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Abstract

Ventilation guidelines for airborne infection isolation
rooms (AlIRs) are highly variable in different countries
indicating lack of actual knowledge about the guidance
needed. However, US guidelines for AlIRs are extensive
and have been widely adopted outside the US. AlIR
performance has also been evaluated in numerous
studies. For a long time, the aim has mainly been to
evaluate how well the existing AllIRs meet US guide-
lines. For historical reasons, mixing-type ventilation has
been emphasised and attention has been paid to air
exchange rates, although the use of auxiliary devices,
such as portable room-air cleaners and ultraviolet
germicidal irradiation systems, has also been examined.
Recently, the scope of the investigations has been
widened. The most crucial issue is to minimise the
potential for disease transmission and prevent the

escape of contaminated air from the AIlIR. Airflow
direction inside the AlIR is also important and AllRs
minimise air leakage to save energy. On the other hand,
it has been observed that efficient containment can be
achieved even by using simple and inexpensive con-
struction by considering pressure differential and air
flow patterns. Nevertheless, additional research is needed
to assist hospitals with improving their preparedness to
cope with the threat of pandemics by building and using
effective AllRs.

Introduction

Airborne infection isolation rooms (AIIRs) are used for
patients with known or suspected infectious disease that
spread via small particles originating from mucus and
skin. These diseases include tuberculosis (TB), varicella
(chicken pox) and rubella (measles). Very hazardous
infections, such as Ebola and severe acute respiratory
syndrome (SARS) also require infection isolation, and it is
important to implement isolation strictly in the early stage
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of the outbreak; e.g. the SARS outbreak in Canada in
2003 was initiated by a single case. In addition, suspected
influenza patients may be isolated if there is a threat of
pandemic outbreak (avian, swine influenzas).

When airborne transmission is a concern, isolation is
usually achieved by negative pressure in an AIIR. In addi-
tion to general ventilation, other control methods such as
local exhaust ventilation, high-efficiency particulate air
(HEPA) filtration and ultraviolet germicidal irradiation
(UVGI) are applied to prevent the spread of infectious
agents. Considerable research has been done in this area in
the US, and several AIIR guidelines have been produced.
Much of this work has been done during the past 15 years.
In the UK, guidance has also been issued for the design
of a neutral pressure isolation room with a positively
pressurised anteroom [1,2].

This paper presents a review of the current scientific
knowledge of performance of AIIRs. The review focuses
on airborne transmission of infections, ventilation strate-
gies and current conception of the use of auxiliary devices
in AIIRs, such as portable room-air cleaners and UVGI
systems to prevent the spread of infectious agents.

Pathogen-Containing Particles

Among infections that are transmitted through air,
tuberculosis (TB) has been studied most widely. It has
been generally assumed that pathogen-containing droplets
produced by coughing and sneezing quickly evaporate to
droplet nuclei, the size of which is<5um and which
remain airborne for a long time [3]. The facile transmission
of TB in air was demonstrated in the 1950s through
experiments in which guinea pigs were exposed to the air
vented from a TB ward and became infected. However,
these size estimates were based mainly on the assumption
that the alveolar region is the target size. Even though
2 um TB bacilli droplets seem to be clearly more infective
than 12 pm particles, infection can also occur in the upper
respiratory tract [4].

Historically, the risk of droplet transmission has been
thought to reach only to a distance of 1 m. This is partly
because of the limitations of sampling methodology used
in those days. Based on results obtained by high-speed
photography or counting of droplets after collection on a
slide or plate, it was concluded that droplets were coarse
and they settled quickly. Even though Im is still con-
sidered to be the limit between short-range and long-range
airborne infection routes, the distinction between droplet
and airborne transmission has been found to be difficult.
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Aerosolised particles up to 100 um can remain suspended
in air when room-air currents exceed the particle-settling
velocities [5]. Droplet sizes are often classified as large
droplets (> 60 pm), small droplets (<60 pum) and droplet
nuclei (< 10 pm). ASHRAE [6] considers the mass median
aerodynamic diameter (MMAD) of 10um as the upper
size limit for airborne transmission. Small droplets may
participate in short-range transmission, but before falling
out of the air, they are more likely than large droplets to
evaporate to become droplet nuclei and have the potential
for long-range airborne transmission. However, estimates
given by different researchers for droplet emission and
their behaviour in the air vary with measurement method-
ology, tested individuals, expiratory activities, environ-
mental conditions (relative humidity, temperature), and
timing used in the investigation, which largely explains
different results. In addition, test subjects have usually
been healthy young individuals, which probably emit
droplets with different size and concentration than unhealthy
persons. According to theoretical estimates, Xie et al. [7]
have shown that droplets with initial sizes between 60 and
100 pm can totally evaporate before falling a distance of 2 m.
These droplets can be carried over 6 m away by exhaled air
at velocities produced by sneezing (50m-s~") and over 2m
away at a velocities produced by coughing (10m-s~'), but
less than 1m away at velocities produced by breathing
(1m-s™"). Yang et al. [8] analysed coughed droplets from 54
healthy test subjects, found the droplet size to range from 0.6
to 16 um. They also analysed the size of initial droplets, and
found that the mode was at 8.4 um. The size of droplet nuclei
formed was in the range of 0.6-5.4 um, 82% of them being
smaller than 2.1 pm.

Modern optical on-line instruments are capable of
measuring wide particle size distributions with real-time
response. These new devices have given new perspective to
the formation of droplet nuclei. Morawska et al. [9]
measured particles in exhaled air at a distance of 10 mm
from the mouth by aerodynamic particle sizer (TSI model
3312 A; detects particles in diameter range 0.3-20 um) and
found that most of the particles were below 0.8 um. The
highest number of particles was generated during speaking
(average concentration in the size range of 0.5-10 pm with
1.088 particles-cm ™), followed by coughing (respective
average was 0.678 particles- cm ). Their results were similar
to those obtained by Papineni and Rosenthal who were
using an optical particle counter (Climet model C17300)
[10]. They also noticed that exhaled droplets from healthy
human subjects were mainly (80-90%) less than 1 um, much
smaller than previously detected.
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Fig. 1. Diagram of an airborne infection isolation room.
Note: The arrows show the direction of air flows.

They did not investigate sneezing, which appears to
generate the highest number of particles. Sneezing intro-
duces up to 40,000 droplets [5], whereas a cough or talking
for Smin generates 3000 droplet nuclei [11]. A flow rate of
8.1L-s™' has been given for coughing with the initial
velocity of 30 m-s™', which decreased to about 2m-s~' one
metre away from the mouth [12]. The particle numbers
were approximately 107 for coughing (< 10pum) and 10°
for sneezing (<40 um) [13]. As a summary, there is no
clear unanimity on the issue. ASHRAE [6] has concluded
that there is not enough data to describe the particle size
distributions of cough-generated aerosols. In addition, it
has been advised to pay attention also to agents, which,
under special circumstances, may be transmitted through
the air [14]. This group includes, in addition to SARS-
causing corona virus and influenza viruses, several other
pathogens; for example, Staphylococcus aureus, adeno-
viruses, respiratory syncytial virus (RSV) and rhinoviruses
[15]. Even though coughing generates the highest particle
concentrations, it should be kept in mind that infectious
aerosols may also be generated during normal breathing;
for example, influenza patients have been shown to emit
submicron particles containing influenza virus also during
their tidal breathing [16].

Pressure Difference and Ventilation

A diagram of a typical negative pressure isolation room
with designed air paths and pressure monitoring is shown
in Figure 1. The isolation room is a single-patient room
with a bathroom and anteroom. The protection between
the isolation room and adjoining areas is established by
pressure differential, while staff protection inside the AIIR
(outside the 1-m droplet transmission range) depends on
air flow patterns within the AIIR, which are affected
by the location of supply and exhaust diffusers [17].

586 Indoor Built Environ 2011;20:584-594

The patient should be placed in a well-ventilated area of
the room [18]. Mixing ventilation systems are commonly
used in hospital rooms, but displacement ventilation
systems are also used [19,20]. To maintain the negative
pressure, the exhaust air flow rate must be greater than the
supply air flow rate.

In the US, the pressure difference recommendation was
only 0.25 Pa until the year 2000. According to the most
recent US guidelines, the negative pressure of the room
should be at least 2.5 Pa and ventilation > 12 ACH (air
exchanges per hour) for new AIIRs and 6 ACH for
existing rooms [15,21-23]. However, national and inter-
national guidelines for AIIRs vary considerably. For
example, a high pressure difference (Ap) of 30 Pa is
recommended in Australia [24]. There is not sufficient
scientific evidence for the pressure difference limit values
needed to prevent the escape of infectious air from the
AIIR. Technically, small Ap is difficult to maintain
constantly in variable weather conditions, especially if
the AIIR is untight. In addition, even if Ap between the
corridor and AIIR is adequate, some air always escapes
during ingress and egress of staff between corridor and
AIIR. There should be a permanently installed pressure
monitor. Airflow movement should be from clean area
towards the patient. The velocity of air should not exceed
0.25m-s~' [25]. The door should be self-closing. However,
AIIRs with an anteroom may deviate from the above
ventilation guidelines, especially if the patient is also
immunocompromised [21].

The ventilation characteristics have been widely inves-
tigated. Studies have usually included mechanical supply
and exhaust flow rates, air velocities and directions,
and differential pressures. In addition, blower door and
smoke tube tests have been conducted to investigate AIIR
leakage.

Tracer gas measurements have been done to determine
effective air exchange rates and to study exfiltration of
air into the anteroom and hallway. The dispersion of
infectious particles has been simulated with tracer gases
and aecrosols. Sulphur hexafluoride has been widely used
to test isolation rooms [26]. Acrosol tracers have included
fluorescent oleic acid [27], mineral oil [28], fluorescent
plastic microspheres [29], and potassium iodide [26]. The
generated particles should ideally have similar aerody-
namic size as the actual airborne pathogens. However, the
air velocity in AIIRs are so high due to efficient ventilation
that tests conducted using a gas tracer and 3-5pum salt
particles provide a good representation of the behaviour of
two bacteria (Bacillus subtilis and S. aureus) [30]. A patient
in the bed generates a turbulent thermal plume, which may
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affect the spread of small infectious particles released by
the patient [31]. The study made by Cheong and Phua used
computational fluid dynamics (CFD) modelling supple-
mented with tracer gas tests indicated that exhaust
openings should be located at low levels and near the
patient [32]. Tests were made in single-patient isolation
room (16m?) with unrealistic high ventilation rates of
29.9 ACH. Controversially, Qian and Li came to conclu-
sion by using experimental (tracer gas SFy and particles)
and computational (CFD) methods that more efficient
removing of fine particles and gaseous compounds were
achieved by using ceiling-level exhaust than using floor-
level exhaust close to the bed heads [33]. They came to the
conclusion that impurities flow upwards more easily than
downward because of the thermal plume by the patient.
Even for the large particles (=40 um), deposition played a
major role for removing; indicating that floor-level
exhaust was not much more efficient in removing particles
than the ceiling-level exhausts. Floor-level exhausts were
also said by healthcare workers to be inconvenient,
because they were located close to the bed heads where
space is needed for clinical use. Qian and Li made tests in
six-bed isolation room with supply ventilation rate of
12 ACH, while the exhaust was 13.2 ACH.

Tracer gas studies done in a test chamber simulating an
AIIR (one supply air vent on ceiling and one exhaust
vent behind bed) indicated that best protection for the
healthcare workers was achieved with the highest pressure
difference (—15Pa) and ventilation rate (24 ACH). However,
the former was more important so that —15 Pa/12 ACH was
more effective than —8 Pa/24 ACH. This was attributed to
larger air flow through door gaps in the former situation [34].

Alevantis et al. [35] studied the leakage of environ-
mental tobacco smoke from 23 smoking areas to adjacent
non-smoking areas and concluded that some of the
smoking areas had characteristics similar to those of
AlIRs. Based on tracer gas measurements in five such
smoking areas, they suggested that the negative pressure in
an AIIR should be at least —7 Pa to prevent the leakage
from exceeding 1%. However, the similarity of these
smoking areas with AIIRs was limited to exhaust to the
outside and no intended air recirculation. Their ventilation
rates were lower and two of these five smoking areas were
overpressurised.

Ideally, room airflow should be laminar. This is, however,
difficult to achieve in reality due to spatial restrictions and,
consequently, turbulence eddies cause airborne pathogens to
recirculate within the room space [36]. There should be no
furniture in the path of the airflow from the air supply vent

AIIRs — A Review of Experimental Studies

to the exhaust terminal, which should locate near the patient
[32,33].

Studies done in the US indicate that the US ventilation
guidelines are often violated in AIIRs. The large surveys
conducted in the 1990s, showed that 28~45% of the rooms
investigated were even positively pressurised relative to
surrounding areas [37-39]. Saravia et al. [40] found that
only 32% of the 672 AIIRs investigated achieved the
recommended pressure difference of —2.5 Pa relative to
surrounding areas, 9% of the rooms were positively
pressurised. The ventilation recommendation of 12 ACH
was fulfilled in 51% of the rooms. Permanently installed
pressure monitors were in 76% of the rooms. Self-closing
doors were installed in 36% of the rooms. The particle
concentrations in the AIIRs were more similar to concen-
trations in the surrounding areas than in the supply air,
suggesting that more of the air entering the AIIRs came
from the surrounding areas than from the supply air.
Presumably air flow leakage rates were responsible for
similar particle concentrations. Li et al. [41] evaluated
ventilation performance of SARS isolation wards in nine
hospitals in Hong Kong. They found that the pressure
difference criteria of —2.5 Pa was met in 97% of the 38
rooms tested (mean —7.7 Pa for all the rooms tested).
However, high fluctuation of the pressure difference
(highest value 38 Pa) was detected, and it was found to
depend on age of HEPA filter and the supply and exhaust
fans. Replacement of the exhaust HEPA filter increased
the pressure difference. In spite of using state-of-the-art
technologies, 28% of the tested AIIRs had ACH < 12.

Pressure difference fluctuation was also monitored in
four AIIRs with anterooms and eight standard rooms at
the University of Minnesota Hospital [42]. The study was
conducted in 1996 when the pressure difference guideline
for AIIRs was still —0.25 Pa. The mean pressure difference
(—0.3 Pa) was only slightly higher in the AIIRs than in
the standard rooms (—0.2 Pa). In addition, the AIIRs
with anterooms had more pressure fluctuation than the
standard rooms. However, most of the AIIRs and their
anterooms had an overall negative pressure as intended.
The ventilation rates were greater than 6 ACH but less
than 12 ACH.

Door-slot and other types of leakage are important for
the performance of AIIRs. Hayden et al. [43] studied
leakage area, flow differential, and pressure difference in
an experimental room where leakage areas were known.
He developed the following model (in SI units) between
leakage area (A), pressure difference (Ap) and the flow
differential (AQ =exhaust flow rate —supply flow rate):
A=4.891-A0""°/Ap*€°% This model can be useful in
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helping to design an AIIR that performs well and is
energy efficient. In the US, the gap under a standard
door is approximately 1cm (0.02m?). If the pressure
difference is 2.5Pa, the air velocity in the slot would be
about 2m/s [44].

Insufficient tightness in joints and penetrations in the
room envelope makes it difficult to control air flow rates
and pressure differentials. Often, unintended leakage
sources, such as electrical and other outlets, ceiling, and
plumbing dominate. The tests conducted in 8 real isolation
rooms indicated that, in addition to the door, the ceiling is
the other major contributor to the leakage [45]. Isolation
rooms with solid ceilings had an average pressure differen-
tial of —4.4 Pa whereas the differential was —2.0 Pa in the
rooms with suspended ceilings. The calculated airflow
differential required for the pressure difference of 2.5 Pa
was also smallest (2029 L-s™") in two rooms with solid
ceilings and which were made as airtight as possible during
construction. The corresponding offset flow requirements
ranged from 99 to 148L-s™' in rooms with suspended
ceilings. However, it was possible to decrease the leakage
about 50% (achieving offset flow requirements of 68 and
79L-s™") by remodelling (two rooms) of the suspended
ceiling by replacing them with tighter ones. The study also
indicated that the (125cfm, 59 L-s™') airflow differential
which has been used as an US guideline is too low for
suspended ceiling rooms.

Flow rate differential between the exhaust and supply
air was the only statistically significant factor in determin-
ing the migration of air from the AIIR to the area outside
of the room during ingress or egress in the tracer gas tests
conducted by Hayden et al. [46]. The type of door
(swinging or sliding), nominal leakage areas into the
AIIR, or pressure differential showed no major effect (as
pressure difference was mostly lost when the door opened
as did the overwhelming effect of the area of the open door
negate existing AIIR leakage area effect). Marshall [18]
suggested that the ventilation standards should, in prin-
ciple, be based on airflow per patient instead of using air
changes per hour according to the general principles of
source control. The patient is the source of infectious agents
in an AIIR. The recommendation of at least 12 ACH would
correspond to 410m>-h~" per patient in a standard 23 m?
room. However, the present practice is convenient if dilu-
tion ventilation is applied, because the number of air changes
affects the decrease rate (via dilution) of the concentration of
the infectious aerosol after a release event, such as cough or
sneeze. There is some evidence that low ventilation rates
(ACH below 2h™") are associated with increased infection

588 Indoor Built Environ 2011;20:584-594

rates or outbreaks of airborne diseases in healthcare

settings [47].

Anterooms and Restrooms

Anterooms provide additional protection, especially
when the isolation room door is opened. The anteroom
also provides a convenient location for hand washing and
possibly for storage of respirators. There are three main
anteroom airflow strategies: (1) negative isolation room/
balanced anteroom strategy, (2) positive pressure in the
anteroom, and (3) negative pressure in the anteroom
[21,48]. Strategy 1 is probably the most commonly used. In
this scenario, exhaust flow clearly exceeds the supply air
flow in the isolation room but there is balanced ventilation
in the anteroom. It provides dilution and two door
barriers. In addition, healthcare workers do not need to
wear respiratory protection prior to entry into the ante-
room. In strategy 2, positive pressure in the anteroom can
improve negative pressure in the isolation room but may
push microbes into the corridor if those, nevertheless, leak
to the anteroom. In strategy 3, negative pressure in the
anteroom helps to prevent leakage to the corridor but
simultaneously can reduce the negative pressure of the
isolation room. In this case, healthcare workers must also
wear respiratory protection prior to entering the ante-
room. Strategy 2 is recommended especially for contagious
patients who also are immunocompromised. The British
version of strategy 2 is described later as a neutral pressure
isolation room.

Tracer gas test conducted in four similar, strategy 3-type
AIIRs in a new Norwegian hospital indicated that complete
containment could not be achieved in spite of high negative
pressure differentials (approximately, 15 and 30Pa for
corridor-anteroom and corridor—patient room, respect-
ively) and high ventilation rates (15-21 ACH in the patient
room and 4447 ACH in the anteroom) [49]. The initial
dilution factor in the anteroom after moving from the
patient room to the anteroom was only about 16 but
increased to 150 by waiting 3min in the anteroom. The
dilution factor was about 3000 in the corridor at 10 min
after the release of the tracer.

Surprisingly, few studies on the effect of the anteroom
on pressure differences of AIIRs have been conducted.
Dahl et al. [50] investigated 156 AIIRs with smoke tests
and found that 51% of them were under negative pressure,
and that the presence of an anteroom was associated with
negative pressure. On the other hand, Saravia et al. [40]
did not find any significant influence of the presence of an
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anteroom upon the pressure differential of AIIRs.
Streifel et al. [S1] followed the pressure conditions in an
un-occupied AIIR over a week during which the doors
were occasionally opened. The supply air flow was
80 L-s~' and exhaust rate 110 L-s~'. The offset flow was
thus only 30 L-s~'. The ceiling had many small holes. The
average pressure difference between the patient room and
the anteroom (its ventilation data were not given) was low,
—0.36 Pa. The average difference between the patient
room and the hall was even lower, only —0.03 Pa. During
door openings between the anteroom and the patient
room, the pressure differential between these rooms
increased to —30 Pa for a few seconds. However, there
was a reverse pressure pulse of 10 Pa after closing the
door.

The bathroom should always be negatively pressurised
relative to the patient room. The bathroom of the AIIR
studied by Streifel et al. [51] had a negative pressure of
—0.50 Pa relative to the patient room. However, in a
recent study, Li et al. [41] noticed that there were air flows
outwards in 40% of 57 bathrooms tested when the doors
were closed although there was no mechanical air supply
in bathrooms [41]. The reason for this was due to wrong
sealing of the pipes in the suspended ceiling. Bi-directional
flow was also detected in over 90% of the other doors
tested (corridor—anteroom or anteroom—AIIR).

Neutral Pressure Isolation Room

The principle of a neutral pressure isolation room
incorporates a positively pressurised ventilated anteroom
(lobby) providing a barrier to airborne infection originat-
ing within the isolation room, whereas the pressure
differential between the isolation room and the adjacent
corridor is close to zero [2]. This kind of isolation also
provides protection against microbes originating in the
corridor (i.e. protective isolation) and is an alternative for
switchable isolation rooms that can be set to function
with either negative or positive pressure rooms. However,
the design offers no pressure differential to protect
against airflow from the patient room into adjacent
(non-anteroom) areas by means of cracks or gaps
around room penetrations. The design pressure in the
anteroom is 10 Pa above that in the corridor when all
the doors are closed. The isolation room is intended to
have 10 ACH mixing ventilation [2].

In the tracer gas tests conducted in a full-scale experi-
mental facility with suspended ceiling and air leakage of
1L-s 'm™ at 20 Pa (5m*h~"m~? at 50 Pa), there was

AIIRs — A Review of Experimental Studies

only small migration from the isolation room to the
corridor when all the doors were closed (the protection
factor i.e. dilution ratio was 10°). However, tracer gas
entered the anteroom after door opening but only a very
small loss of tracer from the anteroom to the corridor was
observed. On the other hand, this kind of arrangement
does not provide protection to healthcare workers within
the isolation room and the use of appropriate personal
protection equipment (PPE) is needed [2].

Local Exhausts, Filtration and Portable Air
Cleaners

Source-control techniques can prevent or reduce the
spread of infectious aerosols into the air. Due to the
thermal plume generated by the patient, local exhausts
control infection spread most effectively when placed
above the patient’s head [27,31]. However, room-air
motion affects the dispersion of expiratory droplets [52].
In addition, it is difficult to achieve a capture velocity high
enough without causing thermal discomfort and noise for
the patient.

On the other hand, source-control techniques have been
used especially during critical procedures of TB patients
(e.g. bronchoscopy, sputum induction, endotracheal intu-
bation, and aerosol treatment). According to the Centers
for Disease Control and Prevention (CDC) guidelines, [21]
HEPA filter should be incorporated at the discharge duct
of exhaust from enclosing devices (booths and tents) and
local exhaust hoods. A HEPA filter can arrest 99.97% of
0.3um particles. It is crucially important to capture
infectious microbes near the source before they are
dispersed throughout the room. If a hood is used, the
patient should face directly into the opening of the hood
and the control velocity should be 1 m-s~'. HEPA filters
can also be used to remove infectious particles (especially
TB droplet nuclei) from air that is recirculated or
exhausted directly to the outside. The exhaust fan should
be located on the discharge side of the HEPA filter to
ensure negative pressure before the filter. Commercially
available booths, tents, and hoods generally include
HEPA filtration and no additional filtration is needed [21].

Roome-air cleaning and recirculation can be used if the
general ventilation system is incapable of providing
sufficient air exchange. Recirculation of HEPA-filtered
air can be done with the general ventilation system or
using separate HEPA recirculation units [21]. The
efficiency of room-air recirculation systems is often
expressed as equivalent ventilation rate, i.e. the ventilation
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rate that is needed to achieve the same disappearance rate
of microbes. Usually, clean air delivery rate (measures how
much clean air an air purifier delivers to a room per unit
time) is also given. Commercial portable filtration units
have flow rates from 200 to 2000 m*-h~'. Equivalent ACH
can exceed 20 [21]. When a portable unit provided 13 ACH
in a hospital room it removed 90% of particles larger than
0.3 um within 5-8 min. The flow rate appeared to be the
most important factor for particle removal [28].

With the exception of electrets filter media, the pressure
drop across the filter increases with the efficiency of
the filter. Although new HEPA filters having large surface
areas cause relatively low pressure drop compared to the
previous HEPA types, they, nevertheless, cause larger
pressure drop (i.e. higher energy demand) than 90%
efficient filters. In applications, where air flow is crucial,
such as in-rooms air filtration and dilution ventilation for
TB infection control, the use of a 90% efficient filter
instead of a HEPA filter presumably reduces the removal
efficiency only marginally. The efficiency of in-room air
filtration can be estimated reasonably well using a
completely mixed room model [53].

When filters are installed, care must be taken to prevent
leakage between the filter segments and between the filter
bed and its frame. Persons performing maintenance and
replacing filters should wear respirators, eye protection,
and gloves [21].

UVGI and lonisation

Both UVGI and negative air ionisation appeared to
provide effective control against airborne transmission of
tuberculosis when the classical experiment where guinea
pigs were exposed to exhaust air from a TB ward was
recently replicated. In this test that lasted for 535 days,
UVGI prevented 70% of TB infection and 54% of TB
disease. The corresponding percentages for ionisation were
60% and 51% [54]. UVGI lamps are used especially in the
AIIRs of TB patients. The optimal germicidal effect is
obtained with UV-C (A =254 nm) radiation [1,55]. In order
to prevent human exposure (the main risk is inflammation
of the cornea of the eye), the irradiation should be arranged
either as induct or upper-room air irradiation. In the
former, UV lamps are installed inside the exhaust ducts of
the recirculating air-handling system. In the latter system,
UV lamps are mounted on the ceiling or on the upper parts
of the walls. The lamps must be shielded to direct radiation
upward to prevent exposing people. The ceiling and wall
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should be painted with non-reflecting coatings. The upper-
room UV is generally used [36,56].

Portable filter units and UVGI can be applied simul-
taneously, and their removal rates are additive [57]. The
cost of UVGI is low; therefore, it can also be used in
resource-limited settings [54]. UVGI is silent, draftless and
energy efficient. Even though the efficiency of UVGI was
demonstrated long ago, little research followed after
development of effective antibiotics. The widely applied
US guidelines; one 17-W suspended lamp or one 30-W
wall lamp per 19m? of floor area is largely based on
experiments done in the 1970 s [36]. However, after the rise
of multi-drug-resistant tuberculosis, the research has been
activated again. The spread of infections caused by human
immunodeficiency virus (HIV) is another reason for
increased concern about tuberculosis, because reduced
immunity may lead to activation of a dormant tubercu-
losis infection.

Recently, CDC/NIOSH [58] published new compre-
hensive UVGI guidelines, which provide an overview of
the current knowledge concerning upper-room UVGI
systems. Although other pathogenic microorganisms may
be killed or inactivated by UVGI, the guidelines were
developed especially to control mycobacteria.

The effectiveness of UVGI is also often expressed as
equivalent ventilation. Equivalent ventilation rates as high
as 10 ACH were reported for mycobacteria in the experi-
ments conducted in the 1970s [59]. This was also the
experiment on which the above US recommendations
are based. However, the shields added to the lamps to
improve their safety to occupants also reduce their effici-
ency [36]. The efficiency also depends on the particle size
of the airborne microbes (microbes contained in small
particles are more sensitive) and humidity of air (decreased
susceptibility at high humidity). In addition, the sensitivity
of microbes varies. Mycobacteria are intermediate in their
sensitivity [1,36,60] However, equivalent ventilation rates
of 4-6 ACH were detected even for B. subtilis, which is
tolerant microbe with a single 15-W lamp in a 36 m® room
[61]. On the other hand, little is known concerning the
effective practical application of UVGI in hospitals [36]. In
addition, UVGI suffers from an inherent problem: as the
ventilation rate increases, the length of air irradiation time
decreases. The optimal relationship between them is not
known and is likely to be organism specific. According to
CFD simulations, the optimum ventilation rate is about 6
ACH when UVGI is used [62]. The simulations also
suggest that particle deposition on surfaces is an important
factor. The buoyancy effects are also important in the
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CFD simulations and non-isothermal simulations should
be performed [63].

The recommended threshold limit value for an 8-h
period for UV-C is 6.0 mJ.cm 2. For other exposure times,
the permissible exposure time in seconds is 0.006 J-cm ™2
per measured irradiance level (W-cm™2). This exposure
limit may be exceeded by the use of UVGI and, therefore,
the exposure levels should always be measured [60].

Artificial ionisation of air (usually with negative charge)
leads to unipolar ionisation of airborne particles, which
consequently repel and migrate towards surfaces and
are eventually deposited onto walls and other charged
surfaces. Ionisation is a controversial method. It has been
claimed to have beneficial biological effects, but the results
have been inconsistent. In addition, the ion generators
may also produce ozone. Air ionisation has its maximum
effect on particles that are about 0.02 pm in size; efficiency
decreases below this size due to slow charging rate and
above this size due to small electrical mobility of particles
[64]. Tonisation was found to prevent the transmission of
Newecastle virus-containing particles in experiments car-
ried out with chickens [65]. Ionisation was also found to
decrease the concentration of rather large S. aureus
bearing skin particles in a burn unit [66]. As a possible
explanation, it was suggested that the shedding of micro-
bial particles was inhibited by their immediate charging
causing their fixing to their origin. Recent studies have
shown that most of the reduction of biological particles
due to air ionisation occurs though the physical removal of
charged particles and not through inactivation of viable
microorganisms [67]. As mentioned earlier, negative
ionisation caused a significant reduction of TB infection
and disease in guinea pigs exposed to air from a TB ward
[54]. Even though negative air ionisation has not yet been
studied in conjunction with human TB infections, it has
been found to reduce Acinetobacter infections in an
intensive care unit. On the other hand, no change in
methicillin resistant S. aureus cases was detected [68].

Temporary Negative Pressure Isolation

During large-scale airborne infectious disease out-
breaks, the normal AIIR capacity is insufficient to meet
the increased needs. In the US, several authorities and
organisations have provided instructions on building
temporary negative pressure isolation (TNPI) installations
for such situations. Researchers from Minnesota [69] and
Oklahoma [70] have given detailed instructions for
building TNPIs.

AIIRs — A Review of Experimental Studies

The Minnesota guidelines limit the use of curtain TNPI
for non-ambulatory patients. The plastic sheeting must
also be fire-rated. The preferred method to clean con-
taminated air and induce negative pressure is to provide an
ordinary room with a portable HEPA filter machine and
to discharge the air to the outside or to a return air system.
TNPI can be provided with a portable anteroom [69].

The expedient isolation zones of the Oklahoma guide-
lines, which were constructed by using portable particulate
air filtration and full-length plastic curtains, have also
been tested. In the tests conducted in containments erected
around two adjacent beds, the total HEPA unit flow
rate was 930 m>-h~', which provided 32 ACH within the
enclosures. In the aerosol generation tests, the contain-
ments were effective in maintaining particle containment.
Mean respirable particle counts were from 30% to 87%
lower at the healthcare worker position than those
measured near the patient. Particle concentrations outside
the containments could not be distinguished from back-
ground [70,71]. The results of these tests have also been
presented as protective time equivalent (PTE), which indi-
cates the equivalent waiting time (provided immediately)
for safe entry (99% of airborne particles cleaned) into
potentially contaminated area as compared to a tradition-
ally isolation room with 12 ACH. A 69-min wait before re-
entry is needed with the recommended ventilation rate of
12 ACH. The mean PTE was similar, 87-88 min, for both
of the configurations studied [72].

Conclusion

There is a great variation in national AIIR guidelines.
Even the US guidelines, which are the most extensive ones
and periodically updated, do not contain definite back-
ground data. The performance of AIIRs has been tested in
numerous studies. The main aim has traditionally been to
find out how well the existing AIIRs would fulfil the
national, especially US guidelines. Probably due to histor-
ical reasons, mixing-type ventilation has been emphasised.
Thus, a lot of attention has been paid to air exchange rates.
However, it is easy to calculate that even if the ventilation
rate exceeds the recommended 12 ACH, the waiting time for
safe entry after release of airborne pathogens into an AIIR
would be unrealistically long, about 1h. Nevertheless,
because the risk of infection is proportional to the con-
centration of infectious agents in the air, adequate ventila-
tion reduces the risk of infection. In addition, studies have
shown that a better protection of the healthcare workers is
achieved by providing supply air from the ceiling in the
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front part of the room and directing air flow towards the
patient. However, results obtained about the location of
exhaust air whether the near patient head or ceiling level are
diverse and need to be studied more. Nevertheless,
personnel should always wear proper respirator protection
when entering an AIIR with a contagious patient. The most
crucial requirement for the proper function of the ventila-
tion system is that it should minimise the escape of
contaminated air from the AIIR. This can be accomplished
by removing or diluting infectious agents in the air and
maintaining sufficient negative pressure between the AIIR
and adjacent spaces. It is also important that the AIIR
structures minimise air leakage because a tight room saves
energy by minimising offset and exhaust volume to achieve
the desired pressure differential. It is important to inspect
the AIIR for air leakage already during and after con-
struction. An anteroom increases the protection of an AIIR,
especially during door opening. There are, however, insuffi-
cient data to optimise pressurisation between the corridor,
anteroom, and AIIR.

Recent investigations on TNPI have demonstrated that
good containment can be achieved through simple and
inexpensive construction if good air flow patterns are
created. On the other hand, complete containment seems
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