	to	pro-
mote measures that only require personal responsibility, such as 
handwashing,	 and	were	much	more	 reluctant	 to	 explain	 airborne	
transmission clearly as it would require costly actions on their part, 
for	 example,	 to	 improve	 ventilation	 and	 filtration	 in	 public	 build-
ings. Finally, a desire to save face by some authorities may have also 
played a role. They had emphatically declared airborne transmission 
of	SARS-	CoV-	2	to	be	“misinformation,”	and	it	could	be	embarrass-
ing to subsequently acknowledge the importance of airborne trans-
mission, which may perhaps qualify as one of the largest errors in 
the history of public health. In the private words of a public health 
advisor to an national government, “an approach is needed that will 
allow [us] to save face.”

Thankfully, the intense research and debate associated with the 
COVID-	19	pandemic	have	finally	begun	to	generate	a	new	paradigm	
shift in the understanding of disease transmission. Not only are re-
spiratory	diseases	not	transmitted	exclusively	by	droplets,	but	also	
it is likely that many or most respiratory diseases have an important, 
if not predominant, airborne component of transmission.191 It is also 
clearer that for a respiratory disease to have pandemic potential, air-
borne transmission is likely to be an essential component. This does 
not mark a return to past miasmatic ideas, but a more informed un-
derstanding	of	airborne	transmission	as	more	complex	and	less	scary	
than in the past, and certainly as a tractable problem.33,207,208 This 
new paradigm has major implications for the regulation and control 
of air quality in indoor spaces, by proper ventilation, filtration, and 
other means, as well as for PPE for workers and masking by the pub-
lic. Finally, the lack of attention to the quality of shared indoor air 
that	Wells	 lamented	 in	194589 may finally start to be remedied in 
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the coming years,33 potentially leading to a reduction in respiratory 
disease transmission for decades to come.
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ENDNOTE
 * F Strictly speaking “close contact” includes metrics of distance and 

time, e.g. <6 feet	for	more	than	15 min	in	the	US	CDC	definition.

R E FE R E N C E S
	 1.	 Milton	DK.	A	rosetta	stone	for	understanding	infectious	drops	and	

aerosols. J Pediatric Infect Dis Soc.	2020;9:413-	415.	doi:10.1093/
jpids/ piaa079

	 2.	 Li	Y.	Basic	routes	of	transmission	of	respiratory	pathogens-	A	new	
proposal	 for	 transmission	 categorization	 based	 on	 respiratory	
spray, inhalation, and touch. Indoor Air.	2021;31:3-	6.	doi:10.1111/
ina.12786

	 3.	 World	 Health	 Organization.	 Twitter:	 FACT:	 COVID-	19	 is	 NOT	
AIRBORNE.	 March	 28,	 2020.	 https://twitt er.com/who/statu 
s/12439 72193 16961 6898.	Accessed	May	26,	2021.

	 4.	 Morawska	 L,	 Milton	 DK.	 It	 Is	 time	 to	 address	 airborne	 trans-
mission	 of	 coronavirus	 disease	 2019	 (COVID-	19).	Clin Infect Dis. 
2020;71:2311-	2313.	doi:10.1093/cid/ciaa939

	 5.	 Morawska	 L,	 Cao	 J.	 Airborne	 transmission	 of	 SARS-	CoV-	2:	 The	
world should face the reality. Environ Int.	 2020;139:105730.	
doi:10.1016/j.envint.2020.105730

	 6.	 Dancer	 SJ,	 Tang	 JW,	 Marr	 LC,	 Miller	 S,	 Morawska	 L,	 Jimenez	
JL.	 Putting	 a	 balance	 on	 the	 aerosolization	 debate	 around	
SARS-	CoV-	2.	 J Hosp Infect.	 2020;105:569-	570.	 doi:10.1016/j.
jhin.2020.05.014

	 7.	 Zhou	 P,	 Yang	 X-	L,	Wang	 X-	G,	 et	 al.	 A	 pneumonia	 outbreak	 as-
sociated with a new coronavirus of probable bat origin. Nature. 
2020;579:270-	273.	doi:10.1038/s41586-020-2012-7

	 8.	 BBC	News.	Covid-	19:	China	confirms	airborne	aerosol	 transmis-
sion	of	Covid-	19.	February	8,	2020.	https://www.bbc.com/zhong	
wen/simp/world	-	51427	216.	Accessed	January	19,	2022.

	 9.	 Allen	JG.	Your	Building	Can	Make	You	Sick	or	Keep	You	Well.	The 
New York Times. https://www.nytim es.com/2020/03/04/opini on/
coron	aviru	s-	build	ings.html.	 Published	 March	 4,	 2020.	 Accessed	
March	17,	2022.

	 10.	 World	Health	Organization.	 Transmission	 of	 SARS-	CoV-	2:	 impli-
cations for infection prevention precautions. July 2020. https://
www.who.int/publi	catio	ns/i/item/modes	-	of-	trans	missi	on-	of-	
virus	-	causi	ng-	covid	-	19-	impli	catio	ns-	for-	ipc-	preca	ution	-	recom	
menda tions.	Accessed	May	26,	2021.

	 11.	 World	 Health	 Organization.	 Roadmap	 to	 improve	 and	 ensure	
good	indoor	ventilation	in	the	context	of	COVID-	19.	March	2021.	
https://www.who.int/publi catio ns/i/item/97892 40021 280. 
Accessed	May	12,	2021.

	 12.	 World	Health	Organization.	Coronavirus	disease	(COVID-	19):	How	
is	it	transmitted?	April	2021.	https://www.who.int/news-	room/q-	
a-	detai	l/coron	aviru	s-	disea	se-	covid	-	19-	how-	is-	it-	trans	mitte	d?fbcli	
d=IwAR1	vAg10	CSquS	MGj6C	vC7SC	a0xPuw_N3Tcy	avlJ0	ua5Qd	
c9CpK	hImBP	BdUE.	Accessed	May	12,	2021.

	 13.	 Molteni	 M.	 The	 60-	Year-	Old	 Scientific	 Screwup	 That	 Helped	
Covid	 Kill.	Wired.	May	 2021.	 https://www.wired.com/story/	the-	
teeny	-	tiny-	scien	tific	-	screw	up-	that-	helpe	d-	covid	-	kill/.	 Accessed	
May	27,	2021.

	 14.	 WHO.	 Coronavirus	 disease	 (COVID-	19):	 How	 is	 it	 transmitted?	
December 23, 2021. https://www.who.int/news-	room/quest	ions-	
and-	answe	rs/item/coron	aviru	s-	disea	se-	covid	-	19-	how-	is-	it-	trans	
mitted.	Accessed	March	21,	2022.

	 15.	 Mandavilli	 A.	 Advice	 on	 Airborne	 Virus	 Transmission	 Vanishes	
From C.D.C. Website. The New York Times. https://www.nytim 
es.com/2020/09/21/healt	h/coron	aviru	s-	cdc-	aeros	ols.html. 
Published	September	21,	2020.	Accessed	June	2,	2021.

	 16.	 CDC.	 Scientific	 Brief:	 SARS-	CoV-	2	 Transmission.	 May	 2021.	
https://www.cdc.gov/coron	aviru	s/2019-	ncov/scien	ce/scien	ce-	
brief	s/sars-	cov-	2-	trans	missi	on.html.	Accessed	May	12,	2021.

	 17.	 Chen	W,	Zhang	N,	Wei	J,	Yen	H-	L,	Li	Y.	Short-	range	airborne	route	
dominates	exposure	of	respiratory	infection	during	close	contact.	
Build Environ.	2020;176:106859.

 18. CDC. Coronavirus Disease 2019 (COVID- 19) –  Transmission (Sep. 21, 
2020 update). Centers for Disease Control and Prevention. 2020. 
https://web.archi ve.org/web/20200 93000 0440/ https://www.
cdc.gov/coron	aviru	s/2019-	ncov/preve	nt-	getti	ng-	sick/how-	covid	
-	sprea	ds.html.	Accessed	March	18,	2022.

	 19.	 Levy	R.	Some	hospitals	ask	patients,	visitors	to	remove	N95s,	cit-
ing CDC. Politico. https://www.polit ico.com/news/2022/03/16/
hospi	tal-	mask-	cdc-	covid	-	00017556.	 Published	 March	 16,	 2022.	
16,	2022.	Accessed	March	18,	2022.

	 20.	 Tufekci	Z.	Why	Did	It	Take	So	Long	to	Accept	the	Facts	About	Covid?	
The New York Times. https://www.nytim	es.com/2021/05/07/opini	
on/coron	aviru	s-	airbo	rne-	trans	missi	on.html.	 Published	 May	 7,	
2021.	Accessed	May	27,	2021.

	 21.	 Greenhalgh	 T,	 Jimenez	 JL,	 Prather	 KA,	 Tufekci	 Z,	 Fisman	 D,	
Schooley R. Ten scientific reasons in support of airborne transmis-
sion	 of	 SARS-	CoV-	2.	 Lancet.	 2021;397:1603-	1605.	 doi:10.1016/
S0140-6736(21)00869-2

	 22.	 Mandavilli	 A.	 C.D.C.	 Internal	 Report	 Calls	 Delta	 Variant	 as	
Contagious	 as	 Chickenpox.	 The New York Times. https://www.

https://orcid.org/0000-0001-6203-1847
https://orcid.org/0000-0001-6203-1847
https://orcid.org/0000-0003-3628-6891
https://orcid.org/0000-0003-3628-6891
https://orcid.org/0000-0002-4963-1028
https://orcid.org/0000-0002-4963-1028
https://orcid.org/0000-0002-2281-4529
https://orcid.org/0000-0002-2281-4529
https://orcid.org/0000-0002-0594-9683
https://orcid.org/0000-0002-0594-9683
https://orcid.org/0000-0002-5280-0806
https://orcid.org/0000-0002-5280-0806
https://orcid.org/0000-0002-5280-0806
https://orcid.org/0000-0002-5732-5362
https://orcid.org/0000-0002-5732-5362
https://orcid.org/0000-0001-5749-6543
https://orcid.org/0000-0001-5749-6543
https://orcid.org/0000-0003-3865-3560
https://orcid.org/0000-0003-3865-3560
https://orcid.org/0000-0003-3048-9890
https://orcid.org/0000-0003-3048-9890
https://doi.org/10.1093/jpids/piaa079
https://doi.org/10.1093/jpids/piaa079
https://doi.org/10.1111/ina.12786
https://doi.org/10.1111/ina.12786
https://twitter.com/who/status/1243972193169616898
https://twitter.com/who/status/1243972193169616898
https://doi.org/10.1093/cid/ciaa939
https://doi.org/10.1016/j.envint.2020.105730
https://doi.org/10.1016/j.jhin.2020.05.014
https://doi.org/10.1016/j.jhin.2020.05.014
https://doi.org/10.1038/s41586-020-2012-7
https://www.bbc.com/zhongwen/simp/world-51427216
https://www.bbc.com/zhongwen/simp/world-51427216
https://www.nytimes.com/2020/03/04/opinion/coronavirus-buildings.html
https://www.nytimes.com/2020/03/04/opinion/coronavirus-buildings.html
https://www.who.int/publications/i/item/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.who.int/publications/i/item/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.who.int/publications/i/item/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.who.int/publications/i/item/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.who.int/publications/i/item/9789240021280
https://www.who.int/news-room/q-a-detail/coronavirus-disease-covid-19-how-is-it-transmitted?fbclid=IwAR1vAg10CSquSMGj6CvC7SCa0xPuw_N3TcyavlJ0ua5Qdc9CpKhImBPBdUE
https://www.who.int/news-room/q-a-detail/coronavirus-disease-covid-19-how-is-it-transmitted?fbclid=IwAR1vAg10CSquSMGj6CvC7SCa0xPuw_N3TcyavlJ0ua5Qdc9CpKhImBPBdUE
https://www.who.int/news-room/q-a-detail/coronavirus-disease-covid-19-how-is-it-transmitted?fbclid=IwAR1vAg10CSquSMGj6CvC7SCa0xPuw_N3TcyavlJ0ua5Qdc9CpKhImBPBdUE
https://www.who.int/news-room/q-a-detail/coronavirus-disease-covid-19-how-is-it-transmitted?fbclid=IwAR1vAg10CSquSMGj6CvC7SCa0xPuw_N3TcyavlJ0ua5Qdc9CpKhImBPBdUE
https://www.wired.com/story/the-teeny-tiny-scientific-screwup-that-helped-covid-kill/
https://www.wired.com/story/the-teeny-tiny-scientific-screwup-that-helped-covid-kill/
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-how-is-it-transmitted
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-how-is-it-transmitted
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-how-is-it-transmitted
https://www.nytimes.com/2020/09/21/health/coronavirus-cdc-aerosols.html
https://www.nytimes.com/2020/09/21/health/coronavirus-cdc-aerosols.html
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html
https://web.archive.org/web/20200930000440/
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/how-covid-spreads.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/how-covid-spreads.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/how-covid-spreads.html
https://www.politico.com/news/2022/03/16/hospital-mask-cdc-covid-00017556
https://www.politico.com/news/2022/03/16/hospital-mask-cdc-covid-00017556
https://www.nytimes.com/2021/05/07/opinion/coronavirus-airborne-transmission.html
https://www.nytimes.com/2021/05/07/opinion/coronavirus-airborne-transmission.html
https://doi.org/10.1016/S0140-6736(21)00869-2
https://doi.org/10.1016/S0140-6736(21)00869-2
https://www.nytimes.com/2021/07/30/health/covid-cdc-delta-masks.html


14 of 18  |     JIMENEZ et al.

nytim	es.com/2021/07/30/healt	h/covid	-	cdc-	delta	-	masks.html. 
Published	July	30,	2021.	Accessed	August	9,	2021.

	 23.	 Ito	K,	Piantham	C,	Nishiura	H.	Relative	instantaneous	reproduction	
number	of	omicron	SARS-	CoV-	2	variant	with	respect	to	the	Delta	
variant in Denmark. J Med Virol.	2021;94:2265-	2268.	doi:10.1002/
jmv.27560

	 24.	 Ferris	 M,	 Ferris	 R,	Workman	 C,	 et	 al.	 FFP3	 respirators	 protect	
healthcare	workers	against	 infection	with	SARS-	CoV-	2.	Authorea 
Preprints. 2021. doi:/10.22541/	au.16245	4911.17263	721/v1. 
Accessed	June	28,	2021.

	 25.	 Gettings	 J.	 Mask	 use	 and	 ventilation	 improvements	 to	 re-
duce	 COVID-	19	 incidence	 in	 elementary	 schools	 —		 Georgia,	
November	16–	December	11,	2020.	MMWR Morb Mortal Wkly Rep. 
2021;70:779-	784.

	 26.	 Cheng	Y,	Ma	N,	Witt	C,	et	al.	Face	masks	effectively	limit	the	prob-
ability	of	SARS-	CoV-	2	transmission.	Science. 2021;372:eabg6296. 
https://scien	ce.scien	cemag.org/conte	nt/early/	2021/05/19/scien	
ce.abg6296.	Accessed	May	21,	2021.

	 27.	 Jimenez	 JL,	 Peng	 Z,	 Pagonis	 D.	 Systematic	 way	 to	 understand	
and	classify	the	shared-	room	airborne	transmission	risk	of	indoor	
spaces. Indoor Air.	2022;32:e13025.	doi:10.1111/ina.13025

	 28.	 Peng	 Z,	 Bahnfleth	 W,	 Buonanno	 G,	 et	 al.	 Practical	 indicators	
for risk of airborne transmission in shared indoor environments 
and	 their	 application	 to	 COVID-	19	 outbreaks.	 bioRxiv. 2021. 
doi:10.1101/2021.04.21.21255898

	 29.	 Lessler	J,	Grabowski	MK,	Grantz	KH,	et	al.	Household	COVID-	19	
risk	 and	 in-	person	 schooling.	 Science.	 2021;372:1092-	1097.	
doi:10.1126/scien ce.abh2939

	 30.	 Zhang	 C,	 Nielsen	 PV,	 Liu	 L,	 Sigmer	 ET,	 Mikkelsen	 SG,	 Jensen	
RL. The source control effect of personal protection equipment 
and	 physical	 barrier	 on	 short-	range	 airborne	 transmission.	Build 
Environ.	2022;211:108751.	doi:10.1016/j.build	env.2022.108751

	 31.	 Greenhalgh	T,	Ozbilgin	M,	Contandriopoulos	D.	Orthodoxy,	illusio,	
and playing the scientific game: a Bourdieusian analysis of infec-
tion	 control	 science	 in	 the	COVID-	19	pandemic.	Wellcome Open 
Res. 2021;6:126.

 32. Conly J, Seto WH, Pittet D, et al. Use of medical face masks 
versus particulate respirators as a component of personal pro-
tective	equipment	 for	health	care	workers	 in	 the	context	of	 the	
COVID-	19	pandemic.	Antimicrob Resist Infect Control. 2020;9:126. 
doi:10.1186/s13756-020-00779-6

	 33.	 Morawska	L,	Allen	J,	Bahnfleth	W,	et	al.	A	paradigm	shift	to	com-
bat indoor respiratory infection. Science.	 2021;372:689-	691.	
doi:10.1126/scien	ce.abg2025

	 34.	 Roberge	 RJ,	 Kim	 J-	H,	 Powell	 JB.	 N95	 respirator	 use	 during	 ad-
vanced pregnancy. Am J Infect Control.	 2014;42:1097-	1100.	
doi:10.1016/j.ajic.2014.06.025

	 35.	 Leo	G.	Health	minister	reviewing	management	of	Canada’s	emer-
gency stockpile. CBC News. https://www.cbc.ca/news/canad a/
saska	tchew	an/heath	-	minis	ter-	emerg	ency-	stock	pile-	1.5530081. 
Published	April	16,	2020.	Accessed	June	30,	2021.

	 36.	 Zald	MN,	Lounsbury	M.	The	wizards	of	Oz:	towards	an	institutional	
approach	 to	 elites,	 expertise	 and	 command	 posts.	Organization 
Studies.	2010;31:963–	996.		doi:10.1177/01708 40610 373201

 37. Janis IL. Groupthink: Psychological Studies of Policy Decisions and 
Fiascoes.	 Houghton	 Mifflin;	 1982.	 https://www.world cat.org/
title/	group	think	-	psych	ologi	cal-	studi	es-	of-	polic	y-	decis	ions-	and-	
fiasc	oes/oclc/8537433

	 38.	 Kuhn	 TS.	 The Structure of Scientific Revolutions. University of 
Chicago Press; 1962.

	 39.	 Clements	AN,	Harbach	RE.	History	of	the	discovery	of	the	mode	of	
transmission of yellow fever virus. J Vector Ecol.	2017;42:208-	222.	
doi:10.1111/jvec.12261

	 40.	 Vinten-	Johansen	 P,	 Brody	 H,	 Paneth	 N,	 Rachman	 S,	 Rip	 M,	
Zuck	D.	Cholera, Chloroform, and the Science of Medicine: A Life 
of John Snow.	 Oxford	 University	 Press,	 Incorporated;	 2003.	

https://ebook centr al.proqu est.com/lib/ucb/detail.actio n?docID 
=3052046

	 41.	 Wykticky	H,	Skopec	M.	Ignaz	Philipp	Semmelweis,	the	prophet	of	
bacteriology. Infect Control Hosp Epidemiol.	1983;4:367-	370.

	 42.	 Nature	of	Man:	Chapter	 IX.	https://www.loebc lassi cs.com/view/
hippo	crates_cos-	nature_man/1931/pb_LCL150.25.xml.	 Accessed	
May	26,	2021.

	 43.	 Hempelmann	 E,	 Krafts	 K.	 Bad	 air,	 amulets	 and	 mosquitoes:	
2,000 years	 of	 changing	 perspectives	 on	 malaria.	 Malar J. 
2013;12:232. doi:10.1186/1475-2875-12-232

 44. Byrne JP. Encyclopedia of the Black Death -  Volume 1.	ABC-	CLIO;	
2012. https://www.google.com/books/	editi	on/Encyc	loped	ia_of_
the_Black_Death/	5KtDf	vlSrD	AC?hl=en&gbpv=0.	 Accessed	 July	
1, 2021.

	 45.	 Nutton	 V.	 The	 reception	 of	 Fracastoro’s	 Theory	 of	 conta-
gion: the seed that fell among thorns? Osiris.	 1990;6:196-	134.	
doi:10.1086/368701

	 46.	 Nutton	V.	The	seeds	of	disease:	an	explanation	of	contagion	and	in-
fection	from	the	Greeks	to	the	Renaissance.	Med Hist.	1983;27:1–	
34. doi:10.1017/s0025	72730	0042241

	 47.	 Mattern	 S.	 Galen	 and	 his	 patients.	 Lancet.	 2011;378:478-	479.	
doi:10.1016/s0140-6736(11)61240-3

 48. Bardell D. The invention of the microscope. Bios.	2004;75:78-	84.
	 49.	 Donaldson	 IM.	 Robert	 Hooke’s	 Micrographia	 of	 1665	 and	

1667. J R Coll Physicians Edinb.	 2010;40:374-	376.	 doi:10.4997/
JRCPE.2010.420

	 50.	 Polianski	IJ.	Airborne	infection	with	Covid-	19?	A	historical	look	at	
a current controversy. Microbes Infect.	2021;23:104851.

	 51.	 Coventry	 CB.	 Epidemic Cholera: Its History, Causes, Pathology, 
and Treatment.	Buffalo,	Geo.	H.	Derby	&	Co.;	1849.	https://archi 
ve.org/detai	ls/39002	08631	1546.med.yale.edu.	Accessed	June	2,	
2021.

	 52.	 Nightingale	 F.	 Notes on Hospitals.	 Longman,	 Green,	 Longman,	
Roberts,	and	Green;	1863.	https://play.google.com/store/ books/ 
detai ls?id=2Xu3Z	R4UMdEC

	 53.	 Hobday	RA,	Dancer	SJ.	Roles	of	 sunlight	and	natural	ventilation	
for controlling infection: historical and current perspectives. J 
Hosp Infect.	2013;84:271-	282.	doi:10.1016/j.jhin.2013.04.011

	 54.	 McEnroe	N.	Celebrating	Florence	Nightingale’s	bicentenary.	Lancet. 
2020;395:1475-	1478.	doi:10.1016/S0140-6736(20)30992-2

	 55.	 Institute	 of	 Medicine.	 The Future of Public Health. National 
Academies	Press	(US);	2014.	10.17226/1091.

	 56.	 Halliday	S.	Death	and	miasma	in	Victorian	London:	an	obstinate	be-
lief. BMJ.	2001;323:1469-	1471.	doi:10.1136/bmj.323.7327.1469

	 57.	 Snow	J.	On the Mode of Communication of Cholera (2nd ed.). John 
Churchill;	 1855.	 https://archi	ve.org/detai	ls/b2898	5266/page/4/
mode/2up?view=theater.	Accessed	June	2,	2021.

	 58.	 Gazda	 I.	 Semmelweis	 –		 a	 contemplating	 human.	 Scientific	
historical lessons. Orv Hetil.	 2018;159:1055-	1064.	
doi:10.1556/650.2018.31174

	 59.	 Mortell	M,	Balkhy	HH,	Tannous	EB,	Jong	MT.	Physician	“defiance”	
towards	 hand	 hygiene	 compliance:	 Is	 there	 a	 theory-	practice-	
ethics gap? J Saudi Heart Assoc.	2013;25:203-	208.	doi:10.1016/j.
jsha.2013.04.003

	 60.	 Wikipedia	contributors.	Semmelweis	 reflex.	Wikipedia,	The	Free	
Encyclopedia. January 7, 2022. https://en.wikip	edia.org/w/index.
php?title =Semme	lweis_refle	x&oldid	=10642	38251

 61. Pasteur L. Mémoire Sur Les Corpuscles Organisés Qui Existent Dans 
L’atmosphère, Examen de La Doctrine Des Générations Spontanées. 
Masson;	 1861.	 https://www.world	cat.org/title/	memoi	re-	sur-	les-	
corpu	scles	-	organ	ises-	qui-	exist	ent-	dans-	latmo	spher	e-	exame	n-	de-	
la-	doctr	ine-	des-	gener	ation	s-	spont	anees/	oclc/41073988

	 62.	 Roll-	Hansen	 N.	 Experimental	 method	 and	 spontaneous	 genera-
tion:	 The	 controversy	 between	 Pasteur	 and	 pouchet,	 1859–	64.	
J Hist Med Allied Sci.	 1979;XXXIV:273-	292.	 doi:10.1093/jhmas/ 
XXXIV.3.273

https://www.nytimes.com/2021/07/30/health/covid-cdc-delta-masks.html
https://doi.org/10.1002/jmv.27560
https://doi.org/10.1002/jmv.27560
https://doi.org/10.22541/au.162454911.17263721/v1
https://science.sciencemag.org/content/early/2021/05/19/science.abg6296
https://science.sciencemag.org/content/early/2021/05/19/science.abg6296
https://doi.org/10.1111/ina.13025
https://doi.org/10.1101/2021.04.21.21255898
https://doi.org/10.1126/science.abh2939
https://doi.org/10.1016/j.buildenv.2022.108751
https://doi.org/10.1186/s13756-020-00779-6
https://doi.org/10.1126/science.abg2025
https://doi.org/10.1016/j.ajic.2014.06.025
https://www.cbc.ca/news/canada/saskatchewan/heath-minister-emergency-stockpile-1.5530081
https://www.cbc.ca/news/canada/saskatchewan/heath-minister-emergency-stockpile-1.5530081
https://doi.org/10.1177/0170840610373201
https://www.worldcat.org/title/groupthink-psychological-studies-of-policy-decisions-and-fiascoes/oclc/8537433
https://www.worldcat.org/title/groupthink-psychological-studies-of-policy-decisions-and-fiascoes/oclc/8537433
https://www.worldcat.org/title/groupthink-psychological-studies-of-policy-decisions-and-fiascoes/oclc/8537433
https://doi.org/10.1111/jvec.12261
https://ebookcentral.proquest.com/lib/ucb/detail.action?docID=3052046
https://ebookcentral.proquest.com/lib/ucb/detail.action?docID=3052046
https://www.loebclassics.com/view/hippocrates_cos-nature_man/1931/pb_LCL150.25.xml
https://www.loebclassics.com/view/hippocrates_cos-nature_man/1931/pb_LCL150.25.xml
https://doi.org/10.1186/1475-2875-12-232
https://www.google.com/books/edition/Encyclopedia_of_the_Black_Death/5KtDfvlSrDAC?hl=en&gbpv=0
https://www.google.com/books/edition/Encyclopedia_of_the_Black_Death/5KtDfvlSrDAC?hl=en&gbpv=0
https://doi.org/10.1086/368701
https://doi.org/10.1017/s0025727300042241
https://doi.org/10.1016/s0140-6736(11)61240-3
https://doi.org/10.4997/JRCPE.2010.420
https://doi.org/10.4997/JRCPE.2010.420
https://archive.org/details/39002086311546.med.yale.edu
https://archive.org/details/39002086311546.med.yale.edu
https://play.google.com/store/books/details?id=2Xu3ZR4UMdEC
https://play.google.com/store/books/details?id=2Xu3ZR4UMdEC
https://doi.org/10.1016/j.jhin.2013.04.011
https://doi.org/10.1016/S0140-6736(20)30992-2
https://doi.org/10.1136/bmj.323.7327.1469
https://archive.org/details/b28985266/page/4/mode/2up?view=theater
https://archive.org/details/b28985266/page/4/mode/2up?view=theater
https://doi.org/10.1556/650.2018.31174
https://doi.org/10.1016/j.jsha.2013.04.003
https://doi.org/10.1016/j.jsha.2013.04.003
https://en.wikipedia.org/w/index.php?title=Semmelweis_reflex&oldid=1064238251
https://en.wikipedia.org/w/index.php?title=Semmelweis_reflex&oldid=1064238251
https://www.worldcat.org/title/memoire-sur-les-corpuscles-organises-qui-existent-dans-latmosphere-examen-de-la-doctrine-des-generations-spontanees/oclc/41073988
https://www.worldcat.org/title/memoire-sur-les-corpuscles-organises-qui-existent-dans-latmosphere-examen-de-la-doctrine-des-generations-spontanees/oclc/41073988
https://www.worldcat.org/title/memoire-sur-les-corpuscles-organises-qui-existent-dans-latmosphere-examen-de-la-doctrine-des-generations-spontanees/oclc/41073988
https://doi.org/10.1093/jhmas/XXXIV.3.273
https://doi.org/10.1093/jhmas/XXXIV.3.273


    |  15 of 18JIMENEZ et al.

	 63.	 Nightingale	F,	McDonald	L.	Collected Works of Florence Nightingale: 
Collected Works of Florence Nightingale. Wilfrid Laurier University 
Press; 2009. https://books.google.com/books ?id=dDDcy h8S2rYC

 64. Lecoq H. Discovery of the first virus, the tobacco mosaic virus: 
1892 or 1898? C R Acad Sci III.	 2001;324:929-	933.	doi:10.1016/
s0764-4469(01)01368-3

	 65.	 Woolhouse	M,	 Scott	 F,	 Hudson	 Z,	 Howey	 R,	 Chase-	Topping	M.	
Human viruses: discovery and emergence. Philos Trans R Soc Lond 
B Biol Sci.	2012;367:2864-	2871.	doi:10.1098/rstb.2011.0354

	 66.	 Keen	 EC.	 A	 century	 of	 phage	 research:	 bacteriophages	 and	 the	
shaping of modern biology. Bioessays.	2015;37:6-	9.	doi:10.1002/
bies.20140	0152

 67. D’Herelle F. On an invisible microbe antagonistic toward dy-
senteric	 bacilli:	 brief	 note	 by	Mr.	 F.	D’Herelle,	 presented	 by	Mr.	
Roux.	 1917.	 Res Microbiol.	 2007;158:553-	554.	 doi:10.1016/j.
resmic.2007.07.005

	 68.	 Lalchhandama	K.	The	making	of	modern	malariology:	from	miasma	
to	mosquito-		malaria	theory.	Sci Vis.	2014;14:2-	17.

	 69.	 Randall	K,	Ewing	ET,	Marr	LC,	Jimenez	JL,	Bourouiba	L.	How	did	
we get here: what are droplets and aerosols and how far do they 
go?	A	historical	perspective	on	the	transmission	of	respiratory	in-
fectious diseases. Interface Focus. 2021;11:20210049. https://doi.
org/10.1098/rsfs.2021.0049

	 70.	 Cornet	 G.	 Über Tuberculose: die Verbreitung der Tuberkelbacillen 
ausserhalb des Körpers (German Edition). Hansebooks; 1889.

 71. Hare R. The transmission of respiratory infections. Proc R Soc Med. 
1964;57:221-	230.

	 72.	 BMJ.	Serratia	septicaemia.	Br Med J.	1969;4:756-	757.
	 73.	 Great	 Britain’s	 House	 of	 Commons.	Parliamentary Papers, 1850- 

1908 (13. Feb. 1906 -  21 Dec. 1906).	 Her	 Majesty’s	 Stationary	
Office; 1906. https://play.google.com/books/ reade r?id=VcBDA	
QAAMA	AJ&hl=en&pg=GBS.RA11-	PA66.	 Accessed	 May	 27,	
2021.

 74. Chapin CV. The Sources and Modes of Infection. J. Wiley; 1912. 
https://play.google.com/store/ books/ detai ls?id=8bJCA	AAAIAAJ

	 75.	 Chapin	CV.	The	Air	as	a	Vehicle	of	Infection.	J Am Medical Assoc. 
1914;LXII:423-	430.

	 76.	 Parkes	EA.	Manual of Practical Hygiene. (Churchill LJ, ed.).; 1882. 
https://catal	og.hathi	trust.org/Recor	d/01159	6595

	 77.	 Koch	R.	Ueber	den	augenblicklichen	Stand	der	bakteriologischen	
Choleradiagnose. Z Hyg Infektionskr.	1893;14:319-	338.

	 78.	 Marineli	F,	Tsoucalas	G,	Karamanou	M,	Androutsos	G.	Mary	Mallon	
(1869-	1938)	 and	 the	 history	 of	 typhoid	 fever.	Ann Gastroenterol 
Hepatol.	2013;26:132-	134.

	 79.	 Nissani	M.	The	plight	of	 the	obscure	 innovator	 in	science:	a	 few	
reflections on Campanario’s note. Soc Stud Sci.	1995;25:165-	183.	
doi:10.1177/03063	12950	25001008

	 80.	 Eickhoff	TC.	Airborne	disease:	 including	 chemical	 and	biological	
warfare. Am J Epidemiol.	1996;144:S39-	S46.	doi:10.1093/aje/144.
suppl	ement_8.s39

	 81.	 Albuquerque	Morning	Journal.	Steps	are	Taken	by	Blue	 to	Head	
Off	 Epidemic	 of	 Influenza	 Here.	 1918.	 https://chron iclin gamer 
ica.loc.gov/lccn/sn840	31081/	1918-	09-	14/ed-	1/seq-	1/.	 Accessed	
June	25,	2021.

 82. Chicago Dept. of Health. Report and Handbook of the Department 
of Health of the City of Chicago for the Years 1911 to 1918 Inclusive. 
Chicago Dept. of Health; 1919. https://dds.crl.edu/crlde liver y/1770

	 83.	 Wells	 WF,	 Wells	 MW.	 Air-	borne	 infection.	 JAMA. 
1936;107:1698-	1703.

	 84.	 Pruppacher	HR,	Klett	JD.	Microphysics of Clouds and Precipitation. 
D. Reidel Publishing Company; 1978.

	 85.	 Wells	WF.	ON	air-	borne	infection*:	Study	II.	Droplets	and	droplet	
nuclei. Am J Epidemiol.	1934;20:611-	618.

	 86.	 Bloch	AB,	Orenstein	WA,	Ewing	WM,	et	al.	Measles	outbreak	 in	
a pediatric practice: airborne transmission in an office setting. 
Pediatrics.	1985;75:676-	683.

	 87.	 Wells	WF.	Air	Disinfection	in	Day	Schools.	Am J Public Health Nations 
Health.	1943;33:1436-	1443.	doi:10.2105/AJPH.33.12.1436

	 88.	 Wells	MW,	Holla	WA.	Ventilation	in	the	flow	of	measles	and	chick-
enpox	 through	 a	 community.	 J Am Med Assoc.	 1950;142:1337-	
1344. doi:10.1001/jama.1950.02910	35000	7004

 89. Wells WF. Sanitary ventilation by radiant disinfection. Sci Mon. 
1945;60:325-	334.

	 90.	 Langmuir	AD.	The	potentialities	of	biological	warfare	against	man.	
An	epidemiological	appraisal.	Public Health Rep.	1951;66:387-	399.

	 91.	 Tang	 JW,	Bahnfleth	WP,	 Bluyssen	 PM,	 et	 al.	Dismantling	myths	
on the airborne transmission of severe acute respiratory syn-
drome	coronavirus-	2	(SARS-	CoV-	2).	J Hosp Infect.	2021;110:89-	96.	
doi:10.1016/j.jhin.2020.12.022

	 92.	 Reed	DS,	 Nalca	 A,	 Roy	 CJ.	 Aerobiology:	 History,	 Development,	
and	 Programs.	 In:	 Dembek	 ZF,	 ed.	Medical Aspects of Biological 
Warfare. Borden Institute; 2018.

	 93.	 Riley	 RL,	 Mills	 CC,	 O’grady	 F,	 Sultan	 LU,	 Wittstadt	 F,	 Shivpuri	
DN. Infectiousness of air from a tuberculosis ward. Ultraviolet 
irradiation of infected air: comparative infectiousness of differ-
ent patients. Am Rev Respir Dis.	 1962;85:511-	525.	 doi:10.1164/
arrd.1962.85.4.511

 94. Riley RL. What nobody needs to know about airborne infec-
tion. Am J Respir Crit Care Med.	 2001;163:7-	8.	 doi:10.1164/
ajrccm.163.1.hh11-00

	 95.	 Gelfand	 HM,	 Posch	 J.	 The	 recent	 outbreak	 of	 smallpox	 in	
Meschede,	 West	 Germany.	 Am J Epidemiol.	 1971;93:234-	237.	
doi:10.1093/oxfor	djour	nals.aje.a121251

	 96.	 Milton	DK.	What	was	the	primary	mode	of	smallpox	transmission?	
Implications for biodefense. Front Cell Infect Microbiol.	2012;2:150.	
doi:10.3389/fcimb.2012.00150

	 97.	 Wehrle	PF,	Posch	J,	Richter	KH,	Henderson	DA.	An	airborne	out-
break	of	smallpox	in	a	German	hospital	and	its	significance	with	re-
spect to other recent outbreaks in Europe. Bull World Health Organ. 
1970;43:669-	679.

	 98.	 Leclair	 JM,	 Zaia	 JA,	 Levin	 MJ,	 Congdon	 RG,	 Goldmann	 DA.	
Airborne	 transmission	of	 chickenpox	 in	a	hospital.	N Engl J Med. 
1980;302:450-	453.	doi:10.1056/NEJM1	98002	21302	0807

	 99.	 Sepkowitz	 KA.	 How	 contagious	 is	 tuberculosis?	 Clin Infect Dis. 
1996;23:954-	962.	doi:10.1093/clini	ds/23.5.954

	100.	 CDC.	 Chickenpox	 (Varicella)	 Transmission.	 April	 2021.	 https://
www.cdc.gov/chick	enpox/	about/	trans	missi	on.html.	 Accessed	
May	26,	2021.

	101.	 Chen	 PZ,	 Bobrovitz	 N,	 Premji	 Z,	 Koopmans	M,	 Fisman	 DN,	 Gu	
FX.	Heterogeneity	 in	 transmissibility	 and	 shedding	 SARS-	CoV-	2	
via droplets and aerosols. Elife.	 2021;10:65774.	 doi:10.7554/
eLife.65774

	102.	 Jones	TC,	Mühlemann	B,	Veith	T,	et	al.	An	analysis	of	SARS-	CoV-	2	
viral load by patient age. doi:10.1101/2020.06.08.20125484

	103.	 Asadi	S,	Wexler	AS,	Cappa	CD,	Barreda	S,	Bouvier	NM,	Ristenpart	
WD.	 Aerosol	 emission	 and	 superemission	 during	 human	 speech	
increase with voice loudness. Sci Rep. 2019;9:2348. doi:10.1038/
s41598-019-38808-z

	104.	 Edwards	 DA,	 Ausiello	 D,	 Salzman	 J,	 et	 al.	 Exhaled	 aerosol	 in-
creases	 with	 COVID-	19	 infection,	 age,	 and	 obesity.	 Proc Natl 
Acad Sci USA. 2021;118:e2021830118. doi:10.1073/pnas.20218 
30118

	105.	 Morawska	 L,	 Buonanno	 G.	 The	 physics	 of	 particle	 formation	
and deposition during breathing. Nat Rev Phys.	 2021;3:1–	2.	
doi:10.1038/s42254-021-00307-4

	106.	 Buonanno	 G,	 Morawska	 L,	 Stabile	 L.	 Quantitative	 assess-
ment	 of	 the	 risk	 of	 airborne	 transmission	 of	 SARS-	CoV-	2	 infec-
tion: Prospective and retrospective applications. Environ Int. 
2020;145:106112.	doi:10.1016/j.envint.2020.106112

	107.	 Shen	 Z,	 Ning	 F,	 Zhou	 W,	 et	 al.	 Superspreading	 SARS	 events,	
Beijing, 2003. Emerg Infect Dis.	 2004;10:256–	260.	 doi:10.3201/
eid10 02.030732

https://books.google.com/books?id=dDDcyh8S2rYC
https://doi.org/10.1016/s0764-4469(01)01368-3
https://doi.org/10.1016/s0764-4469(01)01368-3
https://doi.org/10.1098/rstb.2011.0354
https://doi.org/10.1002/bies.201400152
https://doi.org/10.1002/bies.201400152
https://doi.org/10.1016/j.resmic.2007.07.005
https://doi.org/10.1016/j.resmic.2007.07.005
https://doi.org/10.1098/rsfs.2021.0049
https://doi.org/10.1098/rsfs.2021.0049
https://play.google.com/books/reader?id=VcBDAQAAMAAJ&hl=en&pg=GBS.RA11-PA66
https://play.google.com/books/reader?id=VcBDAQAAMAAJ&hl=en&pg=GBS.RA11-PA66
https://play.google.com/store/books/details?id=8bJCAAAAIAAJ
https://catalog.hathitrust.org/Record/011596595
https://doi.org/10.1177/030631295025001008
https://doi.org/10.1093/aje/144.supplement_8.s39
https://doi.org/10.1093/aje/144.supplement_8.s39
https://chroniclingamerica.loc.gov/lccn/sn84031081/1918-09-14/ed-1/seq-1/
https://chroniclingamerica.loc.gov/lccn/sn84031081/1918-09-14/ed-1/seq-1/
https://dds.crl.edu/crldelivery/1770
https://doi.org/10.2105/AJPH.33.12.1436
https://doi.org/10.1001/jama.1950.02910350007004
https://doi.org/10.1016/j.jhin.2020.12.022
https://doi.org/10.1164/arrd.1962.85.4.511
https://doi.org/10.1164/arrd.1962.85.4.511
https://doi.org/10.1164/ajrccm.163.1.hh11-00
https://doi.org/10.1164/ajrccm.163.1.hh11-00
https://doi.org/10.1093/oxfordjournals.aje.a121251
https://doi.org/10.3389/fcimb.2012.00150
https://doi.org/10.1056/NEJM198002213020807
https://doi.org/10.1093/clinids/23.5.954
https://www.cdc.gov/chickenpox/about/transmission.html
https://www.cdc.gov/chickenpox/about/transmission.html
https://doi.org/10.7554/eLife.65774
https://doi.org/10.7554/eLife.65774
https://doi.org/10.1101/2020.06.08.20125484
https://doi.org/10.1038/s41598-019-38808-z
https://doi.org/10.1038/s41598-019-38808-z
https://doi.org/10.1073/pnas.2021830118
https://doi.org/10.1073/pnas.2021830118
https://doi.org/10.1038/s42254-021-00307-4
https://doi.org/10.1016/j.envint.2020.106112
https://doi.org/10.3201/eid1002.030732
https://doi.org/10.3201/eid1002.030732


16 of 18  |     JIMENEZ et al.

	108.	 Li	Y,	Huang	X,	Yu	ITS,	Wong	TW,	Qian	H.	Role	of	air	distribution	in	SARS	
transmission	during	the	largest	nosocomial	outbreak	in	Hong	Kong.	
Indoor Air.	2005;15:83–	95.	doi:10.1111/j.1600-0668.2004.00317.x

 109. Low DESARS: LESSONS FROM TORONTO.	 National	 Academies	
Press (US); 2004. https://www.ncbi.nlm.nih.gov/books/	NBK92	
467/.	Accessed	January	24,	2022.

 110. Yu ITS, Li Y, Wong TW, et al. Evidence of airborne transmission 
of the severe acute respiratory syndrome virus. N Engl J Med. 
2004;350:1731–	1739.	doi:10.1056/NEJMo	a032867

 111. Tellier R, Li Y, Cowling BJ, Tang JW. Recognition of aerosol trans-
mission of infectious agents: a commentary. BMC Infect Dis. 
2019;19:101. doi:10.1186/s12879-019-3707-y

	112.	 WHO.	Severe	Acute	Respiratory	Syndrome	(SARS).	2022.	https://
www.who.int/healt	h-	topic	s/sever	e-	acute	-	respi	rator	y-	syndr	ome. 
Accessed	January	24,	2022.

	113.	 Seto	WH.	Airborne	transmission	and	precautions:	facts	and	myths.	
J Hosp Infect.	2015;89:225-	228.

	114.	 Tran	K,	Cimon	K,	Severn	M,	Pessoa-	Silva	CL,	Conly	J.	Aerosol	gen-
erating procedures and risk of transmission of acute respiratory 
infections to healthcare workers: a systematic review. PLoS One. 
2012;7:e35797.	doi:10.1371/journ	al.pone.0035797

	115.	 Jackson	 T,	 Deibert	 D,	Wyatt	 G,	 et	 al.	 Classification	 of	 aerosol-	
generating procedures: a rapid systematic review. BMJ Open Respir 
Res. 2020;7:e000730. doi:10.1136/bmjre	sp-2020-000730

	116.	 Thompson	 K-	A,	 Pappachan	 JV,	 Bennett	 AM,	 et	 al.	 Influenza	
aerosols	 in	UK	hospitals	during	 the	H1N1	 (2009)	pandemic-	-	the	
risk of aerosol generation during medical procedures. PLoS One. 
2013;8:e56278.	doi:10.1371/journ	al.pone.0056278

	117.	 Bischoff	WE,	Swett	K,	Leng	I,	Peters	TR.	Exposure	to	influenza	virus	
aerosols during routine patient care. J Infect Dis.	2013;207:1037–	
1046. doi:10.1093/infdi s/jis773

	118.	 Institute	 of	 Medicine.	 Chapter	 8:	 Building	 Ventilation,	
Weatherization,	 and	 Energy	 Use.	 Climate Change, the Indoor 
Environment, and Health.	 The	 National	 Academies	 Press;	 2011.	
https://www.nap.edu/read/13115/	chapt	er/10

	119.	 CDC.	Appendices	in	the	Guideline	for	Disinfection	and	Sterilization	
in	Healthcare	Facilities.	Appendix	B.	Air.	2008.	https://www.cdc.
gov/infec	tionc	ontro	l/guide	lines/	envir	onmen	tal/appen	dix/air.
html.	Accessed	June	9,	2021.

	120.	 Hogeling	 J.	 Editorial:	 COVID-	19	 and	 the	 third	 route.	 REHVA J 
(April). 2020;4:4. https://www.rehva.eu/rehva	-	journ	al/chapt	er/
edito	rialc	ovid-	19-	and-	the-	third	-	route.	Accessed	June	9,	2021.

	121.	 ASHRAE/ANSI/ASHE.	ASHRAE	Standard	170-	2021	-	-		Ventilation	
of Health Care Facilities. 2021. https://www.techs treet.com/ashra 
e/stand	ards/ashra	e-	170-	2021?produ	ct_id=22129 71.	 Accessed	
June 30, 2021.

	122.	 Tellier	R.	Aerosol	transmission	of	influenza	A	virus:	a	review	of	new	
studies. J R Soc Interface.	2009;6	Suppl	6:S783–	90.	doi:10.1098/
rsif.2009.0302.focus

	123.	 Tellier	R.	Review	of	aerosol	transmission	of	influenza	A	virus.	Emerg 
Infect Dis.	2006;12:1657–	1662.	doi:10.3201/eid12 11.060426

	124.	 Cowling	BJ,	Ip	DKM,	Fang	VJ,	et	al.	Aerosol	transmission	is	an	im-
portant	mode	of	influenza	A	virus	spread.	Nat Commun.	2013;4:1-	6.

	125.	 Moser	MR,	Bender	TR,	Margolis	HS,	Noble	GR,	Kendal	AP,	Ritter	
DG.	An	outbreak	of	 influenza	aboard	a	commercial	airliner.	Am J 
Epidemiol.	1979;110:1–	6.	doi:10.1093/oxfordjournals.aje.a112781

	126.	 Pestre	 V,	 Morel	 B,	 Encrenaz	 N,	 et	 al.	 Transmission	 by	 super-	
spreading	 event	 of	 pandemic	 A/H1N1	 2009	 influenza	 during	
road and train travel. Scand J Infect Dis.	 2012;44:225–	227.	
doi:10.3109/00365	548.2011.631936

	127.	 Nguyen-	Van-	Tam	JS,	Killingley	B,	Enstone	J,	et	al.	Minimal	trans-
mission	 in	 an	 influenza	A	 (H3N2)	 human	 challenge-	transmission	
model	 within	 a	 controlled	 exposure	 environment.	 PLoS Pathog. 
2020;16:e1008704. doi:10.1371/journ al.ppat.1008704

	128.	 Yan	 J,	 Grantham	 M,	 Pantelic	 J,	 et	 al.	 Infectious	 virus	 in	 ex-
haled	 breath	 of	 symptomatic	 seasonal	 influenza	 cases	 from	 a	

college community. Proc Natl Acad Sci U S A.	2018;115:1081–	1086.	
doi:10.1073/pnas.17165	61115

	129.	 Lindsley	WG,	Noti	JD,	Blachere	FM,	et	al.	Viable	influenza	A	virus	
in airborne particles from human coughs. J Occup Environ Hyg. 
2015;12:107–	113.	doi:10.1080/15459	624.2014.973113

	130.	 Blachere	FM,	Lindsley	WG,	Pearce	TA,	et	al.	Measurement	of	air-
borne	 influenza	 virus	 in	 a	 hospital	 emergency	 department.	Clin 
Infect Dis.	2009;48:438–	440.	doi:10.1086/596478

	131.	 Yang	W,	 Elankumaran	 S,	Marr	 LC.	 Concentrations	 and	 size	 dis-
tributions	 of	 airborne	 influenza	 A	 viruses	 measured	 indoors	
at	 a	health	centre,	 a	day-	care	centre	and	on	aeroplanes.	 J R Soc 
Interface.	2011;8:1176–	1184.	doi:10.1098/rsif.2010.0686

	132.	 Pan	M,	Bonny	TS,	 Loeb	 J,	 et	 al.	Collection	of	 viable	 aerosolized	
influenza	virus	and	other	 respiratory	viruses	 in	a	 student	health	
care	center	through	water-	based	condensation	growth.	mSphere. 
2017;2:e00251-	17.

	133.	 Alford	RH,	Kasel	JA,	Gerone	PJ,	Knight	V.	Human	influenza	result-
ing from aerosol inhalation. Proc Soc Exp Biol Med.	1966;122:800–	
804. doi:10.3181/00379	727-122-31255

	134.	 Little	JW,	Douglas	RG	Jr,	Hall	WJ,	Roth	FK.	Attenuated	influenza	
produced	 by	 experimental	 intranasal	 inoculation.	 J Med Virol. 
1979;3:177–	188.	doi:10.1002/jmv.18900 30303

	135.	 Couch	RB,	Douglas	RG	Jr,	Fedson	DS,	Kasel	JA.	Correlated	stud-
ies	of	a	recombinant	influenza-	virus	vaccine.	3.	Protection	against	
experimental	 influenza	 in	 man.	 J Infect Dis.	 1971;124:473–	480.	
doi:10.1093/infdi	s/124.5.473

	136.	 Couch	 RB,	 Kasel	 JA,	 Gerin	 JL,	 Schulman	 JL,	 Kilbourne	 ED.	
Induction	 of	 partial	 immunity	 to	 influenza	 by	 a	 neuraminidase-	
specific vaccine. J Infect Dis.	1974;129:411–	420.	doi:10.1093/infdi 
s/129.4.411

	137.	 Koster	F,	Gouveia	K,	Zhou	Y,	et	al.	Exhaled	aerosol	transmission	of	
pandemic	and	seasonal	H1N1	influenza	viruses	in	the	ferret.	PLoS 
One. 2012;7:e33118. doi:10.1371/journ al.pone.0033118

	138.	 Andrewes	CH,	Glover	RE.	Spread	of	infection	from	the	respiratory	
tract	 of	 the	 ferret.	 I.	 Transmission	of	 influenza	A	 virus.	Br J Exp 
Pathol. 1941;22:91. https://www.ncbi.nlm.nih.gov/pmc/artic les/
PMC20	65394/	.	Accessed	June	6,	2021.

	139.	 World	 Health	 Organization.	 Influenza	 (Seasonal).	 2018.	 https://
www.who.int/news-	room/fact-	sheet	s/detai	l/influ	enza-	(seaso	
nal).	Accessed	June	3,	2021.

 140. CDC. How Flu Spreads. January 2020. https://www.cdc.gov/flu/
about/ disea se/spread.htm.	Accessed	June	3,	2021.

	141.	 Dick	EC,	Jennings	LC,	Mink	KA,	Wartgow	CD,	Inhorn	SL.	Aerosol	
transmission of rhinovirus colds. J Infect Dis.	1987;156:442–	448.	
doi:10.1093/infdi	s/156.3.442

	142.	 Fabian	 P,	 Brain	 J,	 Houseman	 EA,	 Gern	 J,	 Milton	 DK.	 Origin	 of	
exhaled	 breath	 particles	 from	 healthy	 and	 human	 rhinovirus-	
infected subjects. J Aerosol Med Pulm Drug Deliv.	2011;24:137–	147.	
doi:10.1089/jamp.2010.0815

	143.	 Myatt	TA,	Johnston	SL,	Zuo	Z,	et	al.	Detection	of	airborne	rhino-
virus and its relation to outdoor air supply in office environments. 
Am J Respir Crit Care Med.	 2004;169:1187–	1190.	 doi:10.1164/
rccm.200306-760OC

	144.	 Myatt	TA,	Johnston	SL,	Rudnick	S,	Milton	DK.	Airborne	rhinovirus	
detection and effect of ultraviolet irradiation on detection by a 
semi-	nested	RT-	PCR	assay.	BMC Public Health.	2003;3:1-	7.

	145.	 Leung	NHL,	Chu	DKW,	 Shiu	 EYC,	 et	 al.	 Respiratory	 virus	 shed-
ding	 in	 exhaled	 breath	 and	 efficacy	 of	 face	 masks.	 Nat Med. 
2020;26:676–	680.	doi:10.1038/s41591-020-0843-2

	146.	 Couch	RB,	Knight	V,	Douglas	RG	Jr,	Black	SH,	Hamory	BH.	The	minimal	
infectious dose of adenovirus type 4; the case for natural transmission 
by viral aerosol. Trans Am Clin Climatol Assoc.	1969;80:205-	211.

	147.	 Booth	TF,	Kournikakis	B,	Bastien	N,	et	al.	Detection	of	airborne	
severe	 acute	 respiratory	 syndrome	 (SARS)	 coronavirus	 and	 en-
vironmental	 contamination	 in	 SARS	 outbreak	 units.	 J Infect Dis. 
2005;191:1472–	1477.	doi:10.1086/429634

https://doi.org/10.1111/j.1600-0668.2004.00317.x
https://www.ncbi.nlm.nih.gov/books/NBK92467
https://www.ncbi.nlm.nih.gov/books/NBK92467
https://doi.org/10.1056/NEJMoa032867
https://doi.org/10.1186/s12879-019-3707-y
https://www.who.int/health-topics/severe-acute-respiratory-syndrome
https://www.who.int/health-topics/severe-acute-respiratory-syndrome
https://doi.org/10.1371/journal.pone.0035797
https://doi.org/10.1136/bmjresp-2020-000730
https://doi.org/10.1371/journal.pone.0056278
https://doi.org/10.1093/infdis/jis773
https://www.nap.edu/read/13115/chapter/10
https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.html
https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.html
https://www.cdc.gov/infectioncontrol/guidelines/environmental/appendix/air.html
https://www.rehva.eu/rehva-journal/chapter/editorialcovid-19-and-the-third-route
https://www.rehva.eu/rehva-journal/chapter/editorialcovid-19-and-the-third-route
https://www.techstreet.com/ashrae/standards/ashrae-170-2021?product_id=2212971.
https://www.techstreet.com/ashrae/standards/ashrae-170-2021?product_id=2212971.
https://doi.org/10.1098/rsif.2009.0302.focus
https://doi.org/10.1098/rsif.2009.0302.focus
https://doi.org/10.3201/eid1211.060426
https://doi.org/10.1093/oxfordjournals.aje.a112781
https://doi.org/10.3109/00365548.2011.631936
https://doi.org/10.1371/journal.ppat.1008704
https://doi.org/10.1073/pnas.1716561115
https://doi.org/10.1080/15459624.2014.973113
https://doi.org/10.1086/596478
https://doi.org/10.1098/rsif.2010.0686
https://doi.org/10.3181/00379727-122-31255
https://doi.org/10.1002/jmv.1890030303
https://doi.org/10.1093/infdis/124.5.473
https://doi.org/10.1093/infdis/129.4.411
https://doi.org/10.1093/infdis/129.4.411
https://doi.org/10.1371/journal.pone.0033118
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2065394
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2065394
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.cdc.gov/flu/about/disease/spread.htm
https://www.cdc.gov/flu/about/disease/spread.htm
https://doi.org/10.1093/infdis/156.3.442
https://doi.org/10.1089/jamp.2010.0815
https://doi.org/10.1164/rccm.200306-760OC
https://doi.org/10.1164/rccm.200306-760OC
https://doi.org/10.1038/s41591-020-0843-2
https://doi.org/10.1086/429634


    |  17 of 18JIMENEZ et al.

	148.	 Kim	S-	H,	Chang	SY,	 Sung	M,	 et	 al.	 Extensive	 viable	middle	 east	
respiratory	syndrome	(MERS)	coronavirus	contamination	in	air	and	
surrounding	environment	in	MERS	isolation	wards.	Clin Infect Dis. 
2016;63:363–	369.	doi:10.1093/cid/ciw239

	149.	 Totura	 A,	 Livingston	 V,	 Frick	 O,	 Dyer	 D,	 Nichols	 D,	 Nalca	 A.	
Small	 particle	 aerosol	 exposure	 of	 African	 green	 monkeys	 to	
MERS-	CoV	as	a	model	for	highly	pathogenic	coronavirus	infec-
tion. Emerg Infect Dis.	 2020;26:2835–	2843.	 doi:10.3201/eid26 
12.201664

	150.	 Kulkarni	H,	Smith	CM,	Lee	DDH,	Hirst	RA,	Easton	AJ,	O’Callaghan	
C. Evidence of respiratory syncytial virus spread by aerosol. Time 
to revisit infection control strategies? Am J Respir Crit Care Med. 
2016;194:308–	316.	doi:10.1164/rccm.201509-1833OC

	151.	 Lindsley	WG,	 Blachere	 FM,	 Davis	 KA,	 et	 al.	 Distribution	 of	 air-
borne	 influenza	 virus	 and	 respiratory	 syncytial	 virus	 in	 an	 ur-
gent care medical clinic. Clin Infect Dis.	 2010;50:693-	698.	
doi:10.1086/650457

	152.	 Tseng	C-	C,	Chang	L-	Y,	 Li	C-	S.	Detection	of	 airborne	viruses	 in	 a	
pediatrics	 department	 measured	 using	 real-	time	 qPCR	 coupled	
to	an	air-	sampling	filter	method.	J Environ Health.	2010;73:22-	28.	
https://www.ncbi.nlm.nih.gov/pubme d/21133312

	153.	 Couch	 RB,	 Douglas	 RG	 Jr,	 Lindgren	 KM,	 Gerone	 PJ,	 Knight	 V.	
Airborne	transmission	of	respiratory	infection	with	coxsackievirus	
A	type	21.	Am J Epidemiol.	1970;91:78-	86.	doi:10.1093/oxfor	djour	
nals.aje.a121115

	154.	 Mekibib	B,	Ariën	KK.	Aerosol	Transmission	of	Filoviruses.	Viruses. 
2016;8:v8050148.	doi:10.3390/v8050148

	155.	 Mikszewski	A,	Stabile	L,	Buonanno	G,	Morawska	L.	The	airborne	
contagiousness	of	respiratory	viruses:	A	comparative	analysis	and	
implications for mitigation. Geoscience Frontiers.	 2021:101285.	
https://www.scien cedir ect.com/scien ce/artic le/pii/S1674 98712 
1001493.

	156.	 Mikkelsen	T,	Alexandersen	S,	Astrup	P,	et	al.	Investigation	of	air-
borne	foot-	and-	mouth	disease	virus	transmission	during	low-	wind	
conditions	 in	 the	 early	 phase	 of	 the	 UK	 2001	 epidemic.	Atmos 
Chem Phys.	2003;3:2101-	2110.

	157.	 UK	Dept.	of	Agriculture,	Environment	and	Rural	Affairs.	Foot	and	
Mouth	disease.	2015.	https://www.daera	-	ni.gov.uk/artic	les/foot-	
and-	mouth	-	disea	se.	Accessed	June	7,	2021.

	158.	 Dee	S,	Otake	S,	Oliveira	S,	Deen	J.	Evidence	of	long	distance	air-
borne transport of porcine reproductive and respiratory syndrome 
virus	 and	 Mycoplasma	 hyopneumoniae.	 Vet Res. 2009;40:39. 
doi:10.1051/vetre	s/2009022

	159.	 Dee	S,	Cano	JP,	Spronk	G,	et	al.	Evaluation	of	the	long-	term	effect	
of air filtration on the occurrence of new PRRSV infections in large 
breeding	herds	in	swine-	dense	regions.	Viruses.	2012;4:654-	662.	
doi:10.3390/v4050654

	160.	 Stärk	KD.	The	role	of	infectious	aerosols	in	disease	transmission	in	
pigs. Vet J.	1999;158:164-	181.	doi:10.1053/tvjl.1998.0346

	161.	 Ignjatović	 J,	 Sapats	 S.	 Avian	 infectious	 bronchitis	 virus.	 Rev Sci 
Tech.	2000;19:493-	508.

	162.	 Mumford	JA,	Hannant	D,	 Jessett	DM.	Experimental	 infection	of	
ponies	with	 equine	 influenza	 (H3N8)	 viruses	 by	 intranasal	 inoc-
ulation	 or	 exposure	 to	 aerosols.	 Equine Vet J.	 1990;22:93-	98.	
doi:10.1111/j.2042-3306.1990.tb042	17.x

	163.	 Davis	J,	Garner	MG,	East	IJ.	Analysis	of	local	spread	of	equine	in-
fluenza	in	the	Park	Ridge	region	of	Queensland.	Transbound Emerg 
Dis.	2009;56:31-	38.	doi:10.1111/j.1865-1682.2008.01060.x

	164.	 Peng	 Z,	 Rojas	 ALP,	 Kropff	 E,	 et	 al.	 Practical	 indicators	 for	 risk	
of airborne transmission in shared indoor environments and 
their	 application	 to	 COVID-	19	 outbreaks.	 Environ Sci Technol. 
2022;56:1125-	1137.	doi:10.1021/acs.est.1c06531

	165.	 Kutter	 JS,	 de	Meulder	 D,	 Bestebroer	 TM,	 et	 al.	 SARS-	CoV	 and	
SARS-	CoV-	2	 are	 transmitted	 through	 the	 air	 between	 ferrets	
over more than one meter distance. Nat Commun.	2021;12:1653.	
doi:10.1038/s41467-021-21918-6

	166.	 Miller	SL,	Nazaroff	WW,	Jimenez	JL,	et	al.	Transmission	of	SARS-	
CoV-	2	 by	 inhalation	 of	 respiratory	 aerosol	 in	 the	 Skagit	 Valley	
Chorale superspreading event. Indoor Air.	 2021;31:314-	323.	
doi:10.1111/ina.12751

 167. Eichler N, Thornley C, Swadi T, et al. Transmission of severe acute 
respiratory	syndrome	coronavirus	2	during	Border	Quarantine	and	
Air	Travel,	New	Zealand	(Aotearoa).	Emerg Infect Dis.	2021;27:1274-	
1278. doi:10.3201/eid27	05.210514

	168.	 Katelaris	 AL,	Wells	 J,	 Clark	 P,	 et	 al.	 Epidemiologic	 evidence	 for	
airborne	 transmission	 of	 SARS-	CoV-	2	 during	 Church	 Singing,	
Australia,	2020.	Emerg Infect Dis.	2021;27:1677-	1680.	doi:10.3201/
eid27	06.210465

	169.	 Du	C-	R,	Wang	S-	C,	Yu	M-	C,	et	al.	Effect	of	ventilation	 improve-
ment during a tuberculosis outbreak in underventilated university 
buildings. Indoor Air.	2020;30:422-	432.	doi:10.1111/ina.12639

	170.	 Prather	 KA,	 Marr	 LC,	 Schooley	 RT,	 McDiarmid	 MA,	 Wilson	
ME,	 Milton	 DK.	 Airborne	 transmission	 of	 SARS-	CoV-	2.	 Science. 
2020;370:303-	304.	doi:10.1126/scien	ce.abf0521

	171.	 Wong	 S-	C,	 Au	 AK-	W,	 Chen	 H,	 et	 al.	 Transmission	 of	 Omicron	
(B.1.1.529)	-		SARS-	CoV-	2	Variant	of	Concern	in	a	designated	quar-
antine hotel for travelers: a challenge of elimination strategy of 
COVID-	19.	Lancet Reg Health West Pac. 2021;18:100360.

	172.	 Gu	H,	Krishnan	P,	Ng	DYM,	et	al.	Probable	transmission	of	SARS-	
CoV-	2	 omicron	 variant	 in	 quarantine	 hotel,	 Hong	 Kong,	 China,	
November 2021. Emerg Infect Dis J.	2022;28:460-	462.

	173.	 Fox-	Lewis	A,	Williamson	F,	Harrower	J,	et	al.	Airborne	transmission	
of	SARS-	CoV-	2	delta	variant	within	tightly	monitored	isolation	fa-
cility,	New	Zealand	(Aotearoa).	Emerg Infect Dis.	2021;28:501-	509.	
doi:10.3201/eid28 03.212318

	174.	 Klompas	M,	Baker	MA,	Griesbach	D,	et	al.	Transmission	of	SARS-	
CoV-	2	 from	 asymptomatic	 and	 presymptomatic	 individuals	 in	
healthcare settings despite medical masks and eye protection. Clin 
Infect Dis.	2021;73(9):1693-	1695.	doi:10.1093/cid/ciab218

	175.	 Klompas	 M,	 Baker	 MA,	 Rhee	 C,	 et	 al.	 A	 SARS-	CoV-	2	 cluster	
in an acute care hospital. Ann Intern Med.	 2021;174:794-	802.	
doi:10.7326/M20-7567

	176.	 Karan	 A,	 Klompas	 M,	 Tucker	 R,	 et	 al.	 The	 risk	 of	 SARS-	CoV-	2	
transmission	 from	 patients	 with	 undiagnosed	 covid-	19	 to	
roommates in a large academic medical center. Clin Infect Dis. 
2021;74(6):1097-	1100.

	177.	 Campbell	F,	Archer	B,	Laurenson-	Schafer	H,	et	al.	Increased	trans-
missibility	and	global	spread	of	SARS-	CoV-	2	variants	of	concern	as	
at June 2021. Euro Surveill.	2021;26:2100509.

 178. Hinds WC. Aerosol Technology: Properties, Behavior, and 
Measurement of Airborne Particles. Wiley; 1999. https://www.
world	cat.org/title/	aeros	ol-	techn	ology	-	prope	rties	-	behav	ior-	and-	
measu	remen	t-	of-	airbo	rne-	parti	cles/oclc/39060733

	179.	 Xie	 X,	 Li	 Y,	 Chwang	 ATY,	 Ho	 PL,	 Seto	 WH.	 How	 far	 drop-
lets	 can	 move	 in	 indoor	 environments-	-	revisiting	 the	 Wells	
evaporation-	falling	 curve.	 Indoor Air.	 2007;17:211-	225.	
doi:10.1111/j.1600-0668.2007.00469.x

	180.	 Heneghan	CJ,	Spencer	EA,	Brassey	J,	et	al.	SARS-	CoV-	2	and	the	
role of airborne transmission: a systematic review. F1000Res. 
2021;10:232.

	181.	 Fennelly	KP.	Particle	sizes	of	infectious	aerosols:	implications	for	
infection control. Lancet Respir Med.	2020;8:914-	924.	doi:10.1016/
S2213-2600(20)30323-4

	182.	 Jose	 L.	 Jimenez	 TGDFLCM.	 Public	 Comment	 on	 “SARS-	CoV-	2	
and	the	role	of	airborne	transmission:	a	systematic	review.”.	May	
14, 2021 https://f1000	resea	rch.com/artic	les/10-	232#artic	le-	
comments.	Accessed	2021.

	183.	 Onakpoya	IJ,	Heneghan	CJ,	Spencer	EA,	et	al.	SARS-	CoV-	2	and	the	role	
of fomite transmission: a systematic review. F1000Res. 2021;10:233.

	184.	 Onakpoya	 IJ,	Heneghan	CJ,	 Spencer	EA,	 et	 al.	 SARS-	CoV-	2	 and	
the role of close contact in transmission: a systematic review. 
F1000Res. 2021;10:280.

https://doi.org/10.1093/cid/ciw239
https://doi.org/10.3201/eid2612.201664
https://doi.org/10.3201/eid2612.201664
https://doi.org/10.1164/rccm.201509-1833OC
https://doi.org/10.1086/650457
https://www.ncbi.nlm.nih.gov/pubmed/21133312
https://doi.org/10.1093/oxfordjournals.aje.a121115
https://doi.org/10.1093/oxfordjournals.aje.a121115
https://doi.org/10.3390/v8050148
https://www.sciencedirect.com/science/article/pii/S1674987121001493
https://www.sciencedirect.com/science/article/pii/S1674987121001493
http://paperpile.com/b/DWcOkm/yZei3
https://www.daera-ni.gov.uk/articles/foot-and-mouth-disease
https://www.daera-ni.gov.uk/articles/foot-and-mouth-disease
https://doi.org/10.1051/vetres/2009022
https://doi.org/10.3390/v4050654
https://doi.org/10.1053/tvjl.1998.0346
https://doi.org/10.1111/j.2042-3306.1990.tb04217.x
https://doi.org/10.1111/j.1865-1682.2008.01060.x
https://doi.org/10.1021/acs.est.1c06531
https://doi.org/10.1038/s41467-021-21918-6
https://doi.org/10.1111/ina.12751
https://doi.org/10.3201/eid2705.210514
https://doi.org/10.3201/eid2706.210465
https://doi.org/10.3201/eid2706.210465
https://doi.org/10.1111/ina.12639
https://doi.org/10.1126/science.abf0521
https://doi.org/10.3201/eid2803.212318
https://doi.org/10.1093/cid/ciab218
https://doi.org/10.7326/M20-7567
https://www.worldcat.org/title/aerosol-technology-properties-behavior-and-measurement-of-airborne-particles/oclc/39060733
https://www.worldcat.org/title/aerosol-technology-properties-behavior-and-measurement-of-airborne-particles/oclc/39060733
https://www.worldcat.org/title/aerosol-technology-properties-behavior-and-measurement-of-airborne-particles/oclc/39060733
https://doi.org/10.1111/j.1600-0668.2007.00469.x
https://doi.org/10.1016/S2213-2600(20)30323-4
https://doi.org/10.1016/S2213-2600(20)30323-4
https://f1000research.com/articles/10-232#article-comments
https://f1000research.com/articles/10-232#article-comments


18 of 18  |     JIMENEZ et al.

	185.	 Hamilton	 F,	 Arnold	D,	 Bzdek	 BR,	 et	 al.	 Aerosol	 generating	 pro-
cedures:	 are	 they	of	 relevance	 for	 transmission	of	SARS-	CoV-	2?	
Lancet Respir Med	 2021;9(7):687-	689.	 https://www.thela ncet.
com/journ	als/lanre	s/artic	le/PIIS2	213-	2600(21)00216	-	2/fulltext.

	186.	 Brown	J,	Gregson	FKA,	Shrimpton	A,	et	al.	A	quantitative	evalua-
tion	of	aerosol	generation	during	tracheal	intubation	and	extuba-
tion. Anaesthesia.	2021;76:174-	181.	doi:10.1111/anae.15292

	187.	 Klompas	 M,	 Baker	 M,	 Rhee	 C.	 What	 is	 an	 aerosol-	generating	
procedure? JAMA Surg.	 2021;156:113-	114.	 doi:10.1001/jamas 
urg.2020.6643

	188.	 Hamilton	F,	Gregson	F,	Arnold	D,	et	al.	Aerosol	emission	from	the	
respiratory	tract:	an	analysis	of	relative	risks	from	oxygen	delivery	
systems. bioRxiv. 2021. doi:10.1101/2021.01.29.21250552

	189.	 Wilson	NM,	Marks	GB,	Eckhardt	A,	 et	 al.	 The	effect	of	 respira-
tory	activity,	non-	invasive	respiratory	support	and	facemasks	on	
aerosol	 generation	 and	 its	 relevance	 to	 COVID-	19.	Anaesthesia. 
2021;76(11):1465-	1474.	doi:10.1111/anae.15475

 190. Riley RL. Indoor airborne infection. Environ Int.	1982;8:317-	320.
	191.	 Wang	 CC,	 Prather	 KA,	 Sznitman	 J,	 et	 al.	 Airborne	 transmission	

of respiratory viruses. Science. 2021;373:eabd9149. doi:10.1126/
scien ce.abd9149

	192.	 EPA.	 Particle	 Pollution	 Exposure.	 September	 15,	 2014.	 https://
www.epa.gov/pmcou	rse/parti	cle-	pollu	tion-	expos	ure.	 Accessed	
January 29, 2022.

	193.	 Cummins	CP,	Ajayi	OJ,	Mehendale	FV,	Gabl	R,	Viola	IM.	The	dis-
persion	of	spherical	droplets	 in	source-	sink	flows	and	their	 rele-
vance	to	the	COVID-	19	pandemic.	Phys Fluids. 2020;32:083302. 
doi:10.1063/5.0021427

	194.	 Aerosols.	June	3,	2020.	https://www.cdc.gov/niosh/ topic s/aeros 
ols/defau lt.html.	Accessed	May	27,	2021.

	195.	 Samet	JM,	Prather	K,	Benjamin	G,	et	al.	Airborne	transmission	of	
SARS-	CoV-	2:	 what	 we	 know.	 Clin Infect Dis.	 2021;73(10):1924-	
1926. https://acade	mic.oup.com/cid/artic	le-	looku	p/doi/10.1093/
cid/ciab039

	196.	 Hocke	AC,	Becher	A,	Knepper	J,	et	al.	Emerging	human	middle	east	
respiratory syndrome coronavirus causes widespread infection 
and alveolar damage in human lungs. Am J Respir Crit Care Med. 
2013;188:882–	886.	doi:10.1164/rccm.201305-	0954LE

	197.	 Ng	DL,	Al	Hosani	F,	Keating	MK,	et	al.	Clinicopathologic,	 immu-
nohistochemical, and ultrastructural findings of a fatal case of 
middle east respiratory syndrome coronavirus infection in the 
United	Arab	Emirates,	April	2014.	Am J Pathol.	2016;186:652-	658.	
doi:10.1016/j.ajpath.2015.10.024

	198.	 Corman	VM,	Albarrak	AM,	Omrani	AS,	et	al.	Viral	 shedding	and	
antibody response in 37 patients with middle east respiratory 
syndrome coronavirus infection. Clin Infect Dis.	2016;62:477-	483.	
doi:10.1093/cid/civ951

	199.	 Memish	ZA,	Al-	Tawfiq	JA,	Makhdoom	HQ,	et	al.	Respiratory	tract	
samples, viral load, and genome fraction yield in patients with 
Middle	 East	 respiratory	 syndrome.	 J Infect Dis.	 2014;210:1590-	
1594.	doi:10.1093/infdi s/jiu292

	200.	 Oh	M-	D,	Park	WB,	Choe	PG,	et	al.	Viral	load	kinetics	of	MERS	coro-
navirus infection. N Engl J Med.	2016;375:1303-	1305.	doi:10.1056/
NEJMc	1511695

	201.	 Park	WB,	 Poon	 LLM,	 Choi	 S-	J,	 et	 al.	 Replicative	 virus	 shedding	
in	 the	 respiratory	 tract	 of	 patients	with	Middle	East	 respiratory	
syndrome coronavirus infection. Int J Infect Dis.	 2018;72:8-	10.	
doi:10.1016/j.ijid.2018.05.003

	202.	 Meyerholz	DK,	Lambertz	AM,	McCray	PB	Jr.	Dipeptidyl	Peptidase	
4 Distribution in the Human Respiratory Tract: Implications for the 
Middle	East	Respiratory	Syndrome.	Am J Pathol.	2016;186:78-	86.	
doi:10.1016/j.ajpath.2015.09.014

	203.	 Widagdo	W,	Stalin	Raj	V,	Schipper	D,	et	al.	differential	expression	
of the middle east respiratory syndrome coronavirus receptor in 
the upper respiratory tracts of humans and dromedary camels. J 
Virol. 2016;90:4838.

	204.	 Jeon	 YJ,	 Gil	 CH,	 Jo	 A,	 Won	 J,	 Kim	 S,	 Kim	 HJ.	 The	 influence	
of	 interferon-	lambda	 on	 restricting	 Middle	 East	 Respiratory	
Syndrome Coronavirus replication in the respiratory epithe-
lium. Antiviral Res. 2020;180:104860. doi:10.1016/j.antiv 
iral.2020.104860

	205.	 Baumeister	 RF,	 Vohs	 KD.	 Encyclopedia of Social Psychology. 
SAGE	 Publications;	 2007.	 https://play.google.com/store/books/
details?id=CQBzAwAAQBAJ

	206.	 Li	Y,	Cheng	P,	Jia	W.	Poor	ventilation	worsens	short-	range	airborne	
transmission of respiratory infection. Indoor Air. 2022;32:e12946. 
doi:10.1111/ina.12946

	207.	 Tang	JW,	Marr	LC,	Li	Y,	Dancer	SJ.	Covid-	19	has	redefined	airborne	
transmission. BMJ. 2021;373:n913.

	208.	 Morawska	 L,	 Tang	 JW,	 Bahnfleth	 W,	 et	 al.	 How	 can	 airborne	
transmission	 of	 COVID-	19	 indoors	 be	 minimised?	 Environ Int. 
2020;142:105832.	doi:10.1016/j.envint.2020.105832

How to cite this article:	Jimenez	JL,	Marr	LC,	Randall	K,	et	al.	
What were the historical reasons for the resistance to 
recognizing	airborne	transmission	during	the	COVID-	19	
pandemic? Indoor Air. 2022;32:e13070. doi: 10.1111/
ina.13070

https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(21)00216-2/fulltext
https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(21)00216-2/fulltext
http://paperpile.com/b/DWcOkm/BQ1RX
https://doi.org/10.1111/anae.15292
https://doi.org/10.1001/jamasurg.2020.6643
https://doi.org/10.1001/jamasurg.2020.6643
https://doi.org/10.1101/2021.01.29.21250552
https://doi.org/10.1111/anae.15475
https://doi.org/10.1126/science.abd9149
https://doi.org/10.1126/science.abd9149
https://www.epa.gov/pmcourse/particle-pollution-exposure
https://www.epa.gov/pmcourse/particle-pollution-exposure
https://doi.org/10.1063/5.0021427
https://www.cdc.gov/niosh/topics/aerosols/default.html
https://www.cdc.gov/niosh/topics/aerosols/default.html
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab039
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab039
https://doi.org/10.1164/rccm.201305-%c2%ad0954LE
https://doi.org/10.1016/j.ajpath.2015.10.024
https://doi.org/10.1093/cid/civ951
https://doi.org/10.1093/infdis/jiu292
https://doi.org/10.1056/NEJMc1511695
https://doi.org/10.1056/NEJMc1511695
https://doi.org/10.1016/j.ijid.2018.05.003
https://doi.org/10.1016/j.ajpath.2015.09.014
https://doi.org/10.1016/j.antiviral.2020.104860
https://doi.org/10.1016/j.antiviral.2020.104860
https://play.google.com/store/books/details?id=CQBzAwAAQBAJ
https://play.google.com/store/books/details?id=CQBzAwAAQBAJ
https://doi.org/10.1111/ina.12946
https://doi.org/10.1016/j.envint.2020.105832
https://doi.org/10.1111/ina.13070
https://doi.org/10.1111/ina.13070

	What were the historical reasons for the resistance to recognizing airborne transmission during the COVID-19 pandemic?
	Abstract
	1|INTRODUCTION
	2|METHOD
	3|FINDINGS
	3.1|Disease transmission throughout most of human history: miasmas and infective air
	3.2|Snow, Semmelweis, and the public health establishment
	3.3|Second half of 19th century: germ theory
	3.4|Charles Chapin, contact infection, and the key errors
	3.5|No important natural disease is airborne (1910–1962)
	3.6|Reluctant acceptance of as little airborne transmission as possible (1962–2020)
	3.7|The COVID-19 pandemic and the uncovering of the historical error
	3.8|The lessons from the persistence of the 5 micron error

	4|OUTLOOK FOR CONTROL OF RESPIRATORY DISEASES AND THE NEXT PANDEMIC
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


