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KEYWORDS Summary Negative-pressure isolation rooms are required to house patients
Isolation rooms; infected with agents transmissible by the aerosol route in order to minimise
HCAI; exposure of healthcare workers and other patients. Housing patients in
Infection control; a separate room provides a barrier which minimises any physical contact

Airborne infection;
Built environment;
Multi-drug resistant

with other patients. An isolation room held at negative pressure to reduce
aerosol escape and a high air-change rate to allow rapid removal of aerosols
¢ . can eliminate transmission of infectious aerosols to those outside the room.
uberculosis; . . . .
Tracer gas test; However, badly designed and/or incorrectly operating isolation rooms have
Tl Geekele been shown to place healthcare workers and other patients at risk from
airborne diseases such as tuberculosis. Few standards are available for
the design of isolation rooms and no pressure differential or air-change
rates are specified. Techniques such as aerosol particle tracer sampling and
computational fluid dynamics can be applied to study the performance of
negative-pressure rooms and to assess how design variables can affect their
performance. This should allow cost-effective designs for isolation rooms to
be developed. Healthcare staff should be trained to understand how these
rooms operate and there should be systems in place to ensure they are
functioning correctly.
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Introduction

Effective interventions to interrupt transmission of
infection in hospitals should be based on knowledge
of the relevant transmission mechanisms involved.
Unfortunately there is a lack of evidence-based
knowledge of such transmission mechanisms,
with much “fact” established by retrospective
observation and anecdote. Most infections will
have multiple routes of potential transmission and
some will have an airborne route as one of those
routes of transmission. A true airborne route (i.e.
solely transmission by a particle so small that it has
neutral buoyant density and will remain airborne
for long periods) is currently thought to be rare.
Aspergillus spp. constitute one group of pathogens
thought to be transmitted primarily by aerosols
and are present in the hospital environment.’
However, most pathogens will be transferred by
direct or indirect contact, or by larger temporarily
airborne particles (>10um “droplets”) that will fall
to the ground within 2 metres of their point of
generation.?

The acute hospital environment

Infection control teams (ICTs) should be consulted
for their input on any building project in
a hospital [www.pef.scot.nhs.uk/guest/SHFN30/
SHFN30V2.pdf]. When building isolation rooms, the
ICT’s input should be to provide specifications
of isolation rooms together with the estimated
number of rooms required by defining indications
of use, and infection hazards, such as the
aspergillus risk to highly immunocompromised
patients, from the building work itself.3® In
construction projects, experience shows it is
important for the ICTs to work together with both
the project team (e.g. an independent commercial
contractor) and the management of each individual
unit.

The revised guidance for acute in-patient
accommodation for adults in general wards in the
UK is in draft stage at the time of writing and it
is likely that there will be infection control ben-
efits [www.hefma.org.uk/news/hbn4consult.pdf].
For example, these include increased distances
between beds due to the requirements for
patient hoists, an increase in the proportion of
beds in single rooms as well as the proportion of
single rooms with en suite toilets and showers, and
a decrease in the numbers of beds in bays. All these
improvements are due to the requirements for
patient safety, such as nosocomial infections, and
patient comfort and privacy during their hospital
stay.

Patient or source isolation

The isolation of patients is not an abrupt jump from
no isolation to full isolation. There is an incremen-
tal process from a basic set of infection control
measures (general or standard precautions) meant
to prevent dispersion or acquisition of unknown
infectious agents, through to increased precautions
on the ward as infection or colonisation becomes
known or suspected (particularly if there are
no single rooms available). In addition there is
cohorting on wards or in bays, to the use of non-
specialist single rooms (preferably with their own
toilet and bathing facilities) and finally the use of
specially-engineered isolation rooms if there is an
airborne element to transmission.”

Interest in the use of airborne isolation rooms has
increased due to the occurrence of new emerging
diseases such as severe acute respiratory syndrome
(SARS),® avian influenza® and multi-drug resistant
tuberculosis (MDR-TB)." The recognition of the
possibility of pandemic outbreaks of influenza has
required authorities to put in place “emergency
planning” for dealing with infected patients that
may require isolation,'%'" although with influenza,
airborne isolation is not thought to be an issue
unless specific “aerosol-generating procedures”
are occurring such as bronchoscopy or sputum
induction. Isolation rooms can be used to constrain
the spread of small-particle aerosols, which some
evidence suggests may play a role in all these
diseases.'? In order to maximise the use of such
specialist facilities there can be financial issues
for these rooms to be multifunctional, i.e. to be
used as non-specific pressure (low risk — normal
use), negative pressure (protection of healthcare
workers and visitors in the room, and healthcare
workers and patients outside the room) or positive
pressure (highly immuno-compromised patient
protection from inhalation of fungal spores if the
incoming air is filtered by a “High Efficiency Par-
ticulate Air” filter [HEPA-filtered]). Isolation rooms
which can be switched from one functional type to
another such as changing a positive-pressure room
into a negative-pressure room are highly hazardous
and should be avoided due to the possibility of use
at the incorrect pressure regime. If multifunctional
facilities are to be used staff must be trained
correctly, rooms must have written operating and
auditing procedures, and in addition electronic
warning systems and alerts must be in place.

Airborne infection in hospitals caused by
inappropriate use or design of facilities

Schwartzman et al. in 1996'3 carried out a study
of tuberculosis infection in healthcare workers in
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two hospitals in Montreal in which they found a
high incidence (over 2% annual risk) in tuberculin
reactions and conversions. Major deficiencies in
the ventilation systems of both hospitals were
noted. There was no negative pressure in the
bronchoscopy and sputum induction rooms in all
but the most recently built isolation suites. Very
low air-change rates were found in many areas
of both hospitals. The hospital with the higher
incidence of tuberculosis infection had the least
effective isolation ventilation system.

An outbreak of MDR-TB occurred in London
in the 1990s when a patient with MDR-TB
was inadvertently placed in an isolation room
at positive pressure on a ward where a high
proportion of patients were immuno-compromised
by HIV infection and thus highly susceptible to
TB infection.' This demonstrates the operational
problems when the two types of room occur close
together. In the USA 17 healthcare workers were
infected with MDR-TB due to exposure to infectious
patients, with five fatalities resulting. >

Design considerations for isolation rooms

The majority of patients who need extra precau-
tions in specialised rooms need not have specialist
ventilation as most transmission will occur by
direct or indirect transmission and droplet spread.
For these situations, all those who use isolation
rooms should facilitate good infection control
practices.

Only where there is thought to be a significant
airborne component to the infection transmission
should isolation rooms be operated at negative
pressure to their adjacent areas or PPVL be used.
Any microbial aerosols generated inside the room
will be diluted by ingress of air from the hospital
and will be extracted through a duct (HEPA-
filtered) to the outside environment. The door to
the room should be kept closed as much as possible
and patient contact with other patients and visitors
should be minimised.

No information on isolation rooms is given in
Health Technical Memorandum (HTM) 2025," but
an outline of negative-pressure room requirements
is given in the UK guidance on MDR-TB and TB in
the context of HIV.'® However, in the USA there are
many documents recommending design criteria for
negative-pressure isolation rooms, including those
written by the CDC,'® ASHRAE,?° American Institute
of Architects (AIA) [www.aia.org/SiteObjects/files/
04_Review_and_Anal_Literature.pdf], and the De-
partment of the Army.?2’

Isolation rooms should have minimum air-change
rates of 6 air changes an hour (ach) for the

protection of staff and visitors in the room.'%22
If possible, this should be increased to the 12 ach
recommended as a minimum by the AIA.Z The
room airflow pattern should be designed to provide
healthcare workers or visitors with clean air.

The level of negative pressure in isolation rooms
is often in question. The CDC'" recommend a
minimum negative pressure of 0.001 inch of water
(0.25Pa) and an exhaust flow of 50 cubic feet per
minute (CFM) (1.8 m3/min) or 10% greater than
supply. The US Department of the Army?! specifies
an exhaust flow of 20% greater than supply for their
isolation rooms. Both CDC and the UK recommend
the use of alarmed pressure devices to provide
continuous monitoring of the negative pressure.'®
However, infection control considerations only
require that the air flows inwards through gaps in
the room’s fabric (hence “negative pressure”). The
value of this pressure, given a robust difference
between extract and supply rates, is irrelevant.
However, the number of air changes per hour
should be calculated as this allows the time in
which the air is “cleaned” from a pathogen to be
calculated.

Methods to measure the effect of
design variables on the performance of
isolation rooms

Routine monitoring of negative-pressure
isolation rooms

Rooms where airflow is meant to be in a particular
direction should be monitored continuously by
the pressure differential between the room and
its neutral-pressure surround. The value of such
pressure is relatively unimportant as long as the
direction of airflow it signifies is clearly indicated.
This should be monitored in such a way that the
users of the ward are instantly aware of any
failure. However, remote building management
systems (BMS) may cause a considerable delay in
ward staff becoming aware of a system failure.
Any system must measure the desired parameter
(negative pressure) directly or it is prone to failure.
Hoffman et al. in 2004** reported an unnoticed
failure where the fans in an air-handling unit were
monitored and working but an inadvertently closed
ductwork damper prevented any actual extract
airflow, resulting in a "negative-pressure” room
being at positive pressure although the BMS did
not indicate the failure. This demonstrates that
dampers and pressure stabilisers have a role in
generating flow stability and also provide a visual
indication (as the damper moves in a particular
direction) that air is flowing in the intended
direction.
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Visible-smoke tests

A regular (monthly) test that can be undertaken
is the use of visible smoke around the perimeter
of doors to each patient room and, where
appropriate, at both the anteroom-corridor and
anteroom-patient room doors; this can form the
basis of a regular (monthly) test to confirm
the integrity of the negative-pressure system.2>26
Directional airflow is determined by observing
the movement of smoke under the door and
through spaces between the door and frame. In
a US hospital study the percentage of rooms that
did not meet the directional airflow criterion using
this technique fluctuated between 12% in 1994
and 60% in 1993. In other studies 45% of 115
designated negative-pressure rooms actually had
positive airflow to the corridor.?” The main factors
that were identified to be associated with outward
directional airflow at the time of the authors’ study
included ventilation systems not balanced (14%),
turbulent airflow patterns (11%), and automated
control system inaccuracies (10%).

In one facility with its own computer-controlled
and monitored heating, ventilation and air-
conditioning (HVAC) system, infection control staff
chose to continue their policy of monitoring
respiratory isolation rooms on a daily basis
using visible smoke despite claims from the
manufacturer that this practice would be unnec-
essary. However, five months after installation,
smoke testing by the staff of an isolation unit
housing a patient known to have MDR-TB showed
air to be flowing out of the patient room
through the anteroom and into the corridor. The
airflow contradicted the display screen data and
the selected operational setting, indicating the
usefulness of simple approaches such as the visible-
smoke test in addition to continuous monitoring
devices.?® In practice, however, smoke tests can
prove problematic, not least in activating smoke
alarms.

Methods for assessment of design
parameters

There are a number of techniques available to
measure the efficiency of isolation rooms and to
identify problems with their design. This section
outlines techniques used experimentally to assess
design criteria.

Tracer gas tests — sulphur hexafluoride (SFg)

Tracer methods can be used as research tools
to assess the adequate functionality of isolation

rooms.2® This technique involves releasing the
tracer gas within the isolation facility and then
measuring its presence in parts per trillion in
the anterooms outside the patient rooms and
corridor outside the isolation room suites 5-25 min
later. By using such research methods, Rydock and
Eian?’ demonstrated that one room was poorly
functioning in comparison to another, as a negative
pressure with respect to the corridor could not
be maintained. Problems were identified with both
the flow rates and the design of one particular
isolation unit, where the inlet ducts were in the
patient room and the exhaust ducts were in the
bathroom and anteroom. In a study of four "state
of the art” isolation rooms, this methodology
exhibited easily reproducible measurable tracer
concentrations in the anteroom outside each
suite.?’ Such tests provide evidence that will
help determine what level of tracer is acceptable
and will also assist in determining policy for
the specification of minimum acceptable pressure
differentials and the optimisation of ventilation
system design.

Potassium iodide tracer test

Other studies have investigated methods to
quantify the effectiveness of containment labo-
ratories that operate under negative pressure to
prevent the egress of airborne microorganisms.3° A
technology using potassium iodide (KI) was initially
developed to study movement of particulate
contaminants between rooms in a hospital burns
unit.3'733 This technique has been used to assess
the effectiveness of containment laboratories and
is measured in terms of the laboratory protection
factor (LPF), which is the ratio of Kl particles
generated within the laboratory to those detected
outside the laboratory. The same technique has
been used to measure the performance and
operator protection factor (OPF) of microbiological
safety cabinets where a protection factor of 10°
is regarded as being adequate.'” BL-3 laboratories
without an anteroom were found to provide an
LPF of approximately 10* whilst the provision
of an anteroom increased the LPF approximately
tenfold. There was no direct relationship between
the magnitude of negative pressure and LPF
However, the authors did find a direct relationship
between the in-flow velocity and LPF. In terms
of flow, a volumetric in-flow of 10m3/min into a
laboratory through an anteroom gave an LPF of
greater than 10°. The significant findings of the
study are that the LPF, a measure of containment,
is dependent on the laboratory in-flow and of the
magnitude of the pressure differential.3® Since
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negative-pressure rooms are normally designed
only on the basis of the pressure-differential
magnitude, this finding has major implications
for the design of containment laboratories and
isolation rooms.

Computational flow dynamics

Engineering simulations employing computational
fluid dynamics (CFD) provide a convenient means
of investigating airflow behaviour, temperature
distribution and contaminant dispersion in isolation
rooms for various ventilation arrangements.3* In
other studies® a cough model was constructed to
permit the numerical simulation of virus diffusion
inside an isolation room for different configurations
of the ventilation system. An analysis of the
region of droplet fallout and the dilution time
of virus diffusion of coughed gas in the isolation
room was also performed for each ventilation ar-
rangement. The results indicated that the parallel-
directional airflow pattern is the most effective
means of controlling airflows containing virus
droplets. Additionally, staggering the positions of
the supply vents at the door end of the room
relative to the exhaust vents on the wall behind
the bed head provides effective infection control
and containment. These results suggest that
this particular ventilation arrangement enhances
the safety of staff when performing medical
treatments within isolation rooms.

Anumber of other different ventilation strategies
were investigated using CFD in a “negative-
pressure” isolation room.3¢ The authors demon-
strated that a low-level extraction technique was
very effective in removing pollutants at the human
breathing zone as compared to extraction at ceiling
level. In addition, the ventilation strategies and
furniture layout were found to have an influence
on the airflow and pollutant distribution patterns
in the isolation room.

Protective isolation

The other category of isolation is the protection
of particularly vulnerable patients, known as “pro-
tective isolation”.3” Whilst the majority of hospital
patients are at some increased vulnerability to
infection, due to infirmity, wounds, age etc.,
infection transmission to them is by direct and
indirect contact, and protection is only assured
by staff adherence to good infection control
behaviour. In such circumstances single rooms
may add an element of quality assurance to
staff behaviour.3®3° However, there are patients
with profound or prolonged neutropenia, typically

bone marrow transplant (BMT) patients, to whom
inhalation of fungal spores presents a risk of
infection.“>4" Fungal spores generally originate
outside the hospital and will be part of the
hospital air, as this air is not filtered. In particular,
their aerosolisation may be associated with
demolition or renovation/construction work.4%4
They can also originate inside the hospital but this
requires prolonged damp conditions in the patient’s
proximity or renovation/construction work.* In
addition to the prevention of infection by direct
and indirect contact, it has to be ensured that all
the air available for these patients to breath has
had the fungal spores filtered from it. This is done
by supplying air filtered by HEPA filters that can
remove fungal spores with very high efficiency to
the patient’s environment and ensuring that this
is the only air available for them to breath."#
As there will inevitably be gaps in the patient’s
room, for example via cable and pipe entry
points and around the door, if the room is at
positive pressure, the clean air leaking outwards
will prevent unfiltered air from leaking inwards.
These areas cannot have opening windows. This
type of isolation is generally known as “positive
pressure”, but the filtration of the air is more
important; positive pressure by itself will not
achieve safety. Air change rates would be irrelevant
to infection control and should be determined by
patient comfort criteria.

HEPA-filtered positive-pressure rooms are in-
dicated for allogenic BMT patients. The need
for these rooms in autologous BMT patients is
not established, but should be evaluated for
those recipients if they experience prolonged neu-
tropenia, a substantial risk factor for nosocomial
aspergillosis, and is indicated in BMT centres
with ongoing construction and renovation.4¢ Some
BMT units supply centrally HEPA-filtered air to the
whole unit, which itself is at positive pressure to its
surroundings. This enables patients to use common
ward facilities when they are able to do so, thus
giving a degree of release from a long confinement
in one room.

Conclusions

Housing infectious patients in single rooms allows
a barrier to be placed between the patient
and the other hospital patients and staff not
tending to the patient. In most cases of infectious
disease this will be enough to prevent further
spread of the disease if infection control measures
are enforced. However, for a small number of
infectious diseases, the chance of aerosol spread
will require that the patient is housed in a
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room in which ventilation controls are used to
ensure no leakage of infectious aerosols into
the hospital environment. This can easily be
undertaken by ensuring the room is held at a small
negative pressure with an adequate air-change rate
(12 ach). It is essential that if isolation rooms are
to be used effectively, all staff are fully trained in
their operation and the rooms are regularly tested,
e.g. using smoke pencils.
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