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With concerns about the potential for the aerosol and airborne transmission of infectious
agents, particularly influenza, more attention is being focused on the effectiveness of infection
control procedures to prevent hospital-acquired infections by this route. More recently
a number of different techniques have been applied to examine the temporal—spatial infor-
mation about the airflow patterns and the movement of related, suspended material within

Keywords:

Ae}l/'osol this air in a hospital setting. Closer collaboration with engineers has allowed clinical micro-
Airflow ) ) biologists, virologists and infection control teams to assess the effectiveness of hospital
ﬁ’a‘;‘gzti‘;‘:nal fluid dynamics isolation and ventilation facilities. The characteristics of human respiratory activities have also
Sch“ergn been investigated using some familiar engineering techniques. Such studies aim to enhance

the effectiveness of such preventive measures and have included experiments with human-
like mannequins using various tracer gas/particle techniques, real human volunteers with real-
time non-invasive Schlieren imaging, numerical modelling using computational fluid
dynamics, and small scale physical analogues with water. This article outlines each of these
techniques in a non-technical manner, suitable for a clinical readership without specialist
airflow or engineering knowledge.

© 2010 The Hospital Infection Society. Published by Elsevier Ltd. All rights reserved.

Transmission

Introduction decisions to be made about the most appropriate personal
protective equipment (PPE) to be used in infection control guide-
lines, perhaps one of the more controversial issues is which type of

face mask (or respirator) to use, i.e. surgical or N95 types. To help to

With the severe acute respiratory syndrome (SARS) outbreaks of
2003, the ongoing human avian influenza A(H5N1) infections and

the more recent pandemic influenza A(H1N1/2009) cases in 2009,
concerns about the aerosol or airborne transmission of infection
have become topical and important.™ Such transmission of
infectious agents may occur via short-range, large-droplet aerosols
and long-range, smaller, airborne droplet nuclei.®’ The finding of
viral nucleic acid in air samples, as well as the demonstration of
viable viruses in exhaled air, have further reinforced concerns
about the risk of infectious disease transmission.® 1> With
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resolve this issue, it has become important to understand the
proportion of infectious diseases potentially transmitted via the
airborne route.

Other articles have described and discussed the different clinical
situations in which such disease transmission via the airborne route
can occur, as well as the various agents potentially transmitted and
the evidence for the different virological and environmental factors
affecting successful transmission via this route.5714-19 Related and
important aspects such as airborne survival of infectious agents,
droplet numbers, sizes and their formation, and potential infectious
doses have also been covered elsewhere.51831

The measurement and monitoring of airflow patterns as an
indicator of the potential for aerosol and airborne transmission of
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infection has played an essential role in the appropriate design of
containment and isolation systems for many years. Multiple
infection control and laboratory biosafety guidelines refer to
airflow measures as a surrogate marker of protection against
aerosol or airborne infection. Examples include negative and
positive isolation for infectious and immunosuppressed patients,
respectively, ‘laminar’ and unidirectional airflow ventilation in
operating theatres, regular airflow and pressure monitoring of
biosafety cabinets in diagnostic and research laboratories, etc. It is
only relatively recently that there has been a renewed interest in
the detection and identification of airborne infectious agents, e.g.
severe acute respiratory syndrome-associated coronavirus (SARS-
CoV) and influenza, by air-sampling and molecular detection of
their nucleic acid through the polymerase chain reaction (PCR) and
nucleic sequencing, or by detecting viable pathogens through direct
culture methods.®~13

Given the breadth and current relevance of this topic, this
review article presents an overview of a range of airflow visual-
isation methods that can be used as surrogate markers of the
potential for aerosol or airborne transmission of infectious agents
and a discussion of recent developments in the field. The review is
aimed at non-airflow specialists, and in particular those with
a clinical background who may be involved with, or need to
interpret, research using such techniques.

Airflow visualisation of simulated (with mannequins) or real
human respiratory behaviour

The movement of the airborne particles around a person is
partly governed by that person’s ‘microenvironment’ and partly by
the airflow around the microenvironment. Typical respiratory
processes that occur in an individual’'s microenvironment may
include: breathing (i.e. inhalation—exhalation), talking, laughing,
coughing and sneezing. Each individual is surrounded by a thin
layer of air or ‘boundary layer’ that adheres closely to the body
surface. The temperature difference between the person and the
room creates a characteristic ‘thermal plume’ above the person that
then interacts with the room ventilation system.3?3>

Human respiration varies with the level of activity and can be
characterised by specifying the breathing direction, frequency and
tidal volume, with the latter two parameters contributing to the
pulmonary ventilation rate of an individual. Other factors affecting
this pulmonary ventilation rate include how much body heat is lost,
the surrounding air temperature and the individual’s sex. All of
these factors will influence the amount of air inhaled by an indi-
vidual and therefore the potential amount of inhaled infectious
agent (i.e. the potential level of exposure to that agent).36~4°

Coughing, which is a physiological reflex designed to clear the
respiratory tract of debris (including infectious material), may be
one of the most efficient ways to initiate aerosol or airborne
infection and may be a major, natural, physiological mechanism of
cross-infection for some infectious agents.3>#1—4

The use of mannequins or human volunteers in airflow visual-
isation studies is an attempt to recreate realistic scenarios in which
a range of useful analyses can be performed. These include the
detailed analysis of flow and particle transport in the immediate
microclimate surrounding the mannequin or human volunteer,
which may be affected by the individual use of masks and res-
pirators. This may also enhance the understanding of larger scale
interactions between people and the bulk room air.

Methods using various types of mannequins

Resuscitation mannequins fitted with lung models have been
used extensively by Hui et al. to demonstrate the production and

dissemination of exhaled plumes from oxygen masks or ventilation
systems that may potentially disseminate infectious agents from
the wearer.*®=>! The air flow was visualised with smoke particles
illuminated by a laser light sheet. The buoyant exhaled plumes
moved an average horizontal distance of 0.4—0.5 m. These results
have led to some recommendations for the use of such respiratory
support procedures to be avoided, which has in turn led to some
controversy about the relative risk:benefit ratio of applying
a potentially life-saving intervention that may subsequently result
in secondary infections in healthcare staff and other patients
nearby.”>>3 Hui et al. do point out that their respiratory model has
limitations and can only illustrate the movement of air. It cannot
and does not attempt to estimate the actual number or sizes of
particles that may carry potentially infectious organisms within
such airflows. Therefore using these results to preclude the use of
such potentially life-saving, respiratory support interventions is
premature.

More sophisticated thermal mannequins have been designed to
mimic human skin temperatures and create the thermal body
plume, as well as to produce buoyant, warm exhalation flows as an
accurate model of normal human breathing.>*~>® These manne-
quins, originally developed for the study of advanced ventilation
systems, have now been successfully adapted for the study of small
particle and bioeffluent release from the body surface, e.g. the
transport in the thermal plume above the person and exposure to
other common, indoor, airborne contaminants.>’~>° For infection
control purposes, these thermal mannequins have also helped to
define the most effective ventilation modes to be used on hospital
wards in order to reduce the potential for the cross-transmission of
infectious agents potentially carried in exhaled air, between
patients on neighbouring beds.>*>>

These mannequins can be adapted to better understand the
mechanisms involved with aerosol or airborne-transmitted infec-
tions. Such cross-infection is caused by the movement of airborne
particles in the room airflow (particularly of droplet nuclei smaller
than 5—10 um) or by larger droplets settling at a short distance
from the exhaling source. Droplet nuclei can be simulated with
tracer gas released from the mannequin, e.g. CO, or N0, because
the settling velocity is very low (i.e. these particles may stay sus-
pended in the air for a considerable time, e.g. 5 um droplet nuclei
have a settling velocity of 1 mj/h).>>606! A qualitative study of
droplet nuclei movement can also be performed with a smoke
tracer, as shown in Figure 1.

Airflow visualisation using tracer gas to simulate the smaller
droplet nuclei, or particles used to simulate the larger droplets, has
been performed in simulated hospital wards, where life-size,
breathing, heated mannequins are placed in typical patient
postures and smoke tracers are used to visualise the behaviour of
their potential exhaled airflows.>#>>6263 [n addition, two or more
thermal mannequins with heated skin surfaces and simulated
respiratory functions have been used to study the behaviour of
airflows and the potential for cross-infection between people
(Figure 1).32:59.6064

Thermal mannequins have also been used to design and test
personalised ventilation systems that could be built into seats in
aircrafts and trains. These systems produce a jet of air which can
protect against ‘incoming’ air potentially carrying infectious agents.
This is a new and promising research area that requires thermal
mannequins with respiratory functions because of the detailed
level of life-size, human anatomical realism required.®>~72 A spe-
cialised version of such a personalised ventilation system, designed
for use in hospital beds, has also been tested with a thermal
mannequin and tracer gas.”>’>74 The disadvantage of such systems
is that they are only effective if patients remain in their beds, as
such systems are not designed to be portable. Further work using
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Figure 1. (A) Airflow visualisation in the microenvironment around two life-size mannequins. The source mannequin is exhaling through the nose. Reprinted from Figure 2, Tang
et al.® with permission from Elsevier. (B) Demonstration of cross-infection in a simulated hospital ward. Exhalation flow from a life-size mannequin is indicated by a smoke tracer.

such thermal, breathing mannequins is currently being conducted
on the exhalation of suspended particles or droplets as a potential
source of cross-infection in a hospital setting.®! Although short-
range, large droplets (as opposed to long-range, small droplet
nuclei) are often quoted as a major source and route of cross-
infection in healthcare environments, this has been mainly infer-
ence and the actual visualisation of this phenomenon has not been
performed convincingly.

Thermal mannequins are versatile and can be used with lasers
or with tracer gas. They have advantages and also some disad-
vantages (Table I). Their thermal profile may in some cases not
exactly mimic that of humans and they are generally unmoving,
although moving mannequins with a certain prescribed range of
movements are now commercially available, mainly for shop-front
or in-store advertising purposes.

Methods using human volunteers

The use of realistic, human-like mannequins for simulating
exhaled airflows has mostly required some kind of particulate
tracer, such as smoke particles. However, using potentially irritant
particulates precludes their use with actual human volunteers.
Although mannequins may mimic human respiratory airflows to
a certain extent, the use of human volunteers adds an additional

realism that can further enhance the understanding of the behav-
iour of human exhaled flows. One method of doing this that has
become popular recently is the use of Schlieren imaging.”>~’8

The Schlieren imaging technique is not new and has been
known to science and engineering for many years. It has been used
previously in an infection control context, particularly in the UK, by
Clark et al. starting in the late 1960s and continuing into the 1970s
and 1980s.”°781 Clark et al. discovered by way of Schlieren imaging,
for example, the escape of potentially contaminated air from
neckline, cuffs, and ankles of surgical gowns and the backflow of air
from microbiological safety cabinets (fume hoods) when switched
off. Early work by Whyte and Shaw also used the technique to
demonstrate the influence of the thermal plume generated by
operating theatre lights.3?

Schlieren imaging relies on thermal differences in the air to
refract a light beam in order to visualise airflows. No invasive or
potentially irritant tracers are necessary, and human volunteers are
required only to stand in front of a concave mirror and breathe (or
talk, cough or sneeze) across the illuminating light beam that is
directed at the centre of the mirror, to produce a real-time, visible
image of their exhaled airflows and thermal plume.

A simple embodiment of this instrument — actually the classical
Foucault mirror test — is shown in Figure 2. A small light source such
asalight-emitting diode (LED) illuminates a precise, front-aluminised
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Table I
Advantages and disadvantages of different airflow visualisation techniques

Technique Advantages

Disadvantages

Real approaches:
Human volunteers

Hospital monitoring

Theoretical approaches:
Computational fluid dynamics (CFD)

Abstract approaches:
Physical analogues in scale model or in
full scale (models)

Realistic subjects and physiology,
particularly with regard to thermal
characteristics and thermal boundary layers
Realistic situations and environments

Good spatial/temporal information.
It is a standard modelling tool in the industry

Quick and relatively easy to build with reasonable
spatial resolution. Able to test different hypotheses
related to flow patterns in different geometries using

Safety is important. Human volunteers cannot be

exposed to high intensity (e.g. laser) light or irritant

or toxic tracer gases or particles

Highly variable results, often obtained using non-standard
techniques, making interpretation difficult, and therefore
limiting any useful generalisation

Difficult to model moving bodies.
Difficult to obtain accurate simulations due to required
computing power and/or simulation time

Difficult to combine different contributions to bulk air
flows in small scale, and difficult to work with
movements of persons in full scale

a variety of flow-generating techniques/devices.
Easy to work with tracer gas and airborne particles
for the simulation of viruses and bacteria in full scale
experiments with thermal mannequins

spherical mirror from its radius of curvature. The mirror is slightly
offset to refocus the light below the LED. Beyond this focus a camera
collects the beam to form an image which will be a uniform spot
under ideal conditions. However, thermal disturbances in the air in
front of the mirror — the test area — refract light rays such as the one
shown by a dotted line in the diagram. By placing a knife-edge (razor
blade) at the focus as shown, such refracted rays are stopped, and
corresponding dark regions appear in the camera image. In this
manner a Schlieren image is made up of illumination differences due
to light refraction in the test area.”®

The most recent infectious disease experiments using the
Schlieren technique have visualised airflows from human volun-
teers coughing, with and without wearing various face masks, in
front of a large concave telescope mirror. These were designed as
qualitative or semiquantitative visual aids to help infection control
teams understand the patterns of such airflows and how they may
contribute to the transmission of infectious agents from infected
patients. Recent findings have demonstrated that the maximum
airflow velocity in a human volunteer cough reached about 8 m/s,
and also showed that both surgical and N95 face masks are effective
in thwarting the escape of potentially infectious aerosols when
worn by an infected individual >>#44> More specifically, in these
experiments, airflow visualisation demonstrated to what extent the
wearing of face masks could contain or limit (either by barrier, or
redirection and deceleration effects) the potential airborne
dissemination of infection, using airflow as a surrogate marker of
the potential extent of such spread.3>%>

Figure 2 shows the basic Schlieren imaging set-up with images
of a female volunteer coughing without a mask, then while wearing
a surgical-type mask. The strong turbulent cough jet that pen-
etrates forward into the room air without the mask is effectively
stopped by the mask. Note that the expelled air is not contained,
but is vented into the rising thermal plume of the subject. Thus the
potential for contamination of the room air still exists (although
there is likely to be a significant dilution of the infectious agent),
but the direct threat of cough or sneeze plumes impinging on
a nearby person is ameliorated.

Further experiments are planned (by Tang et al. in Singapore) to
demonstrate how airflows behave during other everyday scenarios,
e.g. quiet breathing, sneezing and talking between two people.
Depending on the size of the Schlieren mirror available, other types
of airflow environments can be simulated and examined, e.g.

interactions among passengers in taxis, buses, trains and airplanes.
In addition, it is possible in some circumstances to quantitatively
measure the velocity and volume of exhaled airflows visualised
using Schlieren imaging, which can be achieved by combining the
principle of particle image velocimetry (PIV) with the Schlieren
optics. In this case the ‘particles’ are actually turbulent eddies
within the exhaled airflows, so again, no seeding with actual
(potentially irritant) particles is therefore required.**%3 This
approach, which is still under development, requires flows that are
both turbulent and refractive, as are the human cough and sneeze.

Although Schlieren imaging visualises airflows associated with
human volunteers without the need for tracer gas or particles,
safety concerns preclude the use of high-intensity laser lighting
(Table I). From an analytical viewpoint, Schlieren images integrate
three-dimensional flow information onto a single plane and also
cannot be used in environments where there is insufficient
temperature difference between the human exhalations and the
surrounding air. Finally, the large, precise astronomical-quality
mirror required for Schlieren imaging of airflows associated with
humans is quite expensive.

Visualisation of ambient airflows in healthcare environments

Air moves around a room and between rooms as a consequence
of: (a) ventilation (either forced or naturally ventilated); (b) the
movement of people, equipment, furniture, doors;®* (c) buoyancy-
driven flows generated by heat of people and equipment; (d) the
disturbances created by human respiratory activities, such as
breathing, talking and coughing.3>#4+%>85 The major difficulty in
understanding how air laden with skin flakes, droplets and par-
ticles moves around is, first, the problem of making whole scale
measurements of air velocities and bulk air movements over time
in a large space, and second, how to interpret the results, particu-
larly in a setting as complex as the hospital. This, together with the
more biological questions (e.g. numbers of viable infectious agents
exhaled and their threshold infectious doses for exposed individ-
uals), is what makes the problem of understanding airborne
transmission scientifically challenging. Yet, even solving only part
of this question has a useful bearing on other problems. There are
many techniques which can be applied to measure parameters such
as air velocity, temperature and humidity at a single point in space.
Since the mobile nature of any particles or droplets in air tends to
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spherical
mirror

C

Figure 2. Typical large scale Schlieren imaging set-up (A), showing the spherical cross-
sectional mirror, the test area, the light-emitting diode (LED) light source, the knife-
edge that discriminates refracted from un-refracted light rays, and the camera that
captures the schlieren image. Light from the LED is refracted through the exhaled air of
a human subject in the test area, since that air is at a different temperature than the
surroundings, creating Schlieren images such as (B), coughing and (C), coughing whilst
wearing a surgical mask.

result in their dilution over time, most sampling methods tend to
integrate the information at a single point over time, e.g. by
drawing air through sensors (such as laser counters) or to allow
suspended, potentially infectious agents in the air to be inertially
deposited on agar plates to allow for a subsequent quantitative
analysis of colony counts.

More recently a number of different techniques have been
applied to examine the temporal—spatial information about the
airflow patterns and the movement of related, suspended material
within this air in a hospital setting.

Computational models

Computational fluid dynamics (CFD) is a numerical method of
calculating the movement of air (fluid) within open or closed
spaces based on governing physical laws of mass, momentum and
energy conservation (Figure 3). This technique has three main
steps.

The first is to describe the geometry of the space that is being
considered. This will inevitably involve some degree of simplifica-
tion to focus on the major features of the space and to neglect any
aspects that are small or unimportant. Typically furniture (except
a bed) tends to be ignored and most researchers use simple
geometrical forms for people either standing, sitting or lying
down.8>=87 Where the research interest is in the detail of flow in
the vicinity of an object or a person, realistic representation of the
feature becomes a more important consideration.®® Studies on
personalised ventilation or the respiration process are examples of
applications where CFD models need a detailed representation of
the human form to properly simulate the interaction of airflows
with the personal microclimate.3%%°

The three-dimensional geometrical space is then divided into
discrete elements, known as the mesh, with the number of
elements depending on the size of the space and required accuracy.
As the mesh becomes finer, the number of elements increases and
the calculations tend to become more accurate, but this comes at
the price of significantly more computing power and simulation
time (Table I). Most simulations will use variable mesh densities
throughout the space with a finer mesh where properties of the
flow (or other variables) vary significantly over short distances
(such as near walls). It is difficult to state a typical resolution, but
most relevant calculations run to resolutions of 1—3 million
elements; for a typical isolation room (of 5m x4 m x 3 m) the
mesh elements are therefore about the size of a house brick. As the
resolution increases beyond about 2 million elements, computa-
tional requirement goes beyond the capabilities of a single
computer, and would usually employ a cluster of computers or
a supercomputer. For example, research currently underway at
University College London involves running codes with 200—300

Figure 3. A computational fluid dynamics (CFD) prediction of the temperature
distribution in a room ventilated by displacement ventilation containing a single
individual. The blue colour shows the cold supply flow and the red colour shows the
heated air rising to the top of the room. The temperature distribution around the
individual can be demonstrated using such a CFD prediction. Air heated in a layer close
to the individual (by his/her natural body temperature) rises in a boundary layer,
forming a thermal plume above the head. Exhalation flows are visible as horizontal
heated flows emanating from the mouth. In the case of an infected person this flow
will also contain a variable number of infected droplet nuclei and the plume rising
above will also contain bioeffluents (like shed skin scales) released from the body
surface. With certain assumptions, a direct prediction of the distribution of small
droplet nuclei or larger droplets can also be made with this technique.
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million nodes, employing a supercomputer (‘Legion’), which uses
more than 2560 computer processors.

After the mesh has been chosen, the next key issue is establishing
the physics that needs to be included in order to calculate the flow
and properties. Flow is described by the Navier—Stokes equation,
a mathematical description of the conservation of momentum
(Newton'’s second law of motion). Since room airflow is turbulent
with scales or vortices smaller than the mesh elements, a degree of
approximation is required to model these processes through the
specification of a turbulence model. As rooms generally include
people and equipment it is usually necessary to include equations of
energy conservation to simulate the influence of heat sources and
temperature gradients on air convection within the space.

The process of simulating airflow described so far is common to
any indoor environment. Areas of interest in infection control
primarily focus on the transport, deposition and survival of
airborne micro-organisms and it is necessary to consider the
models and approaches that are specific to this scenario. The
behaviour of bioaerosols is generally represented in two ways: as
a passive scalar (i.e. a tracer that moves with the airflow; Figure 1)
or as discrete particles modelled using an equation of motion,
which describes the balance of buoyancy and aerodynamic drag
forces; Figure 3). Passive tracers tend to be more suited to respir-
atory pathogens and have been used in many studies, for example,
evaluating how ventilation design and ward layout may reduce TB
transmission risks, and showing that the predicted bioaerosol
distribution in a hospital ward during a SARS outbreak correlated
with the spatial pattern of infections. Particle models are used
where pathogens may be carried on larger particles such as shed
epithelial skin cells or where the evaporation or the deposition of
particles is of interest.8>8691-94 Both tracer approaches can also
incorporate biological factors such as natural decay or inactivation
due to decontamination processes. For example, CFD modelling of
UV-C irradiation incorporating an experimentally derived decay
function into the passive scalar tracer model has enabled the
simulation of the behavior of UV disinfection devices at room scale
and showed the importance of the interaction of the UV field with
the airflow.9>%

Application of such tracer models must also consider the char-
acteristics of a potential pathogen source. In terms of spatial loca-
tion, respiratory pathogens, released in the exhaled breath of
a patient, are generally modelled using a small zone or point source,
with the release characterised by specifying a velocity and path-
ogen concentration.*>86-909798 pathogens released through activity
will be dispersed over a much wider area and hence should be
released over a representative zone. This approach has been
applied in studies of operating theatre ventilation, releasing tracers
from the surfaces of people, to demonstrate the effect of factors
such as the position of operating theatre lamps and people on the
airborne contamination level.3”%? Application to ward activities
such as bed-making has also shown that the specification of the
source has a major influence on the results.’! Duration of release is
also an important consideration. In the real world, pathogens will
not be released continuously into a space, but such transient (or
periodic) analysis using CFD simulation adds considerably to the
time and cost of the computations. As such, steady-state solutions
are favoured by most researchers and the ‘worst case’ scenario of
a continuous release is often presented. It is important that this
simplification is recognised when evaluating the results of such
simulations. After running the software to calculate the flow and
movement of droplets/particles, the results are analysed using
various visual and quantitative post-processing techniques. Care is
taken to choose the most appropriate diagnostics as the amount of
data generated by running such simulations is potentially enor-
mous (Figure 3).

The main problem with applying CFD computations is that they
tend to be under-resolved, due to the need to reduce the compu-
tational cost, which then competes with the desire to incorporate
reality. The geometry of the problem is usually fixed, which means
that processes, which may be important, such as the movement of
people, doors opening and closing cannot be considered. More
recent developments are seeking to address this with transient
simulation, and studies incorporating the activity of people are
becoming more widely used.®! This includes studies such as Brohus
et al’s model of operating room contamination that applied
momentum sources within a fixed geometry to simulate movement
of people, as well as workers such as Shih et al. who used a moving
geometry approach to show the influence of healthcare worker
movement and door opening on isolation room airflows.3”%8 The
development of real-time CFD models is even on the horizon, with
van Treeck et al.l®® demonstrating the feasibility of such an
approach to controlling thermal comfort in the operating theatre.

Physical analogue models

Analysing the movement of air within a hospital environment is
extremely challenging, as airflow patterns are difficult to visualise
in real time. In the engineering community, it is common practice
to employ a physical analogue which has the same geometry as the
problem under consideration but the analogue may be significantly
smaller or larger. For this analogue to work, the characteristic flow
patterns in the model and real-life flow patterns need to be the
same or similar. For flows where buoyancy effects are not impor-
tant, the key quantity is a dimensionless measure, the Reynolds
number, which defines the relative strength of inertial to viscous
forces in the flow. For sufficiently large Reynolds numbers, such as
turbulent air mixing in a well-ventilated space, the mean flows in
both the model and the real scenario will be equivalent. For situ-
ations where buoyancy forces are important, such as natural
ventilation flows, the equivalence is acceptable, providing the
Froude number (a dimensionless measure of the relative strength
of inertial to buoyancy forces) is matched. When applied to
studying flows in hospitals, it is usual to employ 1:10 scale-models
constructed out of acrylic, using water as a working fluid
(Figure 4).1°1 The advantage of using water as an air analogue is that
the water can carry tracer particles (or dye) which can be illumi-
nated and visualised relatively easily. Experiments can be recorded

Ceiling
supply vent

isolation room \ -

Figure 4. Example of a physical analogue in the form of a small scale model of
a hospital isolation room with antechamber. Coloured food dyes can be used to visu-
alise fluid flows with water simulating airflow in this type of model.
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with one or more cameras to capture simultaneous, real-time
images from different angles.'"!

By combining a number of projected views it is possible to
reconstruct how material moves in four dimensions. The advantage
of this method is that it gives good spatial and temporal resolution
of the movement of passive materials in flows which are similar to
those occurring in the hospital environment. It is also easy to
change the geometrical configuration of the scale-model. Hence,
the use of such analogues can provide quantitative information
about how contaminants move in both space and time (T.O. Rob-
inson, L. Wilkinson, D. Koralege, unpublished data).!’!

Large scale flow measurements in real or mock rooms

Another approach is to take measurements in the actual hospital
environment or a full-size mock-up of a hospital room (partially
shown in Figure 1B). At the simplest level, the use of smoke can give
qualitative information about air movement over time. Early
applications included investigation of unidirectional airflows for
infection control and visualisation of mixing and laminar operating
theatre airflows to demonstrate overall flow characteristics.1927104
The method is used widely in the engineering community for
checking flow paths and is recommended in UK’s Department of
Health Guidelines (HTMO03) for confirming correct pressure rela-
tionships in areas with specialist ventilation such as isolation
rooms and operating theatres.!9

The attainment of quantitative data requires direct measure-
ment of air velocities at local points or evaluation using tracer
gases. The former is most commonly accomplished using a single
point hot wire anemometer to take a spot measurement or a series
of comfort probe anemometers to determine velocity magnitude at
a grid of points in space. The main limitation with this approach is
the range of anemometer devices. Typical room air velocities are
below the range of many devices and those that are capable of
measurement generally only indicate magnitude rather than
direction. The technique is widely used, ranging from practical
applications such as confirming air velocities in ultraclean oper-
ating theatres and measuring flow rates at ventilation diffusers as
part of outbreak assessment, through to validating other
approaches such as CFD.8>19% Neutrally buoyant helium bubble
tracers have also been applied, particularly in early studies, to
visualise and quantify the airflows in spaces such as operating
theatre environments.' This approach uses photographic tech-
niques, relating the size of a bubble track image to camera exposure
time to determine air velocities.

More advanced techniques such as laser Doppler anemometry
(LDA) systems and particle image velocimetry (PIV) offer a signifi-
cantly more accurate approach, but are costly. They are derived
from work on smaller scale flows and are only recently starting to
be applied to room scale air flows.3” Applications tend to focus on
acquiring data for CFD validation, such as Chao and Wan who used
PIV data to measure velocities and turbulence parameters for a CFD
model of particle motion in a clean room.'°® While airflow
measurement gives valuable data, it only gives information on the
movement of the air itself and thus the behaviour of contaminants
such as bioaerosols has to be inferred from the airflow patterns.

The application of tracer gas is the most common alternative
approach that can be used to acquire quantitative data on ventila-
tion rates and airflow, as well as having the capacity to be released
in such a way as to mimic an infectious aerosolised source.'%” Tracer
gases (including CO,, N>O and SFg) have been employed in general
indoor air studies as well as healthcare-specific scenarios. Among
the many examples, studies have included assessing the perfor-
mance of naturally ventilated tuberculosis (TB) isolation wards
using a CO, tracer, assessing the performance of isolation rooms

and operating theatres using N>O and SF6 tracers, and evaluating
the effect of the ventilation system on the risk of transmission
between patients in ward environments.>*103198=111 Although this
approach gives a better insight into contaminant transport, it has
been acknowledged that tracer gases may not fully represent bio-
aerosols, particularly those released as larger droplets.!%*!12 pjo-
neering work in healthcare ventilation showed that potassium
iodide could be applied as a tracer with particles collected on
membranes and subsquently visualised.!'> Application of this
approach to transfer between patients in an isolation ward indi-
cated the need for better airflow control and good agreement with
theoretical models.">'™ Andersson et al. also used potassium
iodide to study operating theatre ventilation, showing the role of
activity on the airflow distribution in the room.'%3 Other early work
applied in indoor and outdoor air used fluorescent particle tracers,
enumerated visually or via electro-optical detection.''> More recent
studies have used a range of particle tracers including sodium
chloride and latex beads, enumerated directly using optical tech-
niques such as laser particle counters rather than visual or chemical
approaches.10%116118 pjrect comparison with bioaerosols has also
been carried out, evaluating mixing and ventilation rates in an
isolation room context measured using tracer gases, against NaCl
particles and biological aerosols containing Bacillus subtilis or
Staphylococcus aureus bacteria.'®>!” Results have shown good
comparison across all tracers indicating that tracer gases and inert
particles are both suitable surrogates, certainly for small (<2 pm)
bioaerosols. An important consideration in real or mock-up studies
is the safety of researchers and the public exposed to such tracers,
which must be carefully assessed. While some tracer gases (CO»,
N>0) have health implications at high concentrations, the ability to
conduct experiments with live micro-organisms is generally much
more challenging. Although some early studies dispersed bacteria
in occupied indoor environments and outdoors as part of biological
warfare programmes, modern work is restricted to specialist
facilities or studies sampling the background microflora in an
environment, 102-104119-123

Since all of these full scale experiments are within a real or
mock-up hospital environment, they provide some of the closest
tests to reality that can be done. Such set-ups allow the possibility
of obtaining measurements in environments that are perturbed by
people and activities, rather than the idealised spaces inherent in
CFD or physical analogue models.!?>122123 However, the techniques
are not without their challenges. Many require extensive and costly
equipment and realistic measurements can only be made at
a limited number of points. They are also time consuming, with the
need to reduce the tracer to background levels prior to the next
experiment. It is therefore important that this is considered in the
experimental design and acknowledged in analysing the results
and final conclusions. Carrying out such experimental studies in
conjunction with CFD simulations can offer a greater insight,
enabling the validation of the modelling approach and the evalu-
ation of aspects of the airflow that cannot be captured by the
experiments alone.

Conclusions

Infectious agents in the air, carried by droplet nuclei, skin flakes
and fine particles, move sufficiently slowly relative to the air that
they are essentially carried by the airflow. Thus, to understand how
infectious material spreads through the air it is important to use
techniques that enable the air movement to be visualised and
quantified in space and time. This rationale is already reflected in
the many existing guidelines on general ward infection control, the
construction and monitoring of infectious isolation rooms and
laboratory biosafety cabinets. These techniques allow the tracking
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of air movements from potential sources of infection, e.g. human
coughs, oxygen masks, door opening/closing. However, such tech-
niques cannot answer the many other relevant questions related to
aerosol or airborne infection, such as what proportion of trans-
mission of an infection occurs via the aerosol or airborne route,
what proportion of such suspended infectious agents are still
viable, and what is the infectious dose to be inhaled to cause
disease (not just infection) in any individual for any infectious
agent. Yet, effective, accurate airflow visualisation techniques are
an essential component to further the understanding of how
aerosolised or airborne infection may be transmitted and, equally
importantly, how they may be prevented or at least reduced.
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