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SUMMARY
Indoor transmission of respiratory droplets bearing inﬂuenza within humans poses high risks to
respiratory function deterioration and death. Therefore, we aimed to develop a framework for
quantifying the inﬂuenza infection risk based on the relationships between inhaled/exhaled respiratory
droplets and airborne transmission dynamics in a ventilated airspace. An experiment was conducted to
measure the size distribution of inﬂuenza-containing droplets produced by coughing for a better
understanding of potential inﬂuenza spread. Here we integrated inﬂuenza population transmission
dynamics, a human respiratory tract model, and a control measure approach to examine the indoor
environment–virus–host interactions. A probabilistic risk model was implemented to assess size-speciﬁc
infection risk for potentially transmissible inﬂuenza droplets indoors. Our results found that there was a
50% probability of the basic reproduction number (R0) exceeding 1 for small-size inﬂuenza droplets of
0·3–0·4 µm, implicating a potentially high indoor infection risk to humans. However, a combination of
public health interventions with enhanced ventilation could substantially contain indoor inﬂuenza
infection. Moreover, the present dynamic simulation and control measure assessment provide insights
into why indoor transmissible inﬂuenza droplet-induced infection is occurring not only in upper lung
regions but also in the lower respiratory tract, not normally considered at infection risk.
Key words: Airborne transmission, indoor air quality, inﬂuenza, respiratory droplet, risk assessment,
ventilation.

I N T RO D U C T I O N
Airborne virus droplets are a major cause of human
respiratory diseases [1]. Humans spend nearly 90%
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of their lives indoors [1]. A number of studies have evidenced the factors inﬂuencing aerosol transmission of
infection in indoor environments [1–4]. Recently,
transmission and control of exhaled infectious diseases
indoors have received substantial attentions [5, 6].
Airborne infectious pathogens of severe respiratory
diseases originate from various sources in indoor
environments where humans are found to be the
major source [7, 8].
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Inﬂuenza is a major disease of humans and claims
tens of thousands of lives worldwide annually [6].
Therefore, to clearly examine the risk of human infection indoors posed by infectious inﬂuenza virus was a
valuable issue focusing on the association between
human pulmonary mechanism, different human activities, and inhaled/exhaled virus droplet concentrations. Inﬂuenza infection has been documented by
experimental human exposure [9].
It has been suggested that the upper respiratory
tract (nose, mouth, throat) is the primary location of
droplet formation [10, 11]. Humans and their activities are linked to a number of processes resulting in
the introduction of droplets with infectious content
into indoor air. Duguid [10] indicated that respiratory
droplets could be described by a lognormal (LN) distribution with a geometric mean (GM) of 14 µm and a
geometric standard deviation (GSD) of 2·6 for cough
and a GM of 8·1 µm and a GSD of 2·3 for sneeze.
Loudon & Roberts [11] reported that exhaled droplets
had a GM of 12 µm with a GSD of 8·4 for cough.
Fabian et al. [12] recently indicated that the exhaled
inﬂuenza virus RNA generation rate was in the range
of <3·2–20 inﬂuenza virus RNA droplets min–1 and
up to 87% of droplets exhaled were <1 µm in diameter. They suggested that inﬂuenza virus may be contained in tidal breathing-mediated ﬁne droplets that
may play a crucial role in the spread of inﬂuenza.
Lindsley et al. [3] indicated that coughing by inﬂuenza
patients emitted aerosol droplets containing inﬂuenza
virus within the respirable size range (65% of inﬂuenza
RNA was contained in droplets of <4 µm aerodynamic diameter). Altogether, airborne transmission plays
an important role in inﬂuenza transmission.
Because transmission via respiratory droplets and
aerosols is the main route for efﬁcient transmission between humans indoors, it is important to gain insights
into airborne transmission for inhaled/exhaled inﬂuenza
droplets. Moreover, human infection associated with recent emergence of inﬂuenza outbreaks highlights the
need for increased understanding of the determinants
for efﬁcient indoor airborne inﬂuenza transmission in
humans. In this study, we focused on studying the
mechanisms of virus infection on the human respiratory
tract and assessing human activities that may affect the
inhaled/exhaled virus droplet concentrations from
coughing by infected individuals using environmental
and epidemiological inﬂuenza dynamics.
This study aimed to develop a framework for quantifying the indoor inﬂuenza infection risk based on
the relationships between inhaled/exhaled respiratory

droplet dynamics and population transmission dynamics. Here we treated built environment as an ecosystem to better understand the impacts of building
environment–virus–host interactions on human public
health posed by inﬂuenza infection. The impacts of
potential control measures on environmental and epidemiological dynamics of inﬂuenza in an ofﬁce were
also implicated.

M AT E R I A L S A N D ME T H O D S
Experiment
To characterize the inﬂuenza droplets indoors, an experiment of coughing-driven respiratory activities was
conducted. A small airtight box measuring 36·6 cm ×
50·8 cm × 30·5 cm inside was used to investigate droplet characteristics [11, 13]. The box, made of Plexiglas
with an entry hole of 100 mm in diameter at the front
wall for respiratory droplet expulsion from a participant’s mouth, was housed in a clean meeting room
with volume of nearly 45 m3 (dimensions: 5·61 m ×
3·33 m × 2·43 m). There were four non-smoking
inﬂuenza-like-illness participants aged between 20
and 30 years. Before the experiment, written informed
consent was required and all participants were asked
to give their assent.
After turning on the monitor and waiting for 15
min, the participant was asked to enter into the
clean meeting room, sit on the chair before the box
and wait for another 15 min. The participant then carried out the expiratory coughing activity 20 times in 1
min [13]. After the expiratory activity was completed,
the participant waited for 15 min and left. The dust
monitor was then turned off after another 15 min.
The total monitoring time for each participant was
61 min. Exhaled droplets in the box were measured
by a dust monitor (Grimm 1.108, Germany) with 15
sampling channels (size 0·3–20 µm) to estimate the
real-time droplet size characteristics of emitted, suspended or settled particles. In addition, sampling
was conducted with a volume ﬂow rate of 1·2 l
min−1 at an interval of 6 s to measure every two
coughs. Before and after each experiment, the sampling box was cleaned three times with 75% alcohol
and then four times with distilled water. Particle number measurement from each coughing experiment was
performed in the airtight box at a temperature and
relative humidity (RH) range of 25–26 °C and 90–
91%, respectively. Particle concentration inside the
box could then be estimated by subtracting the
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R0 has the form [2]:
R0 =

αρNπ
.
γ(ρN + μ)

(6)

Disease population transmission model
The environmental and epidemiological dynamics
of inﬂuenza can be characterized by a typical
susceptible-infected-recovered (SIR) epidemic model
incorporating a disease transmission process occurring
in the environment (E). Here an environmental infection transmission system (EITS) model was used to
describe the disease population transmission (see
Supplementary Fig. S1) [2]. Note that this study
assumed all individuals were susceptible and there
were no close contact interactions between infectious
and susceptible individuals. The possible transmission
route may only be aerosol transmission. In brief, disease transmission is triggered when the pathogens
are released by an infected individual I and deposited
into the environment E at a rate α (pathogens
person−1 day−1). All populations S, I, and R have
an equal chance to pick up pathogens from E at a
rate ρ (person−1 day−1). There is a probability π (referred to as infectivity) of S becoming I per pathogen
E picked up (person pathogen−1). I could turn into R
by a rate of recovery γ (day−1). On the other hand,
pathogens could be eliminated from E by decontamination or dying off with an environmental removal rate
μ (day−1). Thus, the dynamic equations of an EITS
model can be expressed as (Fig. S1),
dS
= −SρπE,
dt

(1)

dI
= SρπE − γI ,
dt

(2)

dR
= γI ,
dt

(3)



dE
= αI − ρ(S + I + R) + μ E,
dt

(4)

N(t) = S(t) + I (t) + R(t).

(5)

A crucial concept in infection control is the basic reproduction number R0, deﬁned as the average number
of secondary successfully infected cases caused by a
typical primary infected case in an entirely susceptible
population [14]. R0 can be used to characterize the
transmissibility of one disease and its likely impact
on possible interventions. Based on the EITS model,

Deposition model
In an indoor environment, we usually take into account settling, deposition, inactivation, and ventilation as the virus droplet removal mechanisms in that
settling and deposition rates are size-dependent [15].
In general, inactivation rate is associated with RH
[16]. Therefore, the time-dependent droplet concentrations indoors can be described as [1],
C(t) = C0 exp[−(s + d + k + v)t],

(7)

where C0 is the initial droplet concentration (m−3),
C(t) is the environmental droplet concentration at
time t(m−3), and s, d, k, and v represent size rangespeciﬁc settling and deposition, RH-speciﬁc inactivation, and ventilation rate (day−1), respectively.
On the other hand, deposition of inﬂuenza droplets
in respiratory tracts could be assessed by the human
respiratory tract (HRT) model (see Supplementary
material). ICRP [17] suggested that HRT can be
divided into three major regions: (i) the head airways
region including two compartments of nose (ET1) and
mouth, pharynx, and larynx (ET2); (ii) the tracheobronchial region including two compartments of
bronchial (BB) comprising trachea and bronchi and
bronchiolar (bb) comprising bronchioles and terminal
bronchioles; and (iii) the alveolar-interstitial (AI) region comprising the airway from respiratory bronchioles through alveolar ducts and sacs to interstitial
connective tissues.
Based on the principle of mass balance, the sizedependent dynamic equations for each regional compartment can be constructed and represented by a linear state-space model [eqn (S1) in the Supplementary
material]. Brieﬂy, four main respiratory deposition
mechanisms and their related constants in the HRT
model could be characterized by turbulent diffusive
deposition rate λd (s−1), gravitational settling rate
λs (s−1), inertial impaction rate λim (s−1), and interception deposition efﬁciency ε (%) (see Supplementary
Figs S2, S3, Table S1). Lung physiological parameters
together with deposition parameters used to estimate
deposition rate coefﬁcients and the estimated
results are given in Supplementary Tables S2–S4,
respectively.
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Probabilistic risk model
To understand the linkages between the magnitude of
internal inﬂuenza virus dose in the respiratory tract
and the infection probability as well as disease transmissibility, two dose-response relationships were
explored and constructed: (i) the association between
viral titres (Cv) measured by 50% tissue culture infective dose per millilitre (TCID50 ml−1) and the infection
fraction P(I): P(P(I)|Cv) [18] and (ii) the relationship
between R0 and P(I): P(P(I)|R0) [19, 20]. Yang &
Marr [1] reported that nearly 1000 inﬂuenza viruscontaining droplets can contribute to 1 TCID50
ml−1. Based on this relationship, deposited droplet
concentrations in each HRT region can be converted
into viral titres.
The disease transmission risk probability (P(RR0
(Cv))) can be estimated by multiplying the probability
density function (pdf) of size-speciﬁc viral titres in
HRT regions (P(Cv)) with the conditional probability
of R0 at the given level of viral titres (P(R0|Cv)) constructed by coupling two dose-response proﬁles of
P(P(I)|Cv) and P(P(I)|R0),
P(RR0 (Cv ) ) = P(Cv ) × P(R0 |Cv ).

(8)

The statistical models were ﬁtted to study data to
select the best-ﬁtted models based on the least squares
criterion from a set of generalized linear and nonlinear
autoregression models provided by TableCurve 2D
packages (AISN Software Inc., USA). A value of
P < 0·05 was judged signiﬁcant. The uncertainty and
its impact on the expected risk estimate were quantiﬁed by a Monte Carlo (MC) simulation technique
that was carried out with 10 000 iterations to assure
the stability of those pdfs and generate 2·5 and 97·5
percentiles as the 95% conﬁdence interval (CI) for
all ﬁtted models. Crystal Ball® software version
2000.2 (Decisioneering Inc., USA) was employed to
implement the MC simulation.

Control measure model
Asymptomatic infectious proportion (θ) can be used
to estimate the proportion of transmission occurring
prior to onset of symptoms [21]. Thus the potential
of public health control measures based on symptomatic population can be estimated. By deﬁnition, θ can
be calculated as [21],
θ=

τI − τL
,
τV

(9)

where τI is the incubation period estimated from occurrence of infection to appearance of symptoms, τL
is the latent period estimated from occurrence of infection to infectious state beginning, and τVis the mean
duration of viral shedding.
Fraser et al. [21] developed a two-efﬁcacy-based control measure model by considering two key epidemiological determinants R0 and θ as well as the control
efﬁcacy ε. In this study, we used three common indoor
control measures of ventilation ﬁlter [22], hand washing
[23], and active carbon mask [24] with efﬁcacies εF, εH,
εM, respectively, weighed in the R0–θ control model [25],
⎫
⎧
(1 − εF )(1 − εM )(1 − εH ) + [εF (1 − εM )(1 − εH )
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬
⎨ +εM (1 − εF )(1 − εH ) + εH (1 − εF )(1 − εM )]θ
+ εF εH(1 − εM )
R0 +[εF εM (1 − εH )


⎪
⎪
⎪
⎪
θ
⎪ +ε ε (1 − ε )] θ
⎪
⎪
+ (εF εM εH )
= 1. ⎪
⎭
⎩ M H
F
2−θ
3 − 2θ
(10)
Theoretically, eqn (10) is a control curve shown in
the R0–θ coordinate system. Generally, above the critical control curve, control measure would be additionally required to control the disease spread [21].

R E S ULTS
Coughing-induced virus droplet characteristics
Figure 1a shows that the experimental droplet nuclei
size-speciﬁc number of concentrations for coughing
can be well described by a LN model with GM
0·33 µm and GSD 1·23 [LN(0·33 µm, 1·23), r2 =
0·99, P < 0·001], revealing that no signiﬁcant skew of
concentration distribution existed. The results indicated that droplet number concentrations were 5·82 ×
108, 1·94 × 108, 1·98 × 107, and 7·63 × 105 m−3 μm−1
corresponding to sizes ranging from 0·3–0·4, 0·4–0·5,
0·5–1, and 1–5 µm, respectively (Fig. 1a).
We also found that the deposition rate for 0·3–0·4
µm droplet size was highest in all size ranges at 1 m
horizontal distance and decreased with increases in
time and horizontal distance (Fig. 1b), while similar
relationships could be observed at for 0·4–0·5, 0·5–1,
and 1–5 µm (Fig. 1c–e). The relationship between
RH and inactivation rate can be constructed based
on the published data (y = −0.29 + 0.01x, r2 = 0·82,
P < 0·001), indicating that on average the inactivation
rates ranged from 0·27 to 0·71 h−1 at a common RH
range of 40–70% in an indoor environment (Fig. 1f).
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Fig. 1. (a) Droplet number concentrations for different size ranges. (b–e) Time-dependent deposition rates characterized by
different horizontal distances for four ranges. (f) Relative humidity inactivation rate relationship.

Population transmission and incidence
Our results indicated that the environmental droplet
number concentrations sized 0·3–0·4 µm decreased
rapidly over time followed by concentrations of 0·4–

0·5, 0·5–1, and 1–5 µm (Fig. 2a, b). As time reached
1 h, the environmental droplet number concentration
fell to 0 where averaged droplet concentrations were
5·68 × 107, 1·92 × 107, 1·98 × 106, and 6·67 × 104 m−3
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Fig. 2. Environmental droplet number concentrations decrease with time and size in settling and deposition rates for (a)
0·3–0·4 and 0·4–0·5 and (b) 0·5–1 and 1–5 µm range from 0·005–0·476 and 0·05–0·14 h−1, respectively, with inactivation
rate of 0·49 h−1 and ventilation rate of 4 h−1. (c) Transmission dynamics of S, I, R, and E in the EITS-based model. (d)
Time-dependent cumulative incidence of inﬂuenza infection. (e) Box-whisker plot of the basic reproduction number (R0)
estimates.

at time interval 0–0·5 h (the time that C(t) reached its
half maximum droplet number concentration) for 0·3–
0·4, 0·4–0·5, 0·5–1, and 1–5 µm, respectively.

The results of the EITS model parameterization are
listed in Supplementary Table S5. The disease transmission dynamics were simulated within 30 days with initial
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conditions of 14, 1, 0 (numbers) and 0 (pathogens), respectively, for S, I, R, and E in an ofﬁce setting. On
days 4·2 and 4·3, the expected infected numbers and the
live pathogens indoors reached their peak values of 7
and 263, respectively, whereas susceptibles were reduced
to 1 and people recovered to health on days 6 and 30, respectively (Fig. 2c). On the other hand, the transient cumulative incidence reached 50% at day 7·4 and then
approached steady state (Fig. 2d). The estimated R0 was
5·22 (95% CI 2·40–11·26), indicating that in an indoor environmental setting like an ofﬁce, inﬂuenza virus spreads
severely and control measures are essential for prevention
of further disease outbreaks (Fig. 2e).
To investigate parameters contributing to the EITS
model, a sensitivity analysis was performed. Sensitivity
analysis indicated that the pick-up rate (ρ) was the
most signiﬁcant inﬂuence factor (68% in variance
explained) followed by pathogen deposition rate (α)
(15%), elimination rate (μ) (−11%), and recovery rate
(γ) (−6%).

Concentration and deposition in HRT
We showed that all the size range-speciﬁc droplet concentrations of each HRT region were likely to reach
equilibrium in the ﬁrst 20 s, thus, the equilibrium
droplet concentrations dominate the deposition dynamics (Fig. 3a–d). Overall, the deposited droplet
number concentration of 0·3–0·4 µm would count
highest in all HRT regions, giving a total concentration of 2·34 × 107 m−3 followed by 0·4–0·5, 0·5–1,
and 1–5 µm with total concentrations of 7·24 × 106,
5·42 × 105 and 1·48 × 104 m−3, respectively (Fig. 3a–
d). On the other hand, the total number concentrations deposited in ET1, BB, bb, and AI regions were
9·69 × 104, 3·57 × 105, 9·74 × 106, and 2·10 × 107
m−3, respectively (Fig. 3a–d).
We found that the larger droplet size inhaled was
more likely to accumulate in ET1, BB, and bb regions
(Fig. 3e). Noticeably, in the AI region, as inhaled droplet size increased, the deposition fraction rarely
increased for sizes 0·3–0·4, 0·4–0·5, and 0·5–1 µm
with the value ranging from 0·157 to 0·169. However,
it reduced substantially to 0·047 for 1–5 µm (Fig. 3e).

Size-speciﬁc infection risk estimates
Our results indicate that the relationship between R0
and infection fraction (P(I)) is well described by an exponential function of y = 1 − exp (1.24 − 1.30x) (r2 =
0·94, P < 0·001) (Fig. 4a). The results show that R0
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estimates of 1·5 and 2 would lead to infection fractions
of 0·4 and 0·67, respectively, whereas R0 54 resulted
in an infection fraction of nearly 1. On the other hand,
the relationship between viral titre (Cv) and P(I) was
best ﬁtted with a power law function [y = x6.75/
(5.686.75 + x6.75), r2 = 0·90, P < 0·001] where viral
spread could lead to infection only when the viral
titre is >1000 TCID50 ml−1 (Fig. 4b). Finally, the
viral titre−R0 proﬁle can be optimally obtained and
described by a nonlinear equation of y = 0.37 +
0.04x2 (r2 = 0·99, P < 0·001) (Fig. 4c).
Our results show that the viral titre distributions could
be well described by a LN model with a median of 4·03
(95% CI 3·68–4·40), 3·53 (95% CI 3·25–3·82), 2·41
(95% CI 2·34–2·49), and 0·77 (95% CI 0·67–0·88) log10
TCID50 ml−1 for size ranges 0·3–0·4, 0·4–0·5, 0·5–1,
and 1–5 µm, respectively (Fig. 5a). We found that
there was no probability of R0 exceeding 1 for sizes
0·4–0·5, 0·5–1, and 1–5 µm (Fig. 5b). However, there
were at least 50% and 10% probabilities of R0 estimates
falling between 0·87–1·03 and 0·94–1·10, respectively,
for the 0·3–0·4 µm droplet size range (Fig. 5b).

Control measure applications
Based on an estimated R0 of 5·22 (95% CI 2·4–11·26)
(Fig. 2e) and θ of 0·29 (95% CI 0·15–0·55) (Fig. 6a),
an indoor R0–θ control curve for inﬂuenza infections
can then be constructed (Fig. 6b). To achieve optimal
control of inﬂuenza virus transmission, maximum control
efﬁcacies of control strategies involving ventilation ﬁlter
(εF = 47–87%), active carbon mask (εM = 20–81%), and
hand washing (εH = 36–57%) were taken into account.
Here we considered three forward-additional control
measure schemes designated as C1 (εF), C2 (εF + εH),
and C3 (εF + εH + εM) (Fig. 6b).
Our results indicated that even though all interventions were implemented, the uncontrollable ratio is
still 67% high (Fig. 6b). To prevent further inﬂuenza
outbreak, vaccine is considered with 60–80% coverage
[26]. We calculated vaccine-based R0 (R0,V) as R0,V =
R0 (1 − V) where V is the vaccine coverage. Taking
60% vaccine coverage into account, 42–86% effective
control efﬁciencies were obtained, whereas 70% and
80% vaccine coverage could give controllable ratios
of 64–97% and 91–100%, respectively (Fig. 6b). In
comparison with the control measures without vaccine, we showed that 60%, 70%, and 80% vaccine
coverage could, respectively, enhance the disease containment up to 79%, 96%, and 100%, revealing excellent control efﬁcacy by using vaccine.
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Fig. 3. Deposited droplet number concentrations for ranges 0·3–0·4, 0·4–0·5, 0·5–1, and 1–5 µm in (a) ET1, (b) BB, (c) bb,
and (d) AI regions, respectively. (e) Human respiratory tract region-speciﬁc deposition fractions for 0·3–0·4, 0·4–0·5, 0·5–1,
and 1–5 µm, respectively.

DISCUSSION
Droplet behaviour change
Our study shows that gravitational settling can remove
up to 80% of droplets emitted from a cough within 10
min. Yang & Marr [1] evidenced that as droplet size
increased, the settling rate increased. Our results

found that the settling rate was 0·48 h−1 for size 0·5–
1 µm much higher than that of 0·3–0·4 µm for 0·005
h−1. These magnitudes of estimates were consistent
with Yang & Marr [1].
Zhao et al. [27] indicated that aerosol droplets
deposited on environmental surfaces could cause contamination and lead to further hazard. Our results

Downloaded from https://www.cambridge.org/core. IP address: 34.239.157.140, on 14 Jun 2021 at 22:14:52, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0950268815001739

Coughing-induced inﬂuenza droplet transmission and control

341

Fig. 4. Dose-response relationships between (a) R0 and infection fraction and (b) viral titre and infection fraction. (c) Viral
titre−R0 relationship built by coupling (a) and (b).

indicated that removal efﬁciency caused by deposition
was more important than settling for particle size <1
µm. Therefore, this study focused more on the deposition removal mechanism. Yang & Marr [1] indicated
that the removal efﬁciency by inactivation was relatively low, yet it was important when removal by

settling and ventilation were both insigniﬁcant. Our
result is in agreement with previous studies [6, 16,
28], suggesting that inactivation rate of inﬂuenza A
viruses increases with increasing RH.
RH, temperature, and ventilation are the leading
factors affecting inﬂuenza infection in an indoor
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Fig. 5. (a) Lognormal distributions of viral titre (TCID50 ml−1) in human respiratory tract (HRT) regions for 0·3–0·4,
0·4–0·5, 0·5–1, and 1–5 µm, respectively. (b) Probabilistic risk proﬁles of R0 given inﬂuenza virus-bearing droplets inhaled
and deposited in HRT regions for 1–5, 0·5–1, 0·4–0·5, and 0·3–0·4 µm, respectively.

environment [1, 29, 30]. RH also inﬂuences both the
evaporation rate and the particle equilibrium sizes [1,
5, 31]. When inﬂuenza virus-bearing droplets were
exhaled from the respiratory tract, they evaporated
and shrank rapidly as long as they encountered the unsaturated ambient atmosphere and RH. However, different subjects, respiratory activities, experimental
conditions, and sampling techniques may cause differences in droplet size measurement. Therefore, droplet
size was the key determinant in pathogen carriage,

aerosolizing, and transmission [1, 5]. Human respiratory activities including breathing, talking, coughing,
and sneezing; however, we chose coughing in our
study since 80% of patients with inﬂuenza infection
manifest symptoms as coughing [32].

Impact of host on dynamics of inﬂuenza droplets
Our study evidenced that the distributions of airspace
volume, ventilation rate, and people in ventilated
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Fig. 6. (a) Probability distribution proﬁle of asymptomatic infectious proportion (θ). (b) R0–θ critical control curves
constructed by taking into account the potential intervention combinations of ventilation ﬁlter (εF), hand washing (εH),
and active carbon mask (εM) without vaccine coverage and with 60%, 70%, and 80% coverage.

airspaces play crucial roles in affecting inﬂuenza transmission dynamics indoors. Our R0 estimates ranged
from 2·4–11·26, indicating higher inﬂuenza infection
risk in indoor environments, are consistent with
published R0 values ranging from 1·5 to 17·0, either
estimated by applying a population transmission dynamic model and a mathematical epidemic equation
[33, 34] or by ﬁtting transmission models to time-series
data [35, 36].
We also recognized that our analysed results followed the functional form in illustrating the relationship between R0 and ﬁnal epidemic size derived by
Anderson & May [14] for an enclosed population setting (i.e. Infected proportion = [1 – (1 + ln R0)/R0)]).
Our median R0 estimate was 5·22 and the corresponding ﬁnal epidemic proportion was estimated as 0·5,
which was approximate to our estimated maxima cumulative incidence of 50% (Fig. 2d).
Nevertheless, little is known about the extent to
which virus is deposited by infected individuals into
the environment and whether deposited virus has the
ability to infect new hosts. Our proposed droplet-based
population transmission dynamic model can be used to
describe the dynamics of human interaction with
pathogens in an indoor environment [2, 4, 37, 38].

Zhao et al. [27] indicated that aerosol droplets deposited on the human respiratory tract pose potential harmful effects. The respiratory deposition of droplets
depends on particle size [38]. Larger droplets are trapped
increasingly in the upper respiratory tract; however,
small droplets are deposited in the lower respiratory
tract and the alveolar region [4, 31]. Our results indicate
that deposition fractions of 0·3–0·4 µm were 1·90 × 10−4,
9·68 × 10−4, 0·04 and 0·16 in regions ET1, BB, bb, and
AI, respectively. Deposition fraction increased as droplet
size increased in regions ET1, BB, and bb, yet a contrary
result was found in region AI.
Killingley et al. [9] suggested that the infectious dose of
aerosol inoculation ranged from 0·6–3 TCID50 ml−1 and
the infectious dose for intranasal inoculation ranged from
100–1000 TCID50 ml−1. The mean viral titre estimates of
inﬂuenza droplets were nearly 10000, 3390, 300, and 5
TCID50 ml−1 for 0·3–0·4, 0·4–0·5, 0·5–1, and 1–5 µm, respectively, indicating that they are likely to pose high indoor
inﬂuenza infection risks, especially for small droplet sizes.

Limitations and implications
This study developed a three-efﬁcacy control measure
model to obtain an optimal inﬂuenza infection control
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indoors. Our results indicate that vaccination plays a
crucial role in enhancing control measures. However,
we could not independently estimate inﬂuenza viral
droplets and viral titre from our experiments. We
selected inﬂuenza A for disease transmission, yet we
could not classify the virus subtypes of A(H1N1) or A
(H3N2). Therefore, we may consider different subtypes
for inﬂuenza transmission in a future study. Many modelling works, including the present study, cannot verify
droplet number concentrations in upper and lower respiratory tracts, as well as the volume distributions
within speciﬁc size ranges. Therefore, this issue warrants further study.
Generally, the well-mixed environment assumption
is used in a parsimonious model as described in our
paper. However, in reality, inﬂuenza viruses are not
distributed homogeneously in airborne droplets
according to their particle size. Moreover, distribution
of airborne infectious droplets may also vary with the
spatial position and the location of virus sources.
Because of the spatial position of droplets, humans
are likely to be exposed to speciﬁc particle sizes.
Therefore, for human exposure assessment purposes,
our well-mixed assumption is not practically justiﬁed
and the results should be interpreted with caution.
Sze To & Chao [39] indicated that the underlying
factors that affect airborne transmission of infectious
diseases were complex, including dispersion and distribution of airborne pathogens, ventilation strategy,
survival of pathogen, aerosol size, respiratory deposition, heterogeneous infectivity, air turbulence, pathogen–host interactions, and control measures. Our
study considered the above factors except dispersion
and distribution of airborne pathogens, and heterogeneous infectivity, and those can also be included in a
future study.
Our results highlight that the recently developed
disease population transmission model incorporating
a control-measure modelling approach can be used
to assess exhaled and inhaled inﬂuenza droplets in
an indoor environment. The present probabilistic
risk model can also provide a practical template for
assessing the droplet size-speciﬁc infection risks for
potentially transmissible inﬂuenza virus-bearing respiratory droplets in indoor environments. We conclude that the present dynamic simulation and
control-measure assessment provide insights into
why indoor transmissible inﬂuenza droplet-induced
infection is occurring not only in upper lung regions
but also in lower respiratory tract regions not normally considered an infection risk.
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