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H I G H L I G H T S

• A dual-contact (close contact and air-
borne contact) network was construct-
ed.

• Effect of control strategies was evaluat-
ed at the community level.

• Important role of building ventilation in
influenza control was revealed.
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Emerging diseasesmay spread rapidly throughdense and large urban contact networks.We constructed a simple
but novel dual-contact networkmodel to account for both airborne contact and close contact of individuals in the
densely populated city of Hong Kong. The model was then integrated with an existing epidemiological
susceptible-exposed-infectious-recovered (SEIR)model, andwe used a revisedWells-Rileymodel to estimate in-
fection risks by the airborne route and an exponential dose-response model for risks by the contact and droplet
routes. A potential outbreak of partially airborne influenza was examined, assuming different proportions of
transmission through the airborne route. Our results show that building ventilation can have significant effects
in airborne transmission-dominated conditions. Moreover, even when the airborne route only contributes 20%
to the total infection risk, increasing the ventilation rate has a strong influence on transmission dynamics, and
it also can achieve control effects similar to those of wearing masks for patients, isolation and vaccination.
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1. Introduction

The recent 2003 SARS epidemics, the 2009 H1N1 pandemic and the
2015 MERS epidemics have highlighted the importance of studying re-
spiratory activities (Yu et al., 2004; Scalera and Mossad, 2009; Zumla
et al., 2015). Most respiratory infections are generally believed to be
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transmitted through multiple routes (Jefferson et al., 2009; Cowling
et al., 2010; Li et al., 2007). Although various definitions exist in the lit-
erature, three routes of respiratory disease transmission are primarily
acknowledged: droplet transmission, indirect contact transmission
and airborne transmission (e.g., Brankston et al., 2007). The contribu-
tion of the airborne route in influenza virus, chickenpox and the com-
mon cold, however, is still controversial (Tellier, 2006 and 2009). The
relative effectiveness of different administrative and personal control
methods has been well studied to a certain degree using general public
health methods (e.g., Riley et al., 2003; Ferguson et al., 2006). However,
studies of the relative effectiveness of engineering control at the com-
munity level are rare, possibly due to the difficulties of distinguishing
transmission routes. Roles of ventilation, ultraviolet germicidal irradia-
tion andfiltrationwere studied using the so-calledWells-Riley equation
(Riley et al., 1978; Beggs and Sleigh, 2002; Seppanen et al., 1999) in a
single room.

Building ventilation is known to be effective in reducing the spread
of airborne diseases (WHO, 2007 and 2009). Previous work has shown
that ventilation can reduce exposure to airborne infectious agents by
directing the flow of airborne infectious agents away from susceptible
persons and/or by removing airborne infectious agents from room air,
thus mitigating epidemics of infectious diseases transmitted through
the airborne route (e.g., Noakes et al., 2006; Gao et al., 2009). Ventilation
was found to be associatedwith the transmission of diseases such as tu-
berculosis, SARS, smallpox, chickenpox and influenza (Li et al., 2007).
Control of ventilation has an advantage over other non-
pharmaceutical interventions (e.g., hand washing or mask use) because
it relies less on individual compliance. A significant knowledge gap,
however, persists with respect to the effects of ventilation at the com-
munity level on infectious diseases transmitted throughmultiple routes
(Brankston et al., 2007; Tellier, 2006 and 2009). The effectiveness of
ventilation in controlling fully airborne-transmitted diseases has been
evaluated in a single indoor environment (Beggs et al., 2003; Noakes
and Sleigh, 2009) or roughly estimated in a community (Gao et al.,

2009), but it has not been studied with consideration of social contact
patterns and possible existences of other routes. Ventilationmay not af-
fect the exposure of susceptible persons to infectious agents through
droplet or contact exposure.

In a large city, people are in constant contact as they move from one
indoor environment to another (see Fig. 1). Most existing non-
pharmaceutical interventions are studied at the level of individual con-
tact events, apart from Jones and Adida (2013). The individual contact
and exposure in each indoor environment needs to be linked to disease
transmission at the entire city level. Several social networks are avail-
able. Thewidely used social contact networks, e.g., the randomnetwork
model (Newman, 2002), may be too simplistic to simulating disease
spread at an individual level, and they do not take into account the
physical dimensions (including ventilation) of the environment. In con-
trast, the location-based network model by Eubank et al. (2004, 2006)
requires computational resources that are not available to study the
spread of infection in a large city. Thus, Gao (2011) developed a simple
indoor contact model based on the concept of a “connected” indoor en-
vironment and successfully simulated a fully airborne smallpox out-
break in Hong Kong.

Our objective in this paper is to evaluate the effectiveness of ventila-
tion intervention for partially airborne influenza in a dense indoor con-
tact network by simulating a potential outbreak of influenza in Hong
Kong. First, we extend an existing indoor contact network model that
can estimate the probability and duration of any two of the 7 million
people in Hong Kongmeeting together (airborne contact) into estimat-
ing close contact (droplet contact) in any of the approximately 3million
indoor environments (locations). This is the so-called dual-contact
model. The dual contact refers to both airborne contact and close contact.
Second, we develop a simple dynamicmodel of disease that considers the
effects of building ventilation and other intervention strategies and a
given relative contribution of each transmission route. Our simple devel-
opedmodel allows the effectiveness of an intervention to be evaluated by
holding constant the airborne contribution to infection risk.

Fig. 1. Illustration of contacts of individuals. Individuals with different occupations (represented by different colors) come into contact in different types of locations (represented by
different colors and shapes) during a typical workday.
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