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Abstract: The emergence of respiratory diseases, i.e., severe acute respiratory syndrome (SARS) epidemic
in 2003, HINT1 influenza epidemic in 2011 and Middle East respiratory syndrome (MERS) outbreak,
reiterated the significance of ventilation in buildings. The role of ventilation in removing exhaled airborne
bio-aerosols and preventing cross infections has been multidisciplinary extensively studied after the SARS
outbreak in 2003. The characteristics of droplet-borne, short-range airborne and long-range airborne
transmission of infectious diseases were identified. Increasing ventilation rate can effectively reduce the
risk of long-range airborne transmission, while it may be of little useful in preventing the droplet-borne
transmission. To maintain the airflow direction from clean cubicles to dirty cubicles is an effective way
to prevent the cross infection between cubicles, which is widely used in hospital isolation rooms. Field
measurements showed that wrong air flow direction was due to poor construction quality or maintenance.
The impacts of different airflow patterns on removing large droplets and fine droplet nuclei were discussed.
Some new concepts in general ventilation systems and local personalized equipment were also introduced.

This review updates current knowledge of the airborne transmission of pathogens and the improvement of

ventilation efficiency concerning the infection prevention.
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Introduction

The possible serious threat of airborne infection in
buildings to human health has been reiterated by the 2003
worldwide severe acute respiratory syndrome (SARS)
epidemic (1), the growing potential threat of bio-terror
attack through deliberately releasing agents such as anthrax
or smallpox (2), HIN1 influenza epidemic in 2011 (3)
and MERS in 2013 (4). The growing urbanization, the
worsening overcrowded conditions in modern large cities
and the rapidly growing worldwide transport networks
are possibly making the transmission of airborne spread
infectious diseases faster (5). Airborne transmission mostly

occurred in indoor environments (5,6), where most people
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spend over 90% of their time.

Ventilation is recognized as an important factor
influencing the transmission of airborne diseases. The
significance of ventilation was also reemphasized by the
2003 worldwide SARS outbreak in 2003 worldwide and in
particular a super spreading event in a hospital in Hong
Kong. The investigation of the largest nosocomial SARS
outbreak in Hong Kong in the Prince of Wales Hospital
by Li et al. (2005) (7) and Tomlinson and Cockram
(2003) (8) suggested that an inefficient ventilation system
very probably caused the spread of the virus in the Ward
8A. Gao concluded that increasing ventilation rates in
classrooms, offices, and homes is a relatively effective
strategy for controlling airborne diseases in a large
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Figure 1 Three key elements of ventilation affecting the airborne

transmission.

city through using the large urban contact networks
calculation (6,9).

Ventilation is one of the most important means to
control the cross infection by removing or diluting virus-
laden aerosols exhaled by infected patients. Ventilation is
defined as the supply/distribution or removal of air from
space by mechanical or natural means (10). The purpose of
ventilation is to supply outdoor air and remove extra heat,
humidity and contaminants from occupied spaces to meet
health and comfort requirements. Ventilation in hospitals
is also expected to remove the droplets nuclei efficiently,
which potentially contain pathogens, so as to minimize the
cross infection risk and to supply pathogen-free fresh air
for breathing (5). Different ventilation strategies may be
required for patients with different diseases in a hospital. It
is generally believed that for a general ward and a negative
pressure isolation ward, the ideal ventilation system is to
exhaust or dilute the contaminants timely and to supply
pathogen-free fresh air to healthcare workers (HCWs)
and inpatients efficiently. The airflow direction should
be controlled properly from clean zones to dirty zones,
preventing the virus-laden aerosols transmission between
rooms.

The role of ventilation in preventing airborne infections
has drawn extensive attention since the SARS outbreak.
The mechanism of dispersion of airborne droplets/droplet
nuclei in space, the risk estimation of airborne infection, the
role of airflow rate, the impact of airflow pattern, and etc.
have been comprehensively explored in previous studies.
Herein, this paper is aimed to provide a basic insight into
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the transmission mechanism of airborne infection, the risk
estimation of airborne infection and introduce three key
elements of ventilation (i.e., ventilation rate, flow direction
and airflow pattern, as shown in Figure 1) influencing the
airborne infection.

The mechanism of airborne infection

The discovery of airborne diseases in humans has a long
history. Up to 10,000 B.C., smallpox epidemics were
reported in northeastern Africa (11). In the ancient time,
it was believed that black magic or malevolence of witches
caused the infection. The oldest “scientific” theories of
spread of epidemic diseases considered that certain diseases
were transmitted via air in the sixteenth century (12). It
was suggested that diseases were caused by miasma and
malaria in air, which referred to noxious vapors and bad
air respectively (13,14). However, with the establishment
of germ theory, the concepts of contact and droplet-borne
infection became prevailing (14). Wells explained that the
path of airborne transmission of diseases was via droplet
nuclei and the hypothesis was subsequently verified by
experiments (15-17). This concept of vehicles of pathogen
airborne transmission has been widely accepted (14,18-20).

Pathogen-laden droplets, which are expelled into air
while a patient sneezes, coughs, speaks, sings or simply
breathes (21,22), subsequently dry out in the air and
produce droplet nuclei, the fine particles that can suspend
in air (23). There can be 40k to more than two million
droplets released from a sneeze, compared to fewer than
100,000 from a cough, and 3,000 from loudly speaking
(21,23). The mechanisms of respiratory droplets generation
and releasing from mucus to mouth were reviewed by
Wei (24).

Droplets of less than 100 m in diameter were found
to evaporate very rapidly (17,25-27), leaving behind
residue particles consisting of the dried solute (such as
sodium chloride) and any other solid matter contained
in the original droplet. Droplet nuclei may also contain
organisms presented in the original droplets which may
not be damaged by the drying and dehydration process and
can potentially infect a susceptible host. The sizes of those
droplet nuclei are generally less than 5 m and may be readily
inhaled into the lungs. Fennelly ez 4/. (28) first cultured the
M. tuberculosis (TB) from the droplet nuclei exhaled from
patients with active TB. They also found that for a patient
coughing naturally (not induced), the infectious particular
size was 2.1-3.3 m.
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These droplet nuclei can possibly contain organisms
originally present after the evaporation, which are protected
by a coat of dry secretions and suspend indefinitely in air
and transport over a long distance (29). Once particles are
inhaled, larger particles will be taken out from the upper
respiratory tract. They will impinge on hairs, ciliated
surfaces or mucosae, and finally be captured since they have
more inertia and are less able to change direction quickly.
On the contrary, smaller particles with little inertia can be
carried wherever the air goes. Droplet nuclei can deeply
penetrate into bronchi and deposit in lungs, where the air
motion is minimal (20).

Wells carried out an experiment to study the retention of
noninfectious particles of different sizes by using infectious
particles (16). He exposed rabbits to the air with a known
concentration of droplet nuclei containing single bovine
tubercle bacilli (settling velocity approximately 0.03 ft/min
and aerodynamic size is about 2 to 3 microns). Similarly,
he also exposed rabbits to contaminated coarser particles
(settling velocity approximately 1 ft/min and aerodynamic
diameter about 12 microns) produced by the atomized
concentrated fluid. Through calculation, he found that
the number of tubercles developing in the rabbits' lungs
approximately equaled that of inhaled live tubercle bacilli
when rabbits were exposed to the fine particles, while only
about 6% of these potentially infectious particles produced
tubercles when rabbits were exposed to the coarse particles.
Results indicated that most of the infectious droplet nuclei
were trapped in lungs while only a small percentage of
coarser particles reached the deep lungs. It demonstrated
the significance of fine droplet nuclei in the airborne
transmission of TB.

Transmission of infectious diseases occurs when the
pathogen or agent leaves the source and spreads by one
or more routes of transmission to the susceptible. Droplet
spread and airborne transmission are two main routes to
transmit respiratory diseases. Droplet spread refers to
the passage of pathogens from a source to a susceptible
through large droplets. It was calculated that droplets of
greater than 100 m in diameter released from a height of
2 m deposited on the floor within 3-6 s with less than 1.5 m
in horizontal distance at room air temperature and relative
humidity of less than 60%, while droplets of less than
100 m evaporated within 3-6 s (17,25,26,30). So droplet-
borne transmission is a short-range process, with distance
less than 2 m due to the evaporation and high settling
velocity of large droplets. While airborne transmission
refers to the passage of pathogens from a source to
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a susceptible through airborne aerosols, resulting in
infections (5). The vehicle of airborne transmission is
droplet nuclei, the residues of dried-out droplets, which
can suspend in air for a long time and transmit over a
long distance. Liu et al. (31) investigated the interpersonal
exposure of exhaled droplets and droplet nuclei between
two standing thermal manikins affected by different factors,
i.e., distance, temperature and humidity. He found that
the risk of short-range airborne infection was much higher
than that of long-range airborne infection when only the
concentration of droplet nuclei was considered. Results also
showed that the mechanisms of droplet-borne and short-
range airborne infections are totally different, in spite that
they are all short-range modes. Furthermore, the death
rate of airborne microorganisms was found low after the
first rapid death phase from atomizer when there was no
disinfection method involved (32,33). Those characters
indicated that the short-range transmission had a much
higher risk than the long-range transmission does. The
determination of droplet-borne or airborne infection
should not be according to the transmitted range, i.e.,
2 m. The mechanisms of ventilation for controlling
human exhaled airborne aerosols are different for
droplet-borne, short-range airborne and long-range
airborne transmissions.

The impact of ventilation rate

Increasing ventilation rate is believed to reduce the cross
infection of airborne transmitted diseases by removing or
diluting pathogen-laden airborne droplet nuclei. A higher
ventilation rate can dilute the contaminated air inside the
space more rapidly and decrease the risk of cross infection.
Menzies et al. studied the association between tuberculin
conversion among HCWs and the ventilation rate in patient
care areas (34). They found that the tuberculin conversion
among HCWs was strongly associated with inadequate
ventilation in general patient rooms and duration of
work. Jiang et al. investigated the infection risk of HCWs
in different wards with different window sizes in two
hospitals during the 2003 SARS outbreak in Guangdong
and found that larger ventilation windows showed a
lower infection risk (35). In spite that a higher ventilation
rate is able to provide a higher dilution capability to
reduce the cross infection, the use of higher ventilation
rates also means a higher energy cost for mechanical
ventilation. However, there was a lack of strong scientific
evidence in recommending a minimum ventilation flow
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rate for infection control according to Li ez 4l.’s systemic
review (5). The balance between decreasing the cross
infection risk and reducing the energy consumption is
needed. The recommended minimum ventilation rate
for airborne infection isolation rooms is 12 air change
per hour (ACH) in most guidelines (29,36,37), which is
originated from the 6 ACH in Center for Disease Control
and Prevention (CDC) guideline (38) and then doubled
after the 2003 SARS, while it is only 1 ACH for commercial
buildings.

The impact of ventilation rate on the cross infection of
airborne transmitted diseases can be described by Wells-
Riley Equation. Wells introduced an idea of quantal
infection to describe the necessary dose of pathogens
to cause infection to a new susceptible (15). Based on
this assumption and Poisson distribution, the infection
possibility was derived by Riley (39), which is called Wells-
Riley equation, to predict the risk of airborne infection:

_C | _tapt 1
P_S lexp[ QJ [1]

where P is the risk of cross infection, C is the number of
case to develop infection, S is the number of the susceptible,
1 is the number of infectors, p is the pulmonary ventilation
rate of each susceptible (m’/h), Q is the room airflow
rate (m’/h), ¢ is the quanta produced by one infector
(quanta/h), and # is the duration of exposure (h).

The Wells-Riley equation successfully predicted a
measles outbreak in a suburban school in USA (39). The
equation and its improvements have been widely used to
predict outbreaks of airborne infections and even to study
the association between sick leave and ventilation system
(40-43). The equation indicates that ventilation rate can
reduce the infection risk significantly.

Natural ventilation is able to deliver large ventilation
rates with a low energy consumption. Compared with
mechanical ventilation, natural ventilation can provide
much higher ventilation rates. Escombe ez 4/. released
the earliest publication of suggesting the use of natural
ventilation for infection control (44). They studied different
wards in eight hospitals ventilated in Lima and Peru, and
found that natural ventilation could provide much larger
ventilation rates than mechanical ventilation system did,
which helped reduce the airborne contagion, especially
with the high ceiling and large windows according to the
calculation results of Wells-Riley equation. Qian ez 4l
measured ventilation rates in two hospitals, whose wards
were naturally ventilated in Hong Kong (45). Two hospitals

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

Qian and Zheng. Ventilation control of airborne infection

are located in downtown and green areas respectively.
Results showed that natural ventilation delivered a
ventilation rate as high as 69 ACH for cross ventilation
and 18 ACH for single-side ventilation when windows
were fully open. The hospital located in green had a much
higher potential of natural ventilation. Maximizing the
natural ventilation has already been suggested for infection
control in resource-limited regions (46). WHO published
a guideline and introduced the usage of natural ventilation
for infection control in healthcare settings (47). Six typical
naturally-ventilated hospital wards were discussed in the
guideline for reference, i.e., single-side corridor, central
corridor, courtyard, wind tower, atrium and chimney, and
hybrid (mixed-mode) ventilation. Zhou er 4/. evaluated
the performance of different natural ventilation types
in hospital wards by numerical simulation, finding that
the central corridor ventilation, which has been broadly
used in China, has the potential risk to cause cross
infections between wards, indicating that it might not be
recommended (48).

Based on previous studies, it is obvious that increasing
the ventilation rate can reduce the risk of cross infection for
long-range airborne infections. The impact of ventilation
rate on the long-range airborne infection risk has been
deeply explored. However, for droplet-borne transmitted
diseases, the effect of ventilation does not seem so obvious.
The fate of droplets is more governed by gravity and
exhalation velocity. Ventilation can influence the evaporate
rate by air flow and relative humidity. The impact of
ventilation rate on the risk of short-range airborne diseases
still needs further investigation.

The impact of flow direction

Flow direction can control contaminants transport among
wards with different functions. Different ventilation
strategies may be required for patients with different
diseases in hospital. The ideal ventilation system for a
general ward or a negative pressure isolation ward is
expected to exhaust or dilute contaminants timely and to
supply pathogen-free fresh air to HCWs and inpatients
efficiently, Properly controlling the airflow direction from
clean zones to dirty zones is of great importance to prevent
the virus-laden aerosols transmitting between rooms.

The establishment of directional flow between zones is
achieved through the pressure difference. The protective
environment (PE) isolation room utilizes a positive pressure
difference to resist the entry of surrounding contaminated
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air and thus avoid the infection of immune-compromised
patients inside. On the other hand, the AII isolation rooms
utilize a negative pressure difference to prevent the droplet
nuclei generated by infected patients spreading to other
zones. However, the negative pressure is only maintained
when doors and windows are fully closed. When an isolation
cubicle door is open, the negative pressure difference
between cubicle and corridor will disappear (49-51). An
anteroom was suggested or required by some guidelines to
separate the ward and corridor (36,37).

The proper airflow direction is first from corridor
to anteroom then to ward then to toilet. The pressure
difference can be established through the imbalance of
airflow rates. Different requirements of pressure difference
or imbalance of airflow rate by different guidelines or
design books range from 2.5 to 15 Pa (29,36,37,52,53).
The required pressure difference of those guidelines seems
to be empirical. Li (Personal Communication) considered
that the pressure difference should be used to avoid the bi-
directional flow which occurs due to temperature difference
and wind force. He also calculated the minimum pressure
difference to achieve the uni-direction flow and found that
the required pressure difference was 0.36 and 9.12 Pa for
temperature difference only and for combination of wind
and temperature respectively, when temperature was 10
°C and the height of the door was 2.2 m. Hang employed
computational fluid dynamics (CFD) simulations and
full-scale experiments to evaluate potential inter-cubicle
airborne transmissions through a shared anteroom due to
the hinged door opening (49). Decreasing the duration of
door opening, raising the air change rate or using a curtain
at the doorway were recommended to reduce the inter-
cubicle exposure risk.

It should be noted that real engineering construction
quality may not realize the design goal. Hong Kong
government promptly constructed 558 new negative
pressure SARS isolation rooms with more than 1,300
beds in 14 hospitals in 2003. Those isolation rooms were
designed according to international guidelines (29,36,37)
and represented state-of-art technologies in 2003. The
principle of designing the new SARS wards was also
supported by CFD simulations and a full-scale test room
study which were completed by the most experienced
heating, ventilation and air conditioning (HVAC) experts of
Hong Kong Institute. However, Li e 4/. field measured the
ventilation performance of 38 SARS wards in 9 hospitals
after 18 months of operation. And they found that 60%
of toilets/bathrooms were operated under wrong airflow
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directions in spite that most wards met the recommended
negative pressure difference of 2.5 Pa between corridor
and anteroom (97%), and between anteroom and cubicle
(89%) (54). Similar results were also reported by other field
studies that up to 50% of the tested isolation rooms failed
to provide a negative pressure (55-60). The main factors
that broke up the negative pressure included inadequate
reliability of pressure monitoring and controlling devices,
strong diffuser flow directed at the door, interaction with
other exhaust ventilation systems and poor airtightness of
the suspended false ceiling (57).

The controlled flow direction is aimed at preventing
cross infections between different wards or cubicles,
indicating that it is an effective method to avoid the long-
range airborne transmission among rooms. The methods
are commonly used in hospital for controlling the cross
infection. In normal commercial offices, the controlled flow
direction is generally designed to create a positive pressure
in rooms and a negative pressure in toilets, whose goal
is to control the indoor temperature and pollutants. The
pressure differences among rooms are not controlled, which
may be the reason for the SARS outbreak in a Hong Kong
Metropole Hotel, where the index patient infected patients
in 13 neighbor guest rooms (61). The index patient vomited
in the corridor, which was at positive pressure compared
with guest rooms (62).

The impact of airflow pattern

Li et al. organized a panel comprised of experts from
different majors to review the impact of ventilation on
airborne infections (5). Strong and sufficient evidences
of association between airflow and infection spread were
found. Smoking test, tracer gas technique, direct aerosol
dispersion measurement or CFD simulation were used to
test airflow patterns and they agreed well with the spatial
distribution of secondary infection (7,63-68). Qian et al.
integrated the Wells-Riley equation into CFD models (69).
The predicted spatial risk distribution in 8A wards in Prince
of Wales Hospital agreed well with the spatial infection
distribution pattern of SARS cases, indicating that the role
of airflow pattern was important for airborne transmission
diseases (69).

Three kinds of ventilation systems were commonly
used, i.e., mixing ventilation, downward ventilation and
displacement ventilation, as shown in Figure 2. Mixing
ventilation supplies air with high momentum to make
temperature, pollutants distribute uniformly, which is
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Figure 2 Ventilation systems. (A) Downward ventilation; (B) displacement ventilation; (C) mixing ventilation.

most widely used. For example, the ventilation system
in Ward 8A of Prince of Wales Hospital in Hong Kong
where the largest nosocomial SARS outbreak occurred in
2003 was of the mixing type (7). Downward ventilation
was recommended by several guidelines for isolation wards
(29,36,37). The basic idea of a downward ventilation
design is to supply cooler and heavier clean air from a
ceiling diffuser with a low velocity. The heavier cold supply
air is accelerated by negative thermal buoyancy to push
airborne particles down and be removed at the floor level.
The “laminar” streams of air are expected to minimize the
cross infection risk in isolation wards with a downward
ventilation system. This concept was developed from
industrial clean rooms and applied in surgical operating
rooms in hospitals (70). The laminar airflow was considered
to be promising in isolation wards for its care of hospital
patients with low resistance in a positive pressure isolation
room (71). This might be the original idea for extending
the downward ventilation to be recommended in isolation
wards including infection wards. The engineering control
for surgical operating rooms or for immune-compromised
hospital patients is focused on supplying fresh air directly
to the patient’s body (wound) or breathing zone, and
prevent surrounding contaminated air infecting the wound.
However, the control for airborne infection isolation
rooms is to prevent exhaled pathogen-laden droplet nuclei
dispersing in the room.

Qian et 4l. carried experiments and CFD simulations to
study the interaction of the breathing flows between two
individuals in different ventilation systems and evaluated
the performance of ventilation systems in removing
exhaled pollutants from infected patients (72,73). Results
showed that the exhaled jet penetrated a short distance
and exhaled droplet nuclei were diluted quickly and well
mixed in the ward. Bed distance did not affect the personal
exposure of the receiving patient. The results indicated
that the performance of downward ventilation to remove
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exhaled pollutants was close to that of mixing ventilation.
For displacement ventilation, when the infector faced up,
the ventilation system showed a very high efficiency to
remove exhaled pollutants. However, when the infector
faced horizontally, the exhaled jet could penetrate for a
long distance and a high concentration layer of exhaled
pollutants was found due to the thermal stratification lock
up phenomena, which certainly added the risk of short-
range airborne infection transmission. And if the height
of lock up layer was located in the breathing zone, the risk
of long-range airborne transmission would also be high.
Zhou et al. theoretically derived the governing equations
of jet in uniform and thermally-stratified environment and
verified the model by experiment data in literature (74).
The length of exhaled jet and height of lock up layer can be
predicted, which is associated with temperature gradient,
exhaled momentum, and exhaled temperature difference
with ambient air. Large temperature gradient (usually in
displacement ventilation) and great momentum of exhaled
jet enlarge the spreading distance of short-range airborne
transmitted diseases, which brings a higher risk in short-
range airborne transmission than in long-range airborne
transmission. Results indicated that displacement ventilation
might not be used in hospital wards for preventing
airborne risk.

Qian and Li developed an improved downward
ventilation system to show a better performance to remove
fine droplet nuclei (75). They compared the ventilation
performances when exhausts were at different levels using
full-scale experiments and CFD simulations. Results
suggested that upper-level exhausts were more efficient
than floor-level and near-head exhausts in removing
gaseous contaminants due to upward body plumes. The
low temperature air was supplied vertically from top and
accelerated by gravity to deliver fresh air to HCWs directly,
while the exhaust grill was also arranged at the top of ward
to remove the up-flowing exhaled fine droplet nuclei. The
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mechanism of removing large particles is due to deposition
instead of ventilation. The significance of surface cleaning
is then approved.

Personalized ventilation (PV) may be another choice (24).
PV with different terminal devices has been developed for
delivering personal fresh air to improve local air quality
and increase the occupant's satisfaction. However, it cannot
remove exhaled droplet nuclei from the infector efficiently.
Based on PV system, a novel system, PV-personalized
exhaust (PV-PE), was developed for airborne infection
control. Yang investigated three PV-PE systems, a top-
personalized exhaust which is just above the human head, a
shoulder-personalized exhaust which consists of two local
exhausts installed at the chair just above the shoulder level,
and a chair-personalized exhaust which acts as the upper
part of chair (76). He found that all the three personalized
exhaust devices could reduce the cross infection between
occupants. The best one is the combination of a vertical
desk grill and a top-personalized exhaust. Similar results
were further approved and interaction with different
ventilation systems were studied (77,78). Zheng er al. also
developed a PV-PE system for inpatients (79). They set the
personal air supply at the breathing level and exhaust at the
top. Results showed that it had a much higher efficiency
than traditional central air conditioning systems did. All
studies revealed that the top exhaust may be more efficient
in removing exhaled droplet nuclei due to the plume
generated by human.

Conclusions

The impact of ventilation on the airflow pattern has been
extensively studied. Ventilation is a useful engineering
means to control airborne infection but it may not be
an efficient way to control droplet-borne transmission.
Higher ventilation rate is proved to reduce the risk of
airborne infection, however, there is still a lack of scientific
evidence of minimum ventilation rate. Short-range airborne
transmission has a much higher risk, compared with long-
range airborne transmission. Thermal stratification may
extend the range of short-range airborne infection. The
displacement ventilation is not suggested for isolation
rooms. The performance of downward ventilation is
very close to that of mixing ventilation due to interaction
between upward plume and exhaled jet. An improved
downward ventilation system was proposed. Properly using
PV-PE systems can reduce the risk of airborne infection
significantly.
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