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S U M M A R Y

Background: The shortage of isolation facilities in hospitals was highlighted during the
severe acute respiratory syndrome (SARS) pandemic in 2003. Yet, as the nature and
scale of future pandemics cannot be adequately estimated, it is difficult to justify
construction of sufficient isolation facilities. A fast-track and cost-effective ventilation
strategy for the retrofitting of existing general wards could help hospitals deal with
patient surges.
Aim: This article reviews the effectiveness of a fast-track, makeshift isolation approach
employed during the SARS outbreak which involved installing simple window-mounted
exhaust fans to create negative-pressure airflow in hospital general wards.
Methods: Computational fluid dynamics (CFD) was used to assess by simulation whether
the approach adopted meets US Centers for Disease and Control and Prevention
requirements for properly constructed isolation wards.
Findings: CFD simulation revealed that this makeshift approach could match the venti-
lation standards of isolation rooms. The approach was certainly effective as no secondary
infections were reported in hospitals that used it during SARS.
Conclusions: When there is a shortfall in isolation facilities to accommodate a surge in
patients, the proposed ventilation set-up could be quickly and widely implemented by
existing general wards.
� 2012 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
Introduction

Hospitals in many countries found it difficult to handle the
large numbers of patients requiring isolation during the severe
acute respiratory syndrome (SARS) outbreak in 2003.1 General
wards were not equipped with the necessary air-control
environment to isolate such a widespread infection.2,3 The
epartment, College of
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nature and scale of future potential pandemics is always
difficult to predict, as is the capacity of the required isolation
rooms.4 Isolation facilities are costly to build, consume more
energy, disrupt smooth operations due to their segregated
physical design and occupy valuable hospital space. Never-
theless pandemic outbreaks can reach magnitudes that exceed
the maximum capacity of available isolation rooms.5,6 The
challenge for hospitals is to develop adequate surge capacity to
isolate known patients or those likely to be infectious by the
airborne route in case of an outbreak.

During the SARS outbreak a simple and cost-effective
method for constructing isolation rooms was developed
whereby makeshift facilities were created in general wards by
Published by Elsevier Ltd. All rights reserved.

mailto:MERY@cityu.edu.hk
www.sciencedirect.com/science/journal/01956701
http://www.elsevierhealth.com/journals/jhin
http://dx.doi.org/10.1016/j.jhin.2012.04.013
http://dx.doi.org/10.1016/j.jhin.2012.04.013
http://dx.doi.org/10.1016/j.jhin.2012.04.013


Figure 1. Installation of a window-mounted exhaust fan in a
hospital ward. (Reprinted by permission from Annals, Academy of
Science Singapore: Dessmon YH Tai, SARS: How to Manage Future
Outbreaks? Annals, Academy of Medicine, 2006; 35: 368e373.)
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installing two high-speed, window-mounted exhaust fans in the
cubicles to create negative-pressure air flows.7,8 A number of
countries reported the success of makeshift isolation rooms in
preventing cross-infection.9,10

Ventilation requirements for isolation rooms as specified by
the US Centers for Disease and Control Prevention (CDC) are ‘To
introduce high air ventilation rates for better dilution effi-
ciency’ and ‘To create pressure gradient to prevent air flowing
from less clean to clean areas’.11 This paper reports the use of
computational fluid dynamics (CFD) to validate whether the
makeshift set-up used during SARS could meet these
requirements.
Figure 2. General ward with six patients, two healthca
Methods

Makeshift isolation strategy

Various countries adopted makeshift arrangements to cater
for the influx of patients requiring isolation during SARS.12e18

The set-up employed in Hong Kong consisted of two window-
mounted exhaust fans located high on either side of the
external window, delivering more than 12 air changes per hour
(Figures 1 and 2).19 All windows in the general ward were
closed and the ward door was opened. Airflow was directed
from the cleaner ward corridor into the ward cubicle and then
exhausted outside such that there was little chance of
pathogen-laden air flowing into the corridor and other indoor
hospital areas.12e18
Computational fluid dynamics (CFD) analysis

CFD analyses fluid-flow problems based on mathematical
equations known as NaviereStokes equations.20 By solving
these equations with defined boundary conditions it is possible
to calculate air movement and predict temperatures and
particulate migration in any indoor or outdoor environment.21

These equations are partial differential equations that
cannot easily be resolved through analytical means. The
numerous iterations required to linearize these equations in
CFD involve substantial computer time and memory but CFD
has gained popularity as computer technologies have
advanced. Results can be presented as three-dimensional
colour illustrations covering many types of engineering fluid-
flow problems and heat transfers.21

CFD has been used to investigate the ventilation perfor-
mance of operating room contamination control strategies; to
examine surgical suite ventilation systems and to identify
re workers and two window-mounted exhaust fans.
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further ventilation improvements for operating room environ-
ments and air contamination control.22e25 CFD has also been
used to analyse the risk of cross-infection with different
general ward ventilation designs and to study the effects of
ward ventilation supply and exhaust positioning.26e28 An
abundance of ventilation and airborne contamination research
has examined isolation rooms in hospitals with validated
results.29,30 CFD is particularly suitable for these investigations
because the collection and analysis of actual airborne samples
from wards can be risky and difficult.31 For high-risk studies
CFD provides a safe and accurate estimate of the movement of
air and contaminants.32

A recent study conducted by the authors provides a more
detailed description of CFD.33 This study used CFD to verify
a simple and cost-effective ventilation set-up in a general
ward, which was shown to match the CDC’s standards for
isolation facilities. This was a long-term solution, whereas in
the current study CFD was used to verify the fast-track,
makeshift isolation set-up employed during SARS.

Similar to other studies, CFD ‘FloVent’ software was used to
analyse the following:34

1. The ventilation system in a standard hospital isolation
room e consisting of negative air pressure control, air
Figure 3. Computational fluid dynamics ‘FloVent’ simulation results sh
with window-mounted exhaust fan and air handling unit).
inflows from the air handling unit (AHU) and outflows via
the air-conditioning exhaust system.33

2. A makeshift isolation room e consisting of a general
ward with six patients and two healthcare workers
(HCWs), two window-mounted exhaust fans and an AHU;
air inflows from the AHU and corridor; and outflows
directly via the exhaust fan to the outside atmosphere
(Figure 3).

Based on the set-up adopted during SARS the following
additional parameters were used:

e a ward cubicle of 6.6 m � 6.4 m � 2.7 m, six patients and
two HCWs;

e a window-mounted extraction fan of 305 mm diameter with
an airflow extraction rate of 0.45 m3/s; and

e fresh air with two air changes supplied by the AHU of the
air-conditioning system.

CFD results were compared with CDC requirements for
isolation rooms. The ventilation induced by the two exhaust
fans was much stronger than that of the small AHU. This
introduced a negative-pressure airflow into the ward, i.e. clean
owing the associated airflow profiles (makeshift ventilation set-up
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air flowing into the less-clean areas housing patients under
isolation. In addition, the two fans extracted air from within
the ward cubicle more than 12 times per hour, matching the
CDC requirement for isolation rooms.11,33
Evaluation criteria: ventilation performance

Air change efficiency and contaminant removal effective-
ness were used to measure the ventilation effectiveness and
microbial movement dynamics. Air change efficiency is
measured by the local mean age of the air (LMAA); i.e. the
average time in seconds required for air to flow from its supply
source to the point of investigation in the indoor environ-
ment.35,36 In this study the LMAAwas measured from the supply
air inlet point to the internal zones occupied by the patients
and HCWs. In general it is desirable to achieve a low LMAA to
avoid staleness or stuffiness.

Contaminant (microbial) removal effectiveness (CRE)
measures the speed at which contaminants are removed from
an internal environment.35,36 CRE is expressed as the concen-
tration of contaminants at the exhaust point divided by that at
the investigation point within the room. A high CRE value
means that more indoor contaminants have been brought to
the exhaust point than to the area in the vicinity of the patients
and HCWs. Similar to other cases, the aim of this study was to
maximize the CRE value.37 This study verifies using CFD
whether the LMAA and CRE values for the makeshift set-up are
similar to those of an isolation room.
Results

The CFD simulation results are shown in Table I: (i) for the
isolation room; (ii) for the makeshift set-up with two changes
of air-conditioned fresh air.

Figure 3 shows the CFD ‘FloVent’ simulation results with
associated airflow profiles for the makeshift set-up. There is no
absolute value or target for LMAA and CRE because no research
has been carried out in this respect. LMAA and CRE values for
the makeshift set-up can only be compared with those for the
isolation ward.
Airborne isolation room

Table I shows that the CRE value in the isolation room was
0.9568. The LMAA values in the vicinity of both patients and
HCWs were in the region of 100, which is nine times better than
those in the normal general wards and similar to those found in
a similar study.14
Table I

Computational fluid dynamics (CFD) simulation results

Ventilation system Total
air

changes

Fresh air
changes

Airborne isolation room 12 12 Door clos
Makeshift set-up (general
ward with exhaust
air fans)

12 2 No door,
air from

CRE, contaminant (microbial) removal effectiveness; LMAA, local mean
Makeshift set-up with simple exhaust fan installation

As shown in Table I, the CRE of the makeshift set-up (2.1890)
was better than that of the standard isolation room (0.9568).
The relatively low LMAA value in the makeshift set-up (88.4 s
for patients, 55.48 s for HCWs) was also better than that in the
isolation ward (99.893 s for patients, 100.41 s for HCWs).
Discussion

A properly constructed isolation room has a CRE value
approaching unity, indicating that microbes or contaminants
are being drawn out of the ward through the ceiling exhaust
outlet.33 Air flows from a clean to a less-clean area, preventing
the spread of contaminants into the ward corridor and beyond
and thus fulfilling the CDC’s isolation control requirements.11

The findings for the makeshift set-up demonstrate that
simple installation of local extraction fans can yield ventilation
performance comparable to or even better than that of stan-
dard isolation rooms. In the makeshift set-up, the high CRE
value means that more contaminants are extracted to the
exhaust point than to the vicinity of the patients and HCWs.
The low LMAAmeans a shorter duration of the indoor air stream
coming into contact with the patients and HCWs, thereby
reducing the chance of airborne infection within the ward.
Most importantly, air flows from the clean corridor to the
less-clean ward cubicle and subsequently to the outside
atmosphere, thus preventing infection from spreading through
the corridor and beyond to other parts of the hospital.

This study goes some way towards validating a fast-track
solution capable of handling patient surges in a pandemic.
The CFD findings confirm that a simple makeshift ventilation
system can be constructed rapidly to minimize the risk of
airborne transmission. This ventilation set-up will render
general wards capable of accommodating large influxes of
infectious patients during pandemics. Installation of additional
exhaust fans is much simpler, cheaper and faster than the
retrofitting of general wards into isolation rooms.

Nevertheless the extent to which such makeshift ventilation
systems are effective depends on a number of other contrib-
utory factors, including patient susceptibility to disease, the
internal and external environmental conditions and the phys-
ical layout of the ward. In addition, without involving patients
in cross-disciplinary research by engineers and medical scien-
tists it is difficult to achieve genuine comparison of infection
rates between the makeshift set-up and the standard isolation
room.

Recent studies have suggested other cost-effective means
of ventilation, such as opening windows to prevent airborne
Remark CRE LMAA (s)

Exhaust Patient Medical
staff

ed, with pressure regulation 0.9568 99.893 100.41
with air-conditioned fresh
AHU

2.1890 88.4 55.48

age of the air; AHU, air handling unit.
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disease transmission, but weather conditions and prevailing
wind directions are by no means controllable.38,39 Thus, the
makeshift ventilation design discussed here is a practical and
effective alternative when catering for surges in isolation
patients during pandemics.
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