
Editorial

Investigating the airborne transmission pathway – different
approaches with the same objectives

The advent of molecular diagnostics has allowed the
investigation of the airborne transmission pathway to
progress significantly in the past 10–12 years, since the
2003 outbreaks of severe acute respiratory syndrome
(SARS). Much of this progress has been driven by
researchers in some of the most affected countries,
namely Hong Kong, Singapore, and Canada. Perhaps
equally inspiring is that the researchers who have pro-
duced this wealth of new data have come from several
different, traditionally quite separate disciplines and
teams, including engineering, epidemiology, public
health, hospital physicians, and infection control teams.

At the time of writing, the current number of people
infected by Ebola virus in the ongoing West African
outbreak is estimated to be 15351, with 9596 labora-
tory confirmed and 5459 deaths (CDC, 2014). Con-
cerns about the potential for possible airborne
transmission of Ebola virus have been expressed in a
detailed online commentary (CIDRAP, 2014b), and a
similar one has been published regarding a recently
emerged, novel respiratory virus, Middle East respira-
tory syndrome coronavirus (MERS-CoV) (CIDRAP,
2014a). The authors of these commentaries, particu-
larly in the one on Ebola, have urged for a new
approach to assessing the potential ‘aerosol transmissi-
ble’ capability of infectious agents produced by human
respiratory activities performed by infected patients,
and not to rely on assessments based on older, out-
dated experimental data. These authors almost cer-
tainly refer to the various, modern, technical advances
in both pathogen detection as well as airflow visualiza-
tion that have had a major impact on how the more
modern studies have been conducted, which clearly
separates them from the older, traditional studies. In
particular, in diagnostic testing, using molecular meth-
ods (such as the polymerase chain reaction – PCR – as
well as DNA sequencing), have allowed the detection
of fewer and fewer organisms in both clinical and envi-
ronmental samples which do not necessarily have to be
viable at the point of testing (like those obtained by air
sampling), which has altered how indoor air quality
studies are now performed, and perhaps our awareness
of the richness and variety of the organisms in the air
around us (Blachere et al., 2009; Booth et al., 2005;
Gangneux et al., 2006; Knibbs et al., 2014; Suzuki
et al., 2004).

Such molecular methods that detect specific targets
in the pathogen genome (or nucleic acid) suffer from
the disadvantage of not being able to distinguish inacti-
vated from truly viable organisms. In addition, this
level of sensitivity in the pathogen detection method
raises some double-edged concerns. Although such sen-
sitive assays can allow us to detect naturally occurring
infectious agents earlier and at much lower concentra-
tions, which may improve the assessment of ventilation
and containment efficacy (at least in a hospital infec-
tion control setting), this needs to be balanced against
whether such low levels of the pathogen are actually
clinically relevant, and the level of clinical relevance
will depend on the specific patient population, for
example immunocompetent vs. immunocompromised,
pediatric vs. adult, and hospitalized vs. community
patients.

On the engineering side, the increasing availability
and accessibility of higher resolution temporal and
spatial, Schlieren/shadowgraph, and other particle
capture/visualization methods using high-speed cam-
eras (Clark and de Calcina-Goff, 2009; Nishimura
et al., 2013; Settles, 2001; Tang et al., 2009, 2011,
2013) or laser-based imaging (e.g. particle image ve-
locimetry, PIV) (Chao et al., 2009; Hui et al., 2006;
Pantelic et al., 2009; Tang and Settles, 2008; VanSci-
ver et al., 2011; Wan and Chao, 2007; Zhu et al.,
2006), and increasingly accurate particle counters,
(Chao et al., 2009; Edwards et al., 2004; Fabian
et al., 2008; Morawska et al., 2009; Yang et al., 2007)
have allowed the detailed characterization and quan-
titation of droplets expelled during various forms of
human respiratory exhalation flows. In addition, the
improved design and sensitivity of modern air sam-
plers (Blachere et al., 2007, 2011; Cao et al., 2011;
Fabian et al., 2009) and various innovative and novel
droplet capture methods (Hatagishi et al., 2014; Hu-
ynh et al., 2008; McDevitt et al., 2013; Stelzer-Braid
et al., 2009), coupled with these more sensitive molec-
ular techniques, have allowed more pathogens to be
detectable at lower concentrations.

So together with the increased molecular detection
methods above, it is now possible to characterize the
potential pathogen content of different sizes of parti-
cles/droplets produced during different human respira-
tory activities.
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Complementary to these advances in diagnostic and
experimental technologies has been the massive
advance in integrated chip design that have vastly
increased the affordability of high-performance com-
putational power to the extent that high-resolution,
accurate computational fluid dynamics (CFD) model-
ing, related to human infection control issues, can now
be performed on desktop machines (Beggs et al., 2008;
Choi and Edwards, 2012; Gupta et al., 2011; Yam
et al., 2011). The key issue (as perhaps it has always
been) is the validation of these models with equally
detailed and comprehensive experiments – and to
ensure that these experiments and models (and their
assumptions) are actually relevant to everyday, real-life
situations.

Source concentrations of pathogens potentially present in
human respiratory aerosols

Diagnostic testing for respiratory pathogens in the
human upper respiratory tract (URT) using nasal,
nasopharyngeal, mouth, and throat swabs is now the
norm in most hospitals, clinics, and diagnostic labora-
tories. Quantifying the amount of pathogen present in
such samples is more difficult as the pathogen concen-
tration in these sampling sites can vary over time as
well as locally, in different sampling sites. However, in
general, these pathogen loads are very high in the acute
phase of illness, (e.g. 108–1012 viral RNA copies/ml for
influenza, although the actual proportion that repre-
sents viable viruses is uncertain) (Chu et al., 2004; Hat-
agishi et al., 2014; Lee et al., 2011; Milton et al., 2013;
Tang et al., 2014; To et al., 2010).

Presence of potentially transmissible organisms in the
‘airborne’ environment

Various means have been used to capture, characterize,
and quantify exactly how much pathogen (nucleic acid
only or viable organisms) is present in droplets of dif-
fering sizes, when they are expelled using different
respiratory modalities, for example, using specially
designed masks, capture cones or boxes, etc. So there
are now a number of published studies describing the
detailed airborne characteristics (i.e. the number of
organisms per droplet of different sizes, produced by
different human respiratory activities) for a few patho-
gens, particularly influenza and tuberculosis (TB)
(Blachere et al., 2009; Fabian et al., 2008, 2009; Fen-
nelly et al., 2004; Hatagishi et al., 2014; Lindsley et al.,
2010a,b, 2012; Milton et al., 2013; Stelzer-Braid et al.,
2009; Wainwright et al., 2009; Yang et al., 2011).
These data give us an idea of the type and number of
organisms (or at least the viral or bacterial RNA/DNA
copies/ml collection fluid) present in the ‘airborne’
environment, that is the ambient air from which people
inhale, with the potential risk of inhaling an airborne

respiratory pathogen that could lead to infection and
disease. Although most of these data are in the form of
nucleic acid detection, a few have also cultured live
pathogens from air samples (particularly influenza).

Such air-sampling studies are always disadvantaged
in that the air-sampling procedure itself may inactivate
a proportion of the viable organisms due to shear stress
damage induced during the air-sampling suction (Ver-
reault et al., 2008; Zuo et al., 2014), so although
nucleic acid counts may be relatively accurate, any cul-
ture-based quantitation may well be an underestimate.
Nevertheless, over the past 10 years, there have been
more and more studies using air sampling, with the
development of newer, more sensitive, and less ‘trau-
matic’ samplers (Koehler et al., 2012; Sleeth and Vin-
cent, 2012; Yao and Mainelis, 2007; Zhou and Cheng,
2010).

From all of these studies, the message is quite clear –
that such infectious agents are in the air, a proportion
of which are viable and potentially able to cause infec-
tion and disease. However, given the different immuno-
logical makeups of those that are exposed, the number
of people actually contracting infection and disease
from such infectious agents is difficult to estimate.
Although many modeling and experimental studies
have tried, the validation of such estimates is difficult
and the results from such studies can be inaccurate at
best and misleading at worst. Conclusions drawn from
such imperfect studies are often used by public health
teams to estimate potential incidence rates and there-
fore to guide their preventative and/or interventional
policies, for example, the tough criticism of the WHO
regarding recommendations to stockpile the anti-influ-
enza drug, oseltamivir (‘Tamiflu’), in response to early
fears of a much more severe 2009 H1N1 pandemic
(BMJ, 2014).

Most recently, it is emerging from a few studies on
influenza that the diagnostic load may not be an accu-
rate baseline for estimating the actual number (or con-
centration) of the same organism expelled from the
same host (patient) during normal respiratory activities
(breathing, coughing, sneezing, etc.) (Hatagishi et al.,
2014; Milton et al., 2013; Tang et al., 2014). In fact,
the difference in viral loads is of the order of several
log10 lower in the airborne droplet compared to the
diagnostic oral swab, when the samples are taken from
the same patient, within minutes to hours of each
other. This is an intriguing finding and requires further
confirmation, but, if confirmed, suggests that just using
the diagnostic viral load, normally expressed in viral
RNA copies/ml, as a basis to estimate the influenza
viral concentration in exhaled droplets of different
sizes/volumes, may be misleading.

If proven, this further suggests that influenza (and
perhaps other pathogens) may not be as transmissible
as initially believed via the aerosol route – although
certainly, epidemiologically, in each influenza season,
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it is well documented that a significant proportion of
the population (though rarely more than 20–30% in a
typical, non-pandemic, season) do become infected
with the virus in the absence of effective immunization
(Chan et al., 2013; Kamigaki et al., 2014; Silva et al.,
2014; Wong et al., 2010).

The final part of the airborne transmission pathway – the
inhalation of an airborne pathogen

Ultimately, it is this last ‘recipient inhalation’ step of
the airborne transmission pathway that all the
upstream interventions are striving to reduce, for
example interventions such as treating the patient to
reduce the viral load available for shedding, masking
the patient and/or isolation (in negative pressure
rooms) of infectious patients at source, the higher air
exchange rates, and more efficient ventilation modali-
ties, including the use of HEPA (high-efficiency partic-
ulate air) filters to remove airborne pathogens from
built environments or public transport, such as planes
and trains (including subway/underground trains).

Yet, once an inhalable airborne pathogen arrives at
a susceptible host and enters his/her inhalation zone,
what other factors may interfere/interact with this final
inhalation step? The human thermal plume? Individual
variations in human anatomy or body morphology?
Clothing? Body position/posture (standing or lying
supine, like sleeping)? Proximity to fresh air sources,
such as open windows or personalized ventilation sys-
tems? Recent, renewed interest in the human thermal
plume, using experimental visualization methods, sug-
gests that it may act as a sort of natural air curtain, but
that it is easily penetrated. It may also act to move con-
taminants upwards toward the upper part of the room,
but again, this is potentially double-edged phenome-
non in that it may convect contaminants from lower
levels into the inhalation zone, as well as moving con-
taminants into the inhalation zone of others, where
they are positioned above one’s head height (Clark and
de Calcina-Goff, 2009; Craven and Settles, 2006; Licina
et al., 2014; Licina et al., 2015; Murakami, 2004; Tang
et al., 2009; Voelker et al., 2014).

Some highly pathogenic viruses, such as avian influ-
enza A/H5N1 virus, have a differential distribution of
their receptor sites within the human respiratory tract
between the upper and lower (LRT) airways, with
more receptors for this virus being present in the LRT
(Matrosovich et al., 2004; van Riel et al., 2006; Shinya
et al., 2006). Also, there is an accumulating evidence
that the newly emerged Middle East respiratory syn-
drome coronavirus (MERS-CoV) has a preference for
infecting the LRT rather than the URT, and diagnostic
testing for this virus has given false-negative results on
URT samples, where the LRT samples have tested
positive (Memish et al., 2014). Therefore, knowing
where different droplet sizes deposit within the human

URT and LRT after inhalation may be useful to deter-
mine the likelihood of infection and subsequent dis-
ease.

Studies on drug delivery have already modeled (with
sufficient experimental validation) the differential dis-
tribution and deposition of different inhaled particle
sizes within the human respiratory tract. Some of these
models are based on anatomically accurate geometries
(albeit rigid) having been obtained from real patient
CT-scan images that have been converted to 3-D
printed models of the upper and part of the middle/
lower respiratory tract (i.e. up to 3 bifurcations below
the level of the trachea) (Borojeni et al., 2014; Ruzycki
et al., 2014; Yeh and Schum, 1980; Zhang et al., 2007).
Thus, it may be useful to apply some of these methods
and results to assess the likely impact of different sized
droplets carrying different viral loads settling in differ-
ent parts of the human airway, for specific pathogens
where the distribution of their receptors is known.

Conclusions

The new data that have emerged recently in this multi-
disciplinary field have demonstrated (though some
may argue about the strength of some of the evidence)
that (1) high concentrations of respiratory pathogens
(detectable by both molecular and culture methods)
are present in the upper human respiratory tract
(URT) in acutely unwell individuals, which are then
available for expulsion in aerosols generated by every-
day respiratory activities, such as breathing, coughing,
sneezing; (2) several pathways (which are not indepen-
dent) are available for transmission, depending on the
size of these potentially pathogen-laden droplets,
including short-range ballistic movements for the lar-
ger droplets (for both direct transmission for inhala-
tion and/or via fomites and direct contact inoculation
to mucous membranes) and longer range carriage for
the smaller droplet nuclei that follow the airflow
streamlines (mainly via direct inhalation, although set-
tling and transmission via the fomite-inoculation route
are also possible). Obviously this is a continuous spec-
trum. Most recently, new evidence is emerging for
some pathogens (particular influenza) that the expelled
droplets in such naturally generated aerosols may, in
fact, carry far less pathogen than was present in the
original infected host compartment (usually the URT/
oropharyngeal cavity). This latter finding needs further
confirmation, but if true, it may require a rethink of
current infection control concerns and interventions
for such pathogens; (3) finally, relatively little work has
been done examining the inhalational phenomenon
and the relevant infectious doses in this airborne trans-
mission context. However, in a related field – that of
drug delivery – much modeling and experimental work
has already been performed, examining how to adjust
particle sizes, concentrations, and modes of delivery to
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optimize their deposition and therefore their required
effect in the human respiratory tract. Some of these
data can be applied to investigations into this final
stage of the airborne transmission pathway. Specifi-
cally, this may be of relevance if the receptor distribu-
tion within the respiratory tract for specific pathogens
is known.

Given the above, the various infection control inter-
ventions, with a specific impact on airborne transmis-
sion, should be implemented and be assessed for
effectiveness using various air sampling and pathogen
detection methods. Ideally, endpoint measures should
be applied to assess the effectiveness of these interven-
tions in a real-life context, for example any overall
reduction in hospital- or workplace-acquired infec-
tions. However, due to the variously variable pathogen
incubation periods, it is noted that such workplace-
acquired infections may be difficult to separate from
home- and community-acquired infections, unless
carefully controlled ‘clinical trial-like’ studies are also

performed to assess the effectiveness of individual
interventions.

This is an exciting time for these interdisciplinary
collaborations, with groups working in different areas
(sometimes being unaware of how their work can con-
tribute), ultimately contributing to the same final goal,
to understand and characterize this important, yet per-
haps least well understood, route of transmission of
infectious agents.

Acknowledgements

JWT has received funding (as Principal Investigator)
from the Singapore National Medical Research Coun-
cil (NMRC/1208/2009) and the Singapore Agency for
Science Technology and Research (A*STAR:
#1021290099) for various projects related to this
editorial.

Julian W Tang

References

Beggs, C.B., Kerr, K.G., Noakes, C.J.,
Hathway, E.A. and Sleigh, P.A. (2008)
The ventilation of multiple-bed hospital
wards: review and analysis, Am. J. Infect.
Control, 36, 250–259.

Blachere, F.M., Lindsley, W.G., Slaven,
J.E., Green, B.J., Anderson, S.E., Chen,
B.T. and Beezhold, D.H. (2007) Bioaero-
sol sampling for the detection of aerosol-
ized influenza virus, Influenza Other
Respir, Viruses, 1, 113–120.

Blachere, F.M., Lindsley, W.G., Pearce,
T.A., Anderson, S.E., Fisher, M., Khako-
o, R., Meade, B.J., Lander, O., Davis, S.,
Thewlis, R.E., Celik, I., Chen, B.T. and
Beezhold, D.H. (2009) Measurement of
airborne influenza virus in a hospital
emergency department, Clin. Infect. Dis.,
15, 438–440.

Blachere, F.M., Cao, G., Lindsley, W.G.,
Noti, J.D. and Beezhold, D.H. (2011)
Enhanced detection of infectious airborne
influenza virus, J. Virol. Methods, 176,
120–124.

BMJ (2014) Tamiflu campaign. Br. Med. J.,
http://www.bmj.com/tamiflu. Accessed
27 November 2014.

Booth, T.F., Kournikakis, B., Bastien, N.,
Ho, J., Kobasa, D., Stadnyk, L., Li,
Y., Spence, M., Paton, S., Henry, B.,
Mederski, B., White, D., Low, D.E.,
McGeer, A., Simor, A., Vearncombe,
M., Downey, J., Jamieson, F.B., Tang,
P., Plummer, F. (2005) Detection of
airborne severe acute respiratory syn-
drome (SARS) coronavirus and envir-
onmental contamination in SARS
outbreak units, J. Infect. Dis., 191,
1472–1477.

Borojeni, A.A., Noga, M.L., Vehring, R.
and Finlay, W.H. (2014) Measurements
of total aerosol deposition in intratho-
racic conducting airway replicas of chil-
dren, J. Aerosol Sci., 73, 39–47.

Cao, G., Noti, J.D., Blachere, F.M., Linds-
ley, W.G. and Beezhold, D.H. (2011)
Development of an improved methodol-
ogy to detect infectious airborne influ-
enza virus using the NIOSH bioaerosol
sampler, J. Environ. Monit., 13, 3321–
3328.

CDC (2014) Ebola Outbreak in West Africa.
Centers for Disease Control and Preven-
tion. http://www.cdc.gov/vhf/ebola/out-
breaks/2014-west-africa/index.html.
Accessed 27 November 2014.

Chan, M.C., Lee, N., Ngai, K.L., Wong,
B.C., Lee, M.K., Choi, K.W., Lai, R.W.
and Chan, P.K. (2013) A “pre-seasonal”
hospital outbreak of influenza pneumo-
nia caused by the drift variant A/Victo-
ria/361/2011-like H3N2 viruses, Hong
Kong, 2011, J. Clin. Virol., 56, 219–225.

Chao, C.Y.H., Wan, M.P., Morawska, L.,
Johnson, G.R., Ristovski, Z.D., Harg-
reaves, M., Mengersen, K., Corbett, S.,
Li, Y., Xie, X. and Katoshevski, D.
(2009) Characterization of expiration air
jets and droplet size distributions immedi-
ately at the mouth opening, J. Aerosol
Sci., 40, 122–133.

Choi, J.I. and Edwards, J.R. (2012) Large-
eddy simulation of human-induced con-
taminant transport in room compart-
ments, Indoor Air, 22, 77–87.

Chu, C.M., Poon, L.L., Cheng, V.C., Chan,
K.S., Hung, I.F., Wong, M.M., Chan,
K.H., Leung, W.S., Tang, B.S., Chan,

V.L., Ng, W.L., Sim, T.C., Ng, P.W.,
Law, K.I., Tse, D.M., Peiris, J.S. and
Yuen, K.Y. (2004) Initial viral load and
the outcomes of SARS, CMAJ, 171,
1349–1352.

CIDRAP (2014a) Commentary: Protecting
Health Workers from Airborne MERS-
CoV—Learning from SARS. Minneapo-
lis, MN, USA, Center for Infectious Dis-
ease Research and Policy, Academic
Health Center, University of Minnesota.
http://www.cidrap.umn.edu/news-per-
spective/2014/05/commentary-protecting-
health-workers-airborne-mers-cov-learn-
ing-sars. Accessed 27 November 2014.

CIDRAP (2014b) Commentary: Health
Workers Need Optimal Respiratory Pro-
tection for Ebola. Minneapolis, MN,
USA, Center for Infectious Disease
Research and Policy, Academic Health
Center, University of Minnesota. http://
www.cdc.gov/vhf/ebola/outbreaks/2014-
west-africa/index.html. Accessed 27
November 2014.

Clark, R.P. and de Calcina-Goff, M.L.
(2009) Some aspects of the airborne
transmission of infection, J. R. Soc. Inter-
face, 6(Suppl 6), S767–S782.

Craven, B.A. and Settles, G.S. (2006) A com-
putational and experimental investigation
of the human thermal plume, J. Fluids
Eng., 128, 1251–1258.

Edwards, D.A., Man, J.C., Brand, P., Kat-
stra, J.P., Sommerei, K., Stone, H.A.,
Nardell, E. and Scheuch, G. (2004) Inhal-
ing to mitigate exhaled bioaerosols, Proc.
Natl Acad. Sci. USA, 101, 17383–17388.

Fabian, P., McDevitt, J.J., DeHaan, W.H.,
Fung, R.O., Cowling, B.J., Chan, K.H.,

122

Editorial

http://www.bmj.com/tamiflu
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/index.html
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/index.html
http://www.cidrap.umn.edu/news-perspective/2014/05/commentary-protecting-health-workers-airborne-mers-cov-learning-sars
http://www.cidrap.umn.edu/news-perspective/2014/05/commentary-protecting-health-workers-airborne-mers-cov-learning-sars
http://www.cidrap.umn.edu/news-perspective/2014/05/commentary-protecting-health-workers-airborne-mers-cov-learning-sars
http://www.cidrap.umn.edu/news-perspective/2014/05/commentary-protecting-health-workers-airborne-mers-cov-learning-sars
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/index.html
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/index.html
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/index.html


Leung, G.M. and Milton, D.K. (2008)
Influenza virus in human exhaled breath:
an observational study, PLoS ONE, 3,
e2691.

Fabian, P., McDevitt, J.J., Houseman, E.A.
and Milton, D.K. (2009) Airborne influ-
enza virus detection with four aerosol
samplers using molecular and infectivity
assays: considerations for a new infec-
tious virus aerosol sampler, Indoor Air,
19, 433–441.

Fennelly, K.P., Martyny, J.W., Fulton,
K.E., Orme, I.M., Cave, D.M. and Hei-
fets, L.B. (2004) Cough-generated aero-
sols of Mycobacterium tuberculosis: a
new method to study infectiousness, Am.
J. Respir. Crit. Care Med., 169, 604–609.

Gangneux, J.P., Robert-Gangneux, F., Gic-
quel, G., Tanquerel, J.J., Chevrier, S.,
Poisson, M., Aup�ee, M. and Guiguen, C.
(2006) Bacterial and fungal counts in hos-
pital air: comparative yields for 4 sieve
impactor air samplers with 2 culture
media, Infect. Control Hosp. Epidemiol.,
27, 1405–1408.

Gupta, J.K., Lin, C.H. and Chen, Q. (2011)
Transport of expiratory droplets in an
aircraft cabin, Indoor Air, 21, 3–11.

Hatagishi, E., Okamoto, M., Ohmiya, S.,
Yano, H., Hori, T., Saito, W., Miki, H.,
Suzuki, Y., Saito, R., Yamamoto, T.,
Shoji, M., Morisaki, Y., Sakata, S. and
Nishimura, H. (2014) Establishment and
clinical applications of a portable system
for capturing influenza viruses released
through coughing, PLoS ONE, 9,
e103560.

Hui, D.S., Hall, S.D., Chan, M.T., Chow,
B.K., Tsou, J.Y., Joynt, G.M., Sullivan,
C.E. and Sung, J.J. (2006) Noninvasive
positive-pressure ventilation: an experi-
mental model to assess air and particle
dispersion, Chest, 130, 730–740.

Huynh, K.N., Oliver, B.G., Stelzer, S., Rawl-
inson, W.D. and Tovey, E.R. (2008) A
new method for sampling and detection
of exhaled respiratory virus aerosols,
Clin. Infect. Dis., 46, 93–95.

Kamigaki, T., Seino, J., Tohma, K., Nuki-
wa-Soma, N., Otani, K. and Oshitani, H.
(2014) Investigation of an Influenza A
(H3N2) outbreak in evacuation centres
following the Great East Japan earth-
quake, 2011, BMC Public Health, 14, 34.

Knibbs, L.D., Johnson, G.R., Kidd, T.J.,
Cheney, J., Grimwood, K., Kattenbelt,
J.A., O’Rourke, P.K., Ramsay, K.A.,
Sly, P.D., Wainwright, C.E., Wood,
M.E., Morawska, L. and Bell, S.C. (2014)
Viability of Pseudomonas aeruginosa in
cough aerosols generated by persons with
cystic fibrosis, Thorax, 69, 740–745.

Koehler, K.A., Anthony, T.R., Van Dyke,
M. and Volckens, J. (2012) Solid versus
liquid particle sampling efficiency of three
personal aerosol samplers when facing
the wind, Ann. Occup. Hyg., 56,
194–206.

Lee, C.K., Lee, H.K., Loh, T.P., Lai, F.Y.,
Tambyah, P.A., Chiu, L., Koay, E.S. and
Tang, J.W. (2011) Comparison of pan-
demic (H1N1) 2009 and seasonal influ-
enza viral loads, Singapore, Emerg.
Infect. Dis., 17, 287–291.

Licina, D., Pantelic, J., Melikov, A., Sekhar,
C. and Tham, K.W. (2014) Experimental
investigation of the human convective
boundary layer in a quiescent indoor
environment, Build. Environ., 75, 79–91.

Licina, D., Melikov, A., Sekhar, C. and
Tham, K.W. (2015) Human convective
boundary layer and its interaction with
room ventilation flow, Indoor Air, 25, 21–
35.

Lindsley, W.G., Blachere, F.M., Davis,
K.A., Pearce, T.A., Fisher, M.A., Kha-
koo, R., Davis, S.M., Rogers, M.E.,
Thewlis, R.E., Posada, J.A., Redrow,
J.B., Celik, I.B., Chen, B.T. and Beez-
hold, D.H. (2010a) Distribution of air-
borne influenza virus and respiratory
syncytial virus in an urgent care medical
clinic, Clin. Infect. Dis., 50, 693–698.

Lindsley, W.G., Blachere, F.M., Thewlis,
R.E., Vishnu, A., Davis, K.A., Cao, G.,
Palmer, J.E., Clark, K.E., Fisher, M.A.,
Khakoo, R. and Beezhold, D.H. (2010b)
Measurements of airborne influenza virus
in aerosol particles from human coughs,
PLoS ONE, 5, e15100.

Lindsley, W.G., Pearce, T.A., Hudnall, J.B.,
Davis, K.A., Davis, S.M., Fisher, M.A.,
Khakoo, R., Palmer, J.E., Clark, K.E.,
Celik, I., Coffey, C.C., Blachere, F.M.
and Beezhold, D.H. (2012) Quantity and
size distribution of cough-generated aero-
sol particles produced by influenza
patients during and after illness, J. Occup.
Environ. Hyg., 9, 443–449.

Matrosovich, M.N., Matrosovich, T.Y.,
Gray, T., Roberts, N.A. and Klenk,
H.D. (2004) Human and avian influ-
enza viruses target different cell types in
cultures of human airway epithelium,
Proc. Natl Acad. Sci. USA, 101, 4620–
4624.

McDevitt, J.J., Koutrakis, P., Ferguson,
S.T., Wolfson, J.M., Fabian, M.P., Mar-
tins, M., Pantelic, J. and Milton, D.K.
(2013) Development and performance
evaluation of an exhaled-breath bioaero-
sol collector for influenza virus, Aerosol
Sci. Technol., 47, 444–451.

Memish, Z.A., Al-Tawfiq, J.A., Makhdoom,
H.Q., Assiri, A., Alhakeem, R.F., Albar-
rak, A., Alsubaie, S., Al-Rabeeah, A.A.,
Hajomar, W.H., Hussain, R., Kheyami,
A.M., Almutairi, A., Azhar, E.I., Dros-
ten, C., Watson, S.J., Kellam, P., Cotton,
M. and Zumla, A. (2014) Respiratory
tract samples, viral load, and genome
fraction yield in patients with Middle
East respiratory syndrome, J. Infect. Dis.,
210, 1590–1594.

Milton, D.K., Fabian, M.P., Cowling, B.J.,
Grantham, M.L. and McDevitt, J.J.

(2013) Influenza virus aerosols in human
exhaled breath: particle size, culturability,
and effect of surgical masks, PLoS Pa-
thog., 9, e1003205.

Morawska, L., Johnson, G.R., Ristovski, Z.,
Hargreaves, M., Mengersen, K., Chao,
C.Y.H., Li, Y. and Katoshevski, D.
(2009) Size distribution and sites of ori-
gins of droplets expelled from the human
respiratory tract during expiratory activi-
ties, J. Aerosol Sci., 40, 256–269.

Murakami, S. (2004) Analysis and design of
micro-climate around the human body
with respiration by CFD, Indoor Air, 14,
144–156.

Nishimura, H., Sakata, S. and Kaga, A.
(2013) A new methodology for studying
dynamics of aerosol particles in sneeze
and cough using a digital high-vision,
high-speed video system and vector
analyses, PLoS ONE, 8, e80244.

Pantelic, J., Sze-To, G.N., Tham, K.W., Chao,
C.Y. and Khoo, Y.C. (2009) Personalized
ventilation as a control measure for air-
borne transmissible disease spread, J. R.
Soc. Interface, 6(Suppl 6), S715–S726.

van Riel, D., Munster, V.J., de Wit, E., Rim-
melzwaan, G.F., Fouchier, R.A., Oster-
haus, A.D. and Kuiken, T. (2006) H5N1
Virus attachment to lower respiratory
tract, Science, 21, 399.

Ruzycki, C.A., Golshahi, L., Vehring, R.
and Finlay, W.H. (2014) Comparison of
in vitro deposition of pharmaceutical
aerosols in an idealized child throat with
in vivo deposition in the upper respira-
tory tract of children, Pharm. Res., 31,
1525–1535.

Settles, G.S. (2001) Schlieren and Shadow-
graph Techniques, London, Springer.

Shinya, K., Ebina, M., Yamada, S., Ono,
M., Kasai, N. and Kawaoka, Y. (2006)
Avian flu: influenza virus receptors in the
human airway, Nature, 440, 435–436.

Silva, M.L., Perrier, L., Sp€ath, H.M., Grog,
I., Mosnier, A., Havet, N., Cohen, J.M.
and IBGP team (2014) Economic burden
of seasonal influenza B in France during
winter 2010-2011, BMC Public Health,
14, 56.

Sleeth, D.K. and Vincent, J.H. (2012) Perfor-
mance study of personal inhalable aero-
sol samplers at ultra-low wind speeds,
Ann. Occup. Hyg., 56, 207–220.

Stelzer-Braid, S., Oliver, B.G., Blazey, A.J.,
Argent, E., Newsome, T.P., Rawlinson,
W.D. and Tovey, E.R. (2009) Exhalation
of respiratory viruses by breathing,
coughing, and talking, J. Med. Virol., 81,
1674–1679.

Suzuki, K., Yoshikawa, T., Tomitaka, A.,
Matsunaga, K. and Asano, Y. (2004)
Detection of aerosolized varicella-zoster
virus DNA in patients with localized her-
pes zoster, J. Infect. Dis., 189, 1009–1012.

Tang, J.W. and Settles, G.S. (2008) Images
in clinical medicine. Coughing and aero-
sols, N. Engl. J. Med., 359, e19.

123

Editorial



Tang, J.W., Liebner, T.J., Craven, B.A. and
Settles, G.S. (2009) A schlieren optical
study of the human cough with and with-
out wearing masks for aerosol infection
control, J. R. Soc. Interface, 6(Suppl 6),
S727–S736.

Tang, J.W., Noakes, C.J., Nielsen, P.V., Ea-
mes, I., Nicolle, A., Li, Y. and Settles,
G.S. (2011) Observing and quantifying
airflows in the infection control of aero-
sol- and airborne-transmitted diseases: an
overview of approaches, J. Hosp. Infect.,
77, 213–222.

Tang, J.W., Nicolle, A.D., Klettner, C.A.,
Pantelic, J., Wang, L., Suhaimi, A.B.,
Tan, A.Y., Ong, G.W., Su, R., Sekhar,
C., Cheong, D.K. and Tham, K.W.
(2013) Airflow dynamics of human jets:
sneezing and breathing - potential sources
of infectious aerosols, PLoS ONE, 8,
e59970.

Tang, J.W., Gao, C.X., Cowling, B.J., Koh,
G.C., Chu, D., Heilbronn, C., Lloyd, B.,
Pantelic, J., Nicolle, A.D., Klettner,
C.A., Peiris, J.S., Sekhar, C., Cheong,
D.K., Tham, K.W., Koay, E.S., Tsui, W.,
Kwong, A., Chan, K. and Li, Y. (2014)
Absence of detectable influenza RNA
transmitted via aerosol during various
human respiratory activities–experiments
from Singapore and Hong Kong, PLoS
ONE, 9, e107338.

To, K.K., Chan, K.H., Li, I.W., Tsang,
T.Y., Tse, H., Chan, J.F., Hung, I.F.,
Lai, S.T., Leung, C.W., Kwan, Y.W.,
Lau, Y.L., Ng, T.K., Cheng, V.C., Peiris,
J.S. and Yuen, K.Y. (2010) Viral load in
patients infected with pandemic H1N1
2009 influenza A virus, J. Med. Virol., 82,
1–7.

VanSciver, M., Miller, S. and Hertzberg, J.
(2011) Particle image velocimetry of
human cough, Aerosol Sci. Tech., 45,
415–422.

Verreault, D., Moineau, S. and Duchaine, C.
(2008) Methods for sampling of airborne
viruses, Microbiol. Mol. Biol. Rev., 72,
413–444.

Voelker, C., Maempel, S. and Kornadt, O.
(2014) Measuring the human body’s
microclimate using a thermal manikin,
Indoor Air, 24, 567–579.

Wainwright, C.E., France, M.W., O’Rourke,
P., Anuj, S., Kidd, T.J., Nissen, M.D.,
Sloots, T.P., Coulter, C., Ristovski, Z.,
Hargreaves, M., Rose, B.R., Harbour,
C., Bell, S.C. and Fennelly, K.P. (2009)
Cough-generated aerosols of Pseudomo-
nas aeruginosa and other Gram-negative
bacteria from patients with cystic fibrosis,
Thorax, 64, 926–931.

Wan, M.P. and Chao, C.Y. (2007) Transport
characteristics of expiratory droplets and
droplet nuclei in indoor environments
with different ventilation airflow patterns,
J. Biomech. Eng., 129, 341–353.

Wong, B.C., Lee, N., Li, Y., Chan, P.K.,
Qiu, H., Luo, Z., Lai, R.W., Ngai,
K.L., Hui, D.S., Choi, K.W. and Yu,
I.T. (2010) Possible role of aerosol
transmission in a hospital outbreak of
influenza, Clin. Infect. Dis., 51, 1176–
1183.

Yam, R., Yuen, P.L., Yung, R. and Choy, T.
(2011) Rethinking hospital general ward
ventilation design using computational
fluid dynamics, J. Hosp. Infect., 77, 31–
36.

Yang, S., Lee, G.W., Chen, C.M., Wu, C.C.
and Yu, K.P. (2007) The size and concen-

tration of droplets generated by coughing
in human subjects, J. Aerosol Med., 20,
484–494.

Yang, W., Elankumaran, S. and Marr, L.C.
(2011) Concentrations and size distribu-
tions of airborne influenza A viruses mea-
sured indoors at a health centre, a day-
care centre and on aeroplanes, J. R. Soc.
Interface, 8, 1176–1184.

Yao, M. and Mainelis, G. (2007) Analysis of
portable impactor performance for enu-
meration of viable bioaerosols, J. Occup.
Environ. Hyg., 4, 514–524.

Yeh, H.C. and Schum, G.M. (1980) Models
of human lung airways and their applica-
tion to inhaled particle deposition, Bull.
Math. Biol., 42, 461–480.

Zhang, Y., Gilbertson, K. and Finlay, W.H.
(2007) In vivo-in vitro comparison of
deposition in three mouth-throat models
with Qvar and Turbuhaler inhalers, J.
Aerosol Med., 20, 227–235.

Zhou, Y. and Cheng, Y.S. (2010) Evalua-
tion of IOM personal sampler at dif-
ferent flow rates, J. Occup. Environ.
Hyg., 7, 88–93.

Zhu, S., Kato, S. and Yang, J. (2006) Study
on transport characteristics of saliva
droplets produced by coughing in a calm
indoor environment, Build. Environ., 41,
1691–1702.

Zuo, Z., Kuehn, T.H., Bekele, A.Z., Mor,
S.K., Verma, H., Goyal, S.M., Raynor,
P.C. and Pui, D.Y. (2014) Survival of air-
borne MS2 bacteriophage generated from
human saliva, artificial saliva, and cell
culture medium, Appl. Environ. Micro-
biol., 80, 2796–2803.

124

Editorial


