Assessing the risk to
healthcare workers of
hospital-acquired infection
from patients infected with
aerosol-transmissible pathogens
P Kalliomäki1, H Koskela1, M Waris2, JW Tang3,4
1
2
3

4

Turku University of Applied Sciences, Joukahaisenkatu 3 A, Turku, Finland
University of Turku, Institute of Biomedicine, Kiinamyllynkatu 10, Turku, Finland
Clinical Microbiology, Leicester Royal Infirmary, University Hospitals of Leicester NHS Trust,
Leicester, UK
Respiratory Sciences, University of Leicester, Leicester, UK

www.iosh.com/reducing-hospital-infections

Research report

IOSH, the Chartered body for health
and safety professionals, is committed
to evidence-based practice in workplace
safety and health. We maintain a Research
Fund to support research and inspire
innovation as part of our work as a
thought leader in health and safety.

All recipients of funding from our Research Fund
are asked to compile a comprehensive research
report of their findings, which is subject to peer
review.
For more information on how to apply for grants
from the Fund, visit www.iosh.com/getfunding,
or contact:
Duncan Spencer
Head of Advice and Practice
duncan.spencer@iosh.com
Mary Ogungbeje
OSH Research Manager
mary.ogungbeje@iosh.com
Christopher Davis
OSH Research Adviser
christopher.davis@iosh.com

Acknowledgement: IOSH would like to thank the peer reviewers of this report.

Abstract
Since the outbreak of severe acute respiratory syndrome (SARS) in 2003, healthcare workers (HCWs) caring
for patients infected with various emerging/re-emerging viruses (Middle East respiratory syndrome, or
MERS; avian and pandemic influenzas; Ebola; and, most recently, SARS-CoV-2, which causes coronavirus
disease 2019, or Covid-19) are now acutely aware of the potential risks to themselves, particularly through
aerosol transmission. If enhanced protection can be achieved using more informed and evidence-based
environmental control methods, such as those to be investigated in this study, then this will potentially
benefit all HCWs encountering these patients.
The aim of this study was to investigate and characterise the risk of potential aerosol transmission of
infectious agents from patients to their HCWs in typical encounter scenarios in hospital isolation rooms.
Specifically, the objectives were to assess the effect of different air distribution modes, ventilation rates,
the exhaust position, the distance between the patient and the HCW, and face masks on HCW exposure to
patient-exhaled aerosols, and to evaluate the potential risks to HCWs of patients using medical nebulisers.
The study was carried out in a controlled environment in a laboratory-built full-scale isolation-room model
using smoke, gas, vaccine virus tracers and computational fluid dynamics (CFD) modelling.
The results showed that isolation-room ventilation should be designed to create sufficient air movement
above the patient to dilute and flush away the patient’s potentially pathogen-laden exhaled air. In addition,
supply air distribution and exhaust location should be designed in such a way as to direct the patient’s
exhalation air away from the HCW’s breathing zone.
The study confirmed that masking the patient is an effective method of containing the patient’s exhaled
breath. We also confirmed that higher ventilation rates are effective in diluting and removing contaminated
air in an isolation room at least up to 12 air changes per hour (ACH), provided that the air distribution is
able to mix the air above the patient’s bed.
Finally, using a live influenza virus vaccine tracer, we demonstrated that use of nebuliser masks by
influenza-infected patients can generate virus aerosols in the vicinity of the patient, which may pose a risk
to nearby HCWs.
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Executive summary
Project overview and aims
Since the outbreak of severe acute respiratory syndrome (SARS) in 2003, healthcare workers (HCWs) caring
for patients infected with various emerging/re-emerging viruses (Middle East respiratory syndrome, or
MERS; avian and pandemic influenzas; Ebola; and, most recently, SARS-CoV-2, which causes coronavirus
disease 2019, or Covid-19) are now acutely aware of the potential risks to themselves, particularly through
aerosol transmission. If enhanced protection can be achieved using more informed and evidence-based
environmental control methods, such as those to be investigated in this study, then this will potentially
benefit all HCWs encountering these patients.
The aim of this study was to investigate and characterise the risk of potential aerosol transmission of
infectious agents from patients to their HCWs in typical encounter scenarios in hospital isolation rooms.
Specifically, the objectives were to assess the effect of different air distribution modes, ventilation rates,
the exhaust position, the distance between the patient and the HCW, and face masks on HCW exposure to
patient-exhaled aerosols, and to evaluate the potential risks to HCWs of patients using medical nebulisers.
In order to achieve the objectives, the study was carried out in a controlled environment in a laboratorybuilt full-scale isolation-room model using smoke, gas, vaccine virus tracers and CFD modelling.

Methods
This study examined experimentally the effects of two modes of supply air distribution – i) baseline
overhead mixing ventilation (MV), and ii) local downward ventilation (LDV) with background mixing
ventilation – on the HCW’s exposure to the patient’s exhaled air. In addition, zonal downward ventilation
(ZDV) was studied with computer simulations. The aim with the local and zonal downward ventilations was
to mix and dilute possible high contaminant concentrations locally/zonally in the area of the patient’s bed
(that is, close to the source).
In the MV case, the supply air was distributed to the room along the ceiling from the middle of the room. In
the LDV case, one diffuser was placed in the ceiling above the patient’s chest and another was placed in the
ceiling at the other end of the room. The diffuser above the patient was used to create a downward flow
capable of flushing the breathing zone of the patient, and the other diffuser was used to supply the air
along the ceiling in all directions to create background mixing ventilation. The total supply flow rate of the
test room for both supply air distribution modes was 170 L/s, corresponding to 12 air changes per hour
(ACH).
The laboratory experiments were carried out in a full-scale isolation-room model at Turku University of
Applied Sciences’ indoor environment laboratory. In the experiments, the HCW was simulated with a
detailed breathing thermal manikin, and the patient was simulated with a simpler heated dummy. Both the
manikin and the dummy had artificial lungs to simulate tidal breathing.
Smoke visualisations were carried out to qualitatively assess the room airflow patterns and the dispersion
of the exhalation of the patient. Computational simulations were carried out to further analyse the flow of
contaminant and supply air in the room. Air velocities were measured to quantify the airflow velocity near
the patient. The effect of air distribution on the thermal comfort of the patient was studied with a thermal
manikin.
Tracer gas measurements were carried out for several experimental cases to assess the effect of different
parameters on the spreading of the patient’s exhaled airborne contaminants and the HCW’s exposure to
3

them. In addition to the gas tracer, an organic live-attenuated vaccine virus tracer was used in this study for
enhanced realism.

Results
The following results were obtained with the experiments and simulations:
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•

The exhaled air of the patient flowed directly towards the HCW’s breathing zone with MV when the
patient was in a typical reclining position. The exhaled air of the patient should be flushed away
from the HCW’s breathing zone to protect the HCW from direct exposure as much as possible.

•

The highest exposure of the HCW to the exhaled air of the patient occurred when the HCW was
leaning over the patient in order to give care (for example, examining the patient or inserting an
intravenous drip). In this situation, the inhaled concentration was typically five to six times the
average room concentration with MV.

•

LDV flow was able to flush the breathing zone of the patient and notably reduced the HCW’s
exposure. When in the most critical position (leaning over the patient), the HCW’s level of exposure
with LDV was only about a third of that with MV.

•

LDV caused higher velocities over the patient’s bed than MV. This air movement can cause a
draught that may be uncomfortable for the patient. Therefore, the air distribution must be
designed carefully in order to minimise this draught and achieve acceptable thermal comfort. There
will always be a need to reach a compromise between HCW protection and patient thermal
comfort.

•

Generally, patient thermal comfort was slightly lower (that is, the thermal environment was cooler)
with LDV mode than with MV, but neither ventilation mode was too far from neutral.

•

The potential thermal discomfort for the patient caused by the higher airflow velocities with LDV
may be mitigated if it is only turned on during nursing periods, with MV being used the rest of the
time.

•

According to the CFD simulations, ZDV was even more effective than LDV at protecting the HCW.
However, these results require further rigorous experimental validation.

•

The exhaust location also plays a role in HCW protection. However, exhausts can capture air only
from a short distance away and therefore cannot control the room airflows generally. Nevertheless,
placing an exhaust near high-concentration areas can lower the room concentrations notably.

•

In this study, the most effective exhaust positions were in the wall behind the patient’s bed and in
the lighting panel (above and behind the patient), when the supply air was flushing the exhaled air
in that direction.

•

A higher ventilation rate reduces the HCW’s exposure by decreasing the average room
concentration and increasing the air mixing and dilution. Our results indicate that increased
ventilation rates are effective in lowering the HCW’s aerosol exposure near the patient, at least up
to 12 ACH, provided that the air distribution is able to mix the air above the patient’s bed.

•

Masking the patient with an FFP2/N95 mask was found to be an effective method of suppressing
the spread of the patient’s exhalation jet into the room. However, wearing a mask may be
uncomfortable for some patients if maintained for long periods.

•

The live cold-attenuated influenza virus vaccine (LAIV) tracer experiments confirmed the findings of
the tracer gas measurements: i) the highest exposure occurred when the HCW was leaning over the
patient (with MV), and ii) LDV reduced the viral loads compared to MV.

•

We demonstrated that using a home nebuliser can spread exhaled virus-laden aerosols, mostly
from the nebuliser mask side vents, which can infect carers and others nearby. Substantial viral
loads were detected, which could be sufficient to cause infection if such personnel are present for
the duration of the nebulisation session.

Conclusions and recommendations
In order to optimise the protection of HCWs from their patients’ exhaled breath, which potentially carries
airborne pathogens, we recommend that isolation-room designs and planning the care regime should take
the following factors into account:
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•

Set the ventilation rate high enough to dilute and flush away exhaled air from the patient that may
be carrying pathogens. Ensure that the air above the patient’s bed is sufficiently mixed and diluted
to achieve this.

•

Design the ventilation layout such that patient exhaled breath is directed away from attending
HCWs. The optimal placement of the exhaust vent is in the location of the highest concentration of
exhaled air – for example, in the wall just above and behind the patient’s head while they are lying
or reclining in bed.

•

Mask the patient where possible to contain exhaled pathogens – until effective ventilation is
established and maintained.

•

Nebulisers should be treated as AGPs with the appropriate PPE precautions used when setting up
and turning off such a device.
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1. Introduction
1.1.

General introduction

Since the SARS 2003 outbreak, HCWs caring for patients infected with various emerging/re-emerging
viruses (Middle East respiratory syndrome, or MERS; avian and pandemic influenzas; Ebola) are now acutely
aware of the potential risks to themselves, particularly through aerosol transmission [1]. The recent
emergence of a novel zoonotic coronavirus, SARS-CoV-2 (causing coronavirus disease 2019, or Covid-19),
from Wuhan, Hubei, China, which causes respiratory illness in humans, poses a new threat for both
patients and healthcare workers (HCWs) alike [2, 3]. So far, about 90,000 HCWs, globally, have been
estimated to be infected with SARS-CoV-2 [4], with overall infection rates of 10 to 30 per cent among those
being tested [5, 6].
In recent years, several studies have demonstrated the presence of viable virus in the air around patients
infected with influenza, respiratory syncytial virus and MERS, which raises concerns about the risks to
HCWs of aerosol-transmitted viruses [7–9]. This has emphasised the need for a new way of thinking and
assessing these risks, and of highlighting the very real potential threat to HCWs managing such patients.
Therefore, if enhanced protection can be achieved using more informed and evidence-based
environmental control methods, such as those to be investigated in this study, then this will potentially
benefit all HCWs encountering these patients.
Additional non-respiratory bacterial agents (for example, C. difficile and multidrug-resistant S. aureus),
fungal agents (in terms of airborne spores) and viral infectious agents (norovirus, rotavirus) have been
reviewed elsewhere [10–13]. However, for the purposes of this study, we are mainly focusing on airborne
pathogens generated via the respiratory tract that may be disseminated during everyday respiratory
activities, such as breathing, talking, coughing, sneezing, laughing and singing [14–21].
As part of an attempt to identify and characterise some of these potential risk factors for aerosol
transmission, many studies have investigated the potential for various human respiratory activities
(breathing, coughing, sneezing) [22–25], as well as respiratory support interventions (for example, oxygen
masks and nebulisers) [26], to disseminate airborne infectious agents that can infect HCWs. Others have
examined the protective effect of HCWs wearing masks [27], while experimental manikins have been used
to assess aerosol exposure risk and the effectiveness of interventions [28].
However, less well known is the optimal design of mechanical ventilation systems (including the supply air
distribution method and the specific placement of exhaust and supply vents relative to the patient’s bed) in
single-bedded airborne infection isolation rooms (AIIRs). Ventilation rate and supply air distribution have a
notable effect on room airflow patterns, aerosol transmission and HCW exposure in isolation rooms. Many
guidelines [29, 30, 31, 32] give only general recommendations regarding the design of air distribution in
terms of ventilation requirements. This is probably due to the limited knowledge available on this topic.
While many studies have examined different factors that potentially contribute to the risk of aerosol
transmission of infectious agents, there is still no clear consensus on what the optimal strategies and
parameters should be to provide better protection for people (such as HCWs) against airborne infections
and pathogens [33–35]. This is a relatively new interdisciplinary field, and many factors are not fully
understood [32]. Hence, there is a need for more collaborative research to enhance our understanding of
how aerosols transmit infection and how to mitigate or prevent this [36–38]. Clearly, more investigation is
needed of specific factors, such as different types of ventilation, in combination with the use of different
types of personal protective equipment (PPE), like face masks, in order to find the optimal approach.
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In previous studies, the research team had investigated scenarios with a moving manikin passing through
opening/closing doors to simulate and assess how such everyday actions can lead to isolation-room
containment failures [39–42].
This study takes this work one step further, in order to examine and quantitate the potential risk to HCWs
under different ventilation, distance and PPE settings inside an isolation room, using various types of
tracers. To assist with this and with other studies in this field, a lifelike breathing thermal manikin was
utilized. The use of such humanlike, life-size breathing thermal manikins in these types of studies is well
established [43, 44]. In an effort to enhance aerosol infection control for other emerging/re-emerging
pathogens in the aftermath of SARS, other teams have used these breathing thermal manikins extensively,
to further the understanding of aerosol/airborne transmission of infectious agents [45–49], particularly in
experiments where the use of human volunteers was difficult, either practically or ethically. Hence, our
approach of using a breathing thermal manikin as a simulated HCW who was being exposed to aerosolised
infectious agents is well recognised and accepted.
Both inorganic (for example, gaseous SF6) and organic live-attenuated vaccine virus tracers (that is, from
FluMist/Fluenz Tetra vaccines) were used in this study. The live-attenuated influenza vaccine virus has been
used in exposure experiments before [50, 51]. Using such tracers, this study enhances the accuracy of risk
assessments for aerosol exposures (which are currently very approximate) for HCWs in AIIRs in hospitals.
This data was used to validate the related computational fluid dynamics (CFD) models also developed as
part of this study, which are now frequently used in hospital infection control risk assessment and
modelling [52, 53].

1.2.

Air distribution in isolation rooms

Ventilation rate and supply air distribution have a notable effect on room airflow patterns, aerosol
spreading and HCW exposure in isolation rooms. However, there are only general guidelines or
recommendations on how the air distribution should be designed and what airflow patterns would be
beneficial for HCW protection. For example, Centers for Disease Control and Prevention (CDC) guidelines
[30] and American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) standard 1702018 [29] give some recommendations, but more information is needed regarding the design of effective
air distribution solutions for HCW protection.
Existing guidelines and standards typically recommend the principle of total volume mixing air distribution
with high ventilation rates for isolation rooms [29, 30, 31, 32]. This principle is based on dilution of
contaminants throughout the whole space. The aim is to reach low concentration levels quickly in the
whole room. In addition, negative pressure is recommended in AIIRs to prevent contaminants spreading to
adjacent rooms.
The mixing principle, however, is an ideal goal and not always effective in practice. Especially, close to a
contaminant source, the air dilution may not be sufficient and high exposures can occur [54, 55]. In hospital
isolation rooms, HCWs typically work close to the patient when giving care and can be exposed to high
concentrations of infectious contaminants.
The general principles for controlling worker exposure to contaminants are well known from literature and
textbooks on industrial ventilation [56]. Local ventilation solutions, such as exhaust hoods, are often
applied to capture the contaminants before they spread to the room air. Local exhaust ventilation in
hospital rooms has been studied by Nielsen [57], Chau et al. [58] and Sadrizadeh and Holmberg [59], among
others. In principle, an exhaust hood can be placed above the head of the patient to capture exhaled air.
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However, exhaust hoods are not easily accepted in hospitals. They can be impractical as far as patient care
is concerned and can have a negative effect on patient comfort.
Integrated local air jets and exhausts provide one method of local ventilation. Nielsen et al. [60], Melikov et
al. [61] and Bivolarova et al. [62] have studied ventilation solutions integrated into the patient’s bed. Such
systems could be provided by bed manufacturers as additional options for their products. These kinds of
methods are typically not part of the ventilation and air distribution design of the hospital building. In this
study, we concentrate on air distribution methods that are part of the standard ventilation system and can
be incorporated within the building’s ventilation design.
In contaminant control ventilation, the design of the room air distribution is ideally based on a strategic
approach to control the contaminant spreading [56, 63]. In this approach, the designer first selects the
general principle of controlling the room flow pattern and contaminant transport. The designer must
consider the flow phenomena existing in the room. These flows typically consist of the convective flows
created by heat sources. In a hospital room, typical heat sources creating convective flows are persons (the
patient and HCWs), equipment, lighting, the window surface (warm or cold) and solar radiation to the room
surfaces. The designed air distribution can either try to utilise these flows or prevent them.
The direction of the exhalation jet affects the contaminant spreading. The direction is different depending
on the posture of the person. Exhalation from a patient lying supine is pointed upwards, whereas a
reclining patient produces a more horizontal jet and a sitting patient can even create a downward jet. Also,
exhalation through the mouth produces a different jet compared to exhalation through the nose. The
exhaled air is lighter than typical room air, and it creates an upward convective flow.
Basic room air distribution strategies can be divided into four categories: piston flow, stratification, zoning
and mixing (Figure 1.1) [56]. Piston flow controls the whole room flow pattern by creating a unidirectional
flow. Contaminants are transported towards the exhaust, and mixing is prevented. This strategy requires
high flow rates and is possible only in special applications, such as operating theatres. The stratification
strategy utilises the convective flows from heat sources and uses low-velocity-displacement air supply.
Contaminants and heat are allowed to stratify to the upper part of the room, and the exhausts are placed
there. Due to low-velocity air distribution, this strategy provides no means to control the actual room flow
pattern or promote the dilution of contaminants. The zoning strategy aims to create mixing in certain parts
of the room and allows stratification and convective flows to be created in other parts of the space, while
the mixing strategy aims to mix the whole room air volume, dilute contaminants and avoid thermal
stratification.

Figure 1.1. Strategic principles for room air distribution [56].

The stratification approach has been successfully applied, especially to large enclosures with warm
contaminant sources. The convective flows (plumes) transport the contaminants to upper unoccupied parts
of the space, and clean cool air from displacement units keeps the lower occupied part relatively clean.
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Qian et al. [45] studied the performance of displacement air distribution in hospital patient rooms. They
found that the convective flows from patients are not capable of transporting the exhaled contaminants to
the upper part of the room. Due to lock-up phenomena, the exhaled contaminants can stay in the occupied
zone in a stable, thermally stratified indoor environment, and hence high concentrations can occur in the
breathing zone [64]. Qian et al. [45] concluded that displacement ventilation cannot be recommended,
generally speaking, for patient rooms. On the other hand, Berlanga et al. [65] found that displacement
ventilation can perform well in isolation rooms, in certain cases.
In a recent review paper, Yang et al. [66] provided an overview of different air distribution methods and
their properties. They considered various types of air distribution methods, from local and personalised
solutions to whole-room air distribution and ended up with 11 different classes of methods. The wholeroom air distribution methods include mixing, displacement, diffuse ceiling ventilation, underfloor
ventilation, wall/column attached ventilation, impinging jet ventilation and stratum ventilation. Protected
occupied zone ventilation is a zoning system where the room is divided into zones with air curtains. Local
air distribution methods include personalised ventilation, local exhaust ventilation and laminar airflow.
Laminar airflow can also be used as a local piston-type air distribution that provides clean air locally. The
examples of air distribution methods presented in Figure 1.2 are not a complete sample but give a picture
of the variety of possible methods.

Figure 1.2. Examples of room air distribution methods [66].

The use of laminar supply air flow has been studied in isolation rooms by Qian et al. [67]. They found that
supplying air downwards above the feet of the patient performed relatively well in removing potential air
contaminants from that area. The flow pattern flushed the exhaled air towards the upper end of the bed
away from the HCW’s breathing zone. However, in their study the patient was lying flat on their back and
exhaling through the mouth. The situation changes when the patient is in a reclined position and exhaling
through the nose. Qian et al. [68] also examined other downward ventilation solutions in hospital
environments. They found that supplying fresh air to the breathing zone can reduce exposure but that
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further investigations need to be carried out to find the optimal solution. It should also be noted that they
focused on the airborne cross-contamination between patients but not between patients and HCWs.
Also other types of ventilation modes for isolation rooms have been suggested and studied in the past. For
instance, CDC guidelines [30] mention several air distribution methods, including horizontal stratum supply
and vertical supply from the ceiling with laminar units. The guidelines recommend a supply velocity of
around 0.5 m/s, with the exhaust being located on the far side of the room.
Huang and Tsao [69] studied the performance of stratum-type ventilation in isolation rooms. They found
that the performance was not always optimal. Room obstacles and convective airflows can disturb the
supply flow pattern, and the method can require high flow rates to perform properly. Cheong and Phua
[70] studied downward supply from the ceiling and found that exhaust locations at floor level gave better
results than exhausts in the ceiling.
ASHRAE standard 170-2018, ‘Ventilation of health care facilities’ [29], gives some recommendations
regarding the air distribution in isolation rooms. It mentions the general principle that air movement should
be from low- to high-concentration (clean to less-clean) areas but does not give more detailed instructions
for the air distribution. Exhaust openings are recommended to be placed directly above the patient’s bed or
in the ceiling over the bed. In protective environment rooms or combined isolation/protection rooms, the
standard recommends that supply diffusers are placed above the patient’s bed.
ASHRAE’s HVAC Design Manual for Hospitals and Clinics [71] does not provide detailed instructions for air
distribution in isolation rooms. Laminar or radial diffusers are recommended for critical areas, but no
recommendations are given for the airflow pattern.
In a British guide (HTM 03-01: Specialised Ventilation for Healthcare Premises: Part A – Design and
Validation [31]), laminar ceiling units are recommended for air distribution with ventilation rates lower
than 15 ACH. With higher ventilation rates, square or circular ceiling-mounted diffusers should be used. In
another British guide [72], an alternative ventilation mode – a positive pressure ventilated lobby (PPVL) – is
suggested for isolation rooms. In a PPVL, air is supplied to the anteroom, directed to the isolation room
through a transfer air grille and exhausted from the en suite. However, not having a supply air diffuser in
the isolation room reduces the flexibility of supply air distribution design and the control of the airflow
patterns inside the room.
Generally, it seems that the research into air distribution in hospital isolation rooms is still at an early stage,
and no clear consensus has yet been reached on the performance of different air distribution principles and
methods. The available publications present results on specific systems in specific conditions, and it is
difficult to draw general conclusions from them. Hence it appears that more research is needed to find a
more systematic approach to air distribution design.
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1.3.

Aim of the study

The aim of this study was to investigate and characterise the risk of potential aerosol transmission of
infectious agents from patients to their HCWs in typical encounter scenarios in hospital isolation rooms.
More specifically, the objective was to assess the effect of different air distribution modes, ventilation
rates, the exhaust position, the distance between the patient and the HCW, and face masks on HCW
exposure to patient-exhaled aerosols. The study was carried out in a controlled environment in a
laboratory-built full-scale isolation-room model using smoke, gas, vaccine virus tracers and CFD modelling.
This report is divided into several sections, which cover different approaches to the investigation of HCW
exposure to patient-exhaled airborne pathogens:
i)

full-scale experiments with smoke and tracer gases

ii)

CFD modelling

iii)

live vaccine virus tracer experiments.

The final sections of the report provide a summary of the study’s findings, and conclusions and
recommendations.
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2. Full-scale laboratory experiments using smoke and tracer gases
The research was carried out in the ventilation laboratory at Turku University of Applied Sciences (TUAS),
Turku, Finland. The laboratory already had an isolation-room mock-up that the team had used to study
containment failures of isolation rooms generated by door openings and passage of HCWs through them
[42, 73]. Tracer gas measurements, smoke visualisations, air velocity and thermal comfort measurements
are covered in this section to understand the interactions of different room airflows and their effects on
HCW exposure to the exhaled air of the patient.

2.1.

Methods

2.1.1. Isolation-room model
The laboratory experiments were carried out in a full-scale isolation-room model at TUAS’ indoor
environment laboratory. The model was made of cleanroom elements that isolated it from the larger
laboratory hall. The isolation-room model was 4.7 m wide, 4.0 m long and 2.6 m high. In the experiments,
both the HCW and the patient were simulated with breathing thermal manikins.
The HCW was simulated with a detailed breathing thermal manikin (Pernille manikin, PT Teknik, Denmark),
and the patient was simulated with a simpler heated dummy. Both the manikin and the dummy had
artificial lungs (that is, pumps connected to the mouth and nose with tubes) to simulate tidal breathing. The
HCW manikin was set to inhale through the nose and exhale through the mouth. The patient dummy was
set to inhale through the mouth and exhale through the nose. For both manikins, the volume of the
breathing was set to conform to 10 L/min and the respiratory frequency to 14 breaths/min. These values
correspond to typical adult breathing parameters [22].
The exhaled air was heated to 34 °C (but was not humidified), which is close to a typical temperature of
exhaled air [74]. During the baseline experiments, the patient was lying supine on the bed with the backrest
tilted 20° up from the horizontal plane. See Figure 2.1 for an illustration of the isolation-room model and
the manikins.
In this study, the effect of two modes of supply air distribution on the HCW’s exposure to the patient’s
exhaled air was examined more closely: i) baseline overhead mixing ventilation (MV), and ii) local
downward ventilation (LDV) with background mixing ventilation. In the MV case, the supply air was
distributed along the ceiling through two multi-nozzle diffuser units (Halton DHN-595-3, Halton Oy, Finland)
located side by side in the ceiling in the middle of the room. The total supply flow rate of the test room was
c.170 L/s, which corresponds to 12 air changes per hour (ACH).
In the LDV case, the same nozzle diffusers were used, but one diffuser unit was placed in the ceiling above
the patient’s chest, and the other was put in the ceiling on the other side of the room. In the unit located
above the patient, the nozzles were directed to create a downward flow capable of flushing the breathing
zone of the patient. The flow rate through the diffuser above the patient unit was set to 40 L/s. The nozzles
in the other diffuser unit (located on the other side of the room) were directed to supply the air along the
ceiling in all directions (that is, to create background mixing ventilation). In this diffuser unit, the flow rate
was set to 130 L/s. The total supply air flow rate corresponded to 12 ACH. The supply air temperature was
kept at 19 °C throughout the experiments. The supply air diffusers and nozzle directions are shown in
Figure 2.2.
In the baseline experimental set-up, the air was extracted through three different locations in the room:
two ceiling exhausts and one floor-level exhaust. The locations of the supply air diffusers and exhaust grilles
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are shown in Figure 2.3. The larger main exhausts (in the ceiling) had a total flow rate of 150 L/s, and the
floor-level exhaust (simulating an ensuite exhaust) had a flow rate of 40 L/s. In total, the exhaust flow rate
was 190 L/s. As the exhaust was higher than the supply flow rate, the isolation-room model had negative
pressure of c.15 Pa compared to the adjacent spaces. This prevented tracers from escaping to the
surrounding spaces. All exhausts had high-efficiency particulate air (HEPA) filters, and hence all the
exhausted air was filtered immediately after evacuation from the isolation-room model.
A total heat load of 750 W was applied to the room (including the patient, the HCW, lighting, equipment
and simulated solar load), raising the room air temperature to 22.5 °C. Solar load was simulated with four
1,020- x 550-mm radiant heating panels (Infraheat ALK 600 SL, Polarheat Oy, Finland) placed on the floor in
the corners of the isolation room (see Figure 2.3 for more details). The temperature of the room air was
measured in the middle of the room at 100 cm above the floor, from the main exhausts and from the
supply air diffusers. The temperatures were measured with thermistors (Craftemp, Sweden, 0.2 °C
accuracy).

Figure 2.1. Isolation-room model seen from the outside (A) and the inside (B).

Figure 2.2. Supply diffusers and nozzle directions for overhead mixing ventilation (A) and local downward
ventilation (B and C). B shows the diffuser that was positioned on the other side of the room, away from
the patient’s bed, and C shows the diffuser above the patient.

19

Figure 2.3. Set-ups for overhead mixing ventilation (A) and local downward ventilation (B). Room
dimensions in mm.

2.1.2. Smoke visualisations
Smoke visualisations were carried out to assess qualitatively the room air flow patterns and the dispersion
of the patient’s exhalation.
The smoke used in the visualisations was generated with a smoke machine (JEM Techno Fog, JEM Pro-Fog
Fluid, Martin, Denmark). According to the manufacturer’s information
(www.martin.com/en/site_elements/martin-hints_and_tips-particle-size-fluid-density-and-refractiveindex-values, Martin, 2018, accessed 12 February 2020), the average particle size is 1.0–1.5 μm and thus
capable of following the air flows realistically. The smoke was dosed to the exhalation of the patient
manikin prior to being exhaled into the room. The supply air flow pattern was visualised by dosing smoke
into the supply air duct.
In the test room, a light sheet was generated by an array of LED lights to make the smoke flow more clearly
visible against the background (there was a black background to enhance the visibility of the smoke).
Smoke movements were recorded with a digital camera (Sony α7 III, Sony Corporation, Japan). Still images
extracted from the captured videos are shown in this report. The camera and the lights were positioned as
far as possible from the manikins and the supply diffusers in order not to interfere with the room and the
exhalation flows.

2.1.3. Air velocity measurements
Air velocities were measured to quantify the airflow velocity near the patient. Dantec hot-sphere
anemometers (Dantec Dynamics A/S, Denmark) were used to measure the velocity distribution on a
horizontal plane over the patient’s bed at 1.1 m above the floor. The sensors were able to measure the
magnitude of the air velocity but not the direction of the flow. Twenty sensors were attached, at 10-cm
intervals, to a bar that ran across the patient’s bed (see Figure 2.4 A). The bar was moved 10 cm at a time
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(from the head of the bed towards the foot of the bed), after which the velocities were measured with each
sensor at the same time. Hence a measurement plane with a 10-cm x 10-cm measurement grid was
established over the bed (Figure 2.4 B).
The room air flows were allowed to stabilise for five minutes after the bar had been moved to a new
measurement location in order to stabilise the transient effects caused by moving the sensor bar. Threeminute averages of the velocities were measured in each location.
The measurements were carried out for the overhead MV and the LDV with background mixing ventilation
cases. The measurements were carried out for a baseline ventilation rate of 12 ACH with two ceiling
exhaust grilles and one floor-level grille (see Figure 2.4 B). There was no HCW manikin inside the isolation
room (it would have been in the way of the sensor bar), and the patient manikin was not breathing during
the measurements.

Figure 2.4. The air velocity measurement set-up.

2.1.4. Thermal comfort
The effect of air distribution on the thermal comfort of the patient was studied with a thermal manikin
(Pernille, PT Teknik, Denmark). The manikin can simulate human-body heat exchange with the environment
realistically and hence can be used to assess thermal comfort.
In the experiments, the thermal manikin was lying supine with a duvet cover on (see Figure 2.5). In the test
cases, the manikin was dressed in a typical patient outfit consisting of underwear (underpants and bra),
socks, long trousers and a long-sleeved shirt. The total clo value for the manikin lying on the bed (including
the clothes, the duvet cover and the mattress) was measured as 1.5 clo. For thermal comfort assessment,
the metabolic rate of the manikin was set to 0.9 met, which is close to adults at rest [75]. During the
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measurements, the manikin was used in ‘comfort mode’, which means that the manikin was heated by
simulating the thermal resistance of human skin.
In the experiments, whole-body thermal comfort was measured in steady-state conditions for both MV and
LDV cases. The thermal comfort was assessed with equivalent temperature (Teq) as well as with predicted
mean vote (PMV) and predicted percentage of dissatisfied (PPD) indices. Teq is a measure of the
environmental conditions (air temperature, radiant heat, air movement) and does not take into account
subjective factors like perception, sensation, clothing and metabolic rate (a detailed description of Teq can
be found in SAE [76] and Nilsson et al. [77]). On the other hand, PMV and PPD focus on perceived thermal
comfort. PMV predicts the average thermal comfort vote of a large group of people on a seven-point
thermal sensation scale (see Table 2.1 for the scale). PPD predicts the average percentage of thermally
dissatisfied persons among a large group of people. PPD is calculated from the PMV value. A more detailed
description of the indices can be found in the ASHRAE/ANSI 55-2004 [78] and ISO 7730 [79] standards.

Figure 2.5. Thermal manikin lying in the bed with a duvet cover on during the thermal comfort
measurements.

Table 2.1. The seven-point thermal sensation scale.
+3
+2
+1
0
-1
-2
-3
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Hot
Warm
Slightly warm
Neutral
Slightly cool
Cool
Cold

2.1.5. Tracer gas measurements
Tracer gas measurements were carried out to quantitatively assess the exposure of the HCW to the exhaled
air of the patient.
In the experiments, sulphur hexafluoride (SF6) was dosed to the exhalation of the patient to simulate the
spreading of airborne infections. Tracer gases are a generally accepted alternative that are widely used to
simulate airborne contaminants and droplet nuclei (possibly carrying airborne infections) in exposure
studies [80-82]. The exhalation of the patient consisted of a mixture of fresh air and SF6. The mixture was
formed by diluting 0.15 L/min of raw SF6 with 10 L/min of fresh air. This mixture was discharged to the
isolation-room model through the nostrils of the patient manikin. The breathing cycle of the two manikins
was described earlier (see section 2.1.1. Isolation-room model).
As SF6 is much heavier than air (at ambient temperature and pressure conditions), the mass density of the
exhaled mixture became 1.28 kg/m3 and hence notably higher than the density of normally exhaled air,
which is 1.15 kg/m3 (at 34 °C, 100 per cent relative humidity). Thus, the exhaled air of the patient (a mixture
of SF6 and fresh air) was heated to 50 °C to compensate for the density difference. The heating reduced the
density of the mixture to 1.15 kg/m3, and hence the heated mixture realistically simulated the normal
density of exhaled air at a temperature of 34 °C.
The tracer gas concentration was measured from the room exhausts and from the inhalation of the HCW
manikin during each experiment. The sampling was carried out with a multi-gas analyser (Gasera One Pulse,
Gasera Oy, Finland). The background concentration (in the surrounding laboratory and in the test room)
was measured before each experiment. After the background concentration measurements had been
carried out, the tracer supply was turned on and the isolation room concentration was monitored until a
steady-state condition was reached. Once the steady state had been reached, the exhaust concentrations
were monitored for 30 minutes. Then the inhaled concentration of the HCW manikin was monitored for an
hour. After the HCW inhalation monitoring was over, the exhaust concentrations were again monitored for
30 minutes. The sampling interval of the gas analyser was about 45 s. The concentration monitoring times
were considered long enough to produce low uncertainty for the concentration averages used for the HCW
exposure assessment [82].
The HCW’s exposure to the patient-exhaled tracer gas was assessed with two different indices: i) the
susceptible exposure index and ii) the intake fraction. Both indices are well known and have been used in
past exposure assessment studies [28, 67, 83-86]. The susceptible exposure index (ε) describes the ratio
between the local (inhaled) concentration and the concentration in the exhaust and is defined as:
𝜀=

𝐶! (𝑡) − 𝐶" (𝑡)
,
𝐶# (𝑡) − 𝐶" (𝑡)

(1)

where 𝐶! is the tracer gas concentration in the HCW inhalation, 𝐶" the concentration in the supply air and
𝐶# the concentration in the exhaust. If the SF6 concentration is taken to be 0 in the supply air (the
concentration in outdoor air is very low and hence it can be considered to be negligible) and by using
averaged values in steady-state conditions, the susceptible exposure index becomes:
𝜀=

𝐶!
.
𝐶#

The intake fraction (IF) describes the ratio between the contaminant mass inhaled by the HCW and the
contaminant mass released into the environment. The IF is defined as:
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(2)

𝐼𝐹 =

𝑚!
∫ 𝑚̇! 𝑑𝑡
∫ 𝑄! (𝑡) ∙ 𝐶! (𝑡) 𝑑𝑡
=
=
,
𝑚#$% ∫ 𝑚̇#$% 𝑑𝑡 ∫ 𝑄#$% (𝑡) ∙ 𝐶#$% (𝑡) 𝑑𝑡

(3)

where 𝑚! is the total contaminant mass inhaled by the HCW (during time t), 𝑚#$% is the total contaminant
mass released (exhaled) to the room through the patient manikin nose (during time t), 𝑄! is the inhalation
flow rate of the HCW manikin and 𝑄#$% is the exhalation flow rate of the patient manikin. In the cases
examined in this study, all the tracer released to the test room was removed through the exhausts, as the
test room was isolated and in negative pressure compared to the surrounding spaces. Hence, the tracer gas
mass released to the environment was defined based on the exhaust measurements.
In steady-state conditions, IF can be calculated as:
𝐼𝐹 =

𝑄! ∙ 𝐶!
,
𝑄#$% ∙ 𝐶#$%

(4)

where 𝑄! is the average inhalation flow rate, 𝐶! is the average concentration of SF6 in the HCW inhalation,
𝑄#$% is the average exhaust flow rate and 𝐶#$% is the average concentration of SF6 in the exhaust.

2.1.6. Tracer gas measurement test cases
The tracer gas measurements were carried out for several experimental cases to assess the effect of
different parameters on the spreading of the patient-exhaled airborne contaminants and the HCW’s
exposure to them.

The effect of distance from the source (patient)
The HCW’s exposure to the exhaled air of the patient was examined in relation to four different HCW
positions inside the isolation-room model: i) leaning over the patient (caregiving scenario), ii) standing next
to the bed (for example, chatting with the patient), iii) standing at the foot of the bed (for instance,
checking the patient’s chart) and iv) standing far away from the patient (for example, getting equipment).
See Figure 2.6 for more details. The measurements were carried out for MV and for LDV with a 12-ACH
ventilation rate, with exhausts in the corners of the ceiling and the backrest of the patient’s bed raised 20°.

The effect of patient posture on HCW exposure
The previously described case (the effect of distance from the source (patient)) was tested with the patient
lying supine with the backrest tilted 20° up from the horizontal plane. As patients may have their backrest
tilted to different angles during the hospital stay and during HCW examinations, it was considered that
different patient postures should be studied. Three different backrest positions were tested: i) flat, ii) tilted
20° up and iii) tilted 40° up. See Figure 2.7 for illustrations of the different backrest angles. The effect of the
different backrest angles was studied in relation to only one HCW position, that is, when the HCW was
leaning over the patient. It was considered that the highest exposure would happen in this position, and
hence this position was regarded as the most important case to examine. The measurements were carried
out for MV and for LDV with a 12-ACH ventilation rate, with exhausts in the corners of the ceiling.
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The effect of exhaust location on HCW exposure
Although exhausts have a very local contaminant-capturing effect, the location of the exhaust might still
affect the HCW’s exposure to the patient’s exhaled air, especially if placed close to the patient. The effect
of four different exhaust grille locations was investigated: i) in the corners of the room in the ceiling, ii)
above the patient’s head in the ceiling, iii) in the lighting panel above the bed on the wall, and iv) at floor
level behind the bed. See Figure 2.8 for illustrations of the different exhaust grille locations. For all exhaust
location cases investigated, the HCW was leaning over the patient and the backrest of the patient’s bed was
tilted 20° up from the horizontal plane. The measurements were carried out for MV and LDV cases with a
12-ACH ventilation rate.

The effect of ventilation rate on HCW exposure
The effect of 4-, 6- and 12-ACH ventilation rates on HCW exposure was examined so that the results could
be generalised to other space types besides isolation rooms. With LDV, the flow rate of the diffuser above
the patient was kept constant – that is, at 40 L/s – and the flow rate of the background mixing ventilation
diffuser (on the other side of the room) was adjusted so that the overall ventilation rate in the room
corresponded to 4, 6 and 12 ACH. The number of nozzles was adjusted to keep the flow rate through each
nozzle similar in each case and so that the throw pattern would resemble the 12-ACH case. The
experiments were carried out for MV and LDV cases with the HCW manikin leaning over the patient
(caregiving scenario) and with the backrest of the patient’s bed tilted 20° up.

The effect of face masks on HCW exposure
PPE constitutes an important part of HCW protection against transmission of diseases when working in
AIIRs. It was therefore considered important to investigate the effect of face masks on HCW exposure to
airborne contaminants. FFP2 masks (corresponding roughly to N95) were chosen to be used in the study.
Four different cases were studied: i) no masks on the HCW or the patient, ii) a mask on the HCW, iii) a mask
on the patient and iv) masks on the HCW and the patient. In the experiments, the masks were placed on
the manikins’ faces as they would have been put on normally. However, the masks were not fit-tested, as
the main objective was to suppress the exhalation jet. In all test cases, the HCW was leaning over the
patient, with the backrest of the patient’s bed tilted 20° up from the horizontal plane. Measurements were
carried out for MV and LDV cases with a 12-ACH ventilation rate and with exhausts in the corners of the
ceiling.
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Figure 2.6. HCW locations inside the isolation-room model.

Figure 2.7. Patient postures with different bed backrest angles.
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Figure 2.8. The different exhaust locations that were used to examine the effect of the exhaust grille
location on HCW exposure.

2.2.

Results

2.2.1. Smoke visualisations
The smoke visualisations of the supply air flow patterns and the spreading of the exhalation of the patient
are shown in Figures 2.9–2.11.
The supply air flow patterns for MV and LDV are shown in Figure 2.9. With MV, the supply air flows along
the ceiling over the whole room. The central part of the room (including the patient’s bed area) is not
effectively mixed by the supply airflow. LDV, on the other hand, flushes the breathing zones of the HCW
and the patient effectively. The background mixing ventilation of LDV also supplies fresh air to the
perimeter of the room. Hence, LDV appears to mix the air more effectively throughout the space than MV,
especially in the critical areas close to the patient.
The dispersion of the exhaled air of the patient when the backrest of the bed was at different angles is
shown in Figure 2.10. With LDV, the exhalation flow of the patient did not appear to enter the HCW’s
breathing zone at any of the angles. The local downward flow seemed to flush the breathing zone of the
patient effectively and direct the exhalation away from the HCW’s breathing zone. However, with MV, the
exhalation seemed to enter the HCW’s breathing zone and hence expose the HCW to high concentrations
of the exhalation. This result was seen with all tested patient postures.
The effect of masking the patient on the spread of the exhalation for MV and LDV cases is shown in
Figure 2.11. For both ventilation cases, similar effects were seen: the mask suppressed the formation of a
free exhalation jet, and hence the exhaled air stayed close to the patient’s head, where it was quickly mixed
with room air. Thus, the mask prevented the exhalation from entering the breathing zone of the HCW.
Masking the patient appeared to be an effective way to reduce the direct exposure of the HCW to the
exhaled air of the patient regardless of the ventilation mode.

27

Figure 2.9. Smoke visualisations of the supply air flow patterns. Arrows show the supply air directions with
overhead mixing ventilation (MV) (A) and with local downward ventilation (LDV) with background mixing
ventilation (B). Exhausts were in the ceiling corners and the HCW was leaning over the patient in both
cases.

Figure 2.10. Smoke visualisations of the dispersion of the exhalation of the patient for mixing ventilation
(MV) and local downward ventilation (LDV) cases when the backrest of the patient’s bed was at different
angles (flat, 20° and 40°). Exhausts were in the ceiling corners and the HCW was leaning over the patient in
all cases.
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Figure 2.11. Smoke visualisations of the effect of masking the patient on exhalation dispersion for mixing
ventilation (MV) and local downward ventilation (LDV) cases. The backrest of the patient’s bed was tilted
20° up, the HCW was leaning over the patient and the exhausts were in the ceiling corners in all cases.

2.2.2. Air velocity measurements
Air velocity measurement results for different modes of supply air distribution are shown in Figures 2.12
and 2.13. As the figures show, MV (Figure 2.12) created only low velocities on the measurement plane
(velocities always below 0.2 m/s) and hence did not flush and direct the patient’s exhalation effectively
away from the HCW’s breathing zone around the patient’s bed area. On the other hand, LDV (Figure 2.13)
seemed to create notable air velocities over the patient’s chest area. At other areas around the bed, the
velocities were much lower. LDV appeared to create air movement in the critical area (from the point of
view of reducing HCW exposure) and hence is expected to reduce the HCW’s exposure to the exhaled air of
the patient when near the patient compared to the MV case. However, the velocities generated by the LDV
case might cause thermal discomfort for the patient. A more detailed description of thermal comfort is
given in the Thermal comfort section 2.2.3.
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Figure 2.12. Air velocity measurement results for overhead mixing ventilation (12 ACH, corner exhausts).

Figure 2.13. Air velocity measurement results for local downward ventilation with background mixing
ventilation (12 ACH, corner exhausts).

2.2.3. Thermal comfort
The whole body equivalent temperatures measured with the thermal manikin are shown in Table 2.2. As
the table shows, Teq was the same as the average room temperature (estimated by the exhaust air
temperature) in the MV case. With LDV, the Teq was 1.7 °C lower than the average room temperature. The
reduction was caused by the supply air flushing the patient’s bed area.
Calculated values of PMV and PPD indices based on the measured Teq values and 50 % relative humidity are
shown in Table 2.3. PMV was close to neutral and PPD was low for the MV case. This was expected, as the
environment in the isolation-room model was quite stable (no high air velocities or temperature gradients),
at least at the occupied zone.
With LDV, the thermal environment was slightly cooler than with MV but still close to neutral. The PMV and
PPD values fell within the category B limits in the EN ISO 15251 standard [87] and hence were acceptable.
To fully comply with EN ISO 15251, other constraints must also be satisfied. Unfortunately, measurement of
all of those parameters was beyond the scope of this study. Nevertheless, the investigation of thermal
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comfort shown here implies that LDV could be considered acceptable and hence a practical solution from
the point of view of the patient’s thermal comfort.
Additionally, as higher room temperatures are allowed (up to 24–26 °C, depending on the standard [29, 31,
32]) than the temperature used in this study (22.5 °C), thermal comfort values can be adjusted. Calculations
with different parameter values can be done utilising PMV and PPD equations [79] or by using online
calculators, such as the CBE Thermal Comfort Tool (2019) (https://comfort.cbe.berkeley.edu/EN).

Table 2.2. Measured average room temperature (T) and equivalent temperature (Teq) values. MV – mixing
ventilation. LDV – local downward ventilation
Case
MV
LDV

T (°C)
22.6
22.5

Teq (°C)
22.6
20.8

T–Teq (°C)
0.0
1.7

Table 2.3. PMV and PPD values for the whole body with measured Teq values.
Case
MV
LDV

clo
1.5
1.5

Parameters
met
Teq (°C)
0.9
22.6
0.9
20.8

RH (%)
50
50

Results
PMV
PPD (%)
0.1
5
-0.4
8

2.2.4. Tracer gas measurements
Measured susceptible exposure index (ε) and IF values are shown in Figures 2.14–2.18 for different test
cases.
HCW exposure to the patient’s exhaled air in various locations inside the isolation-room model with
different tested supply air distribution modes is shown in Figure 2.14. Generally, with MV and LDV, the
highest exposure was found close to the source (patient), as expected. As the distance between the HCW
and the patient grew, the HCW exposure notably reduced. Similar results have been found in recent studies
[84, 85].
In addition, the standard error of the results increased the closer to the source the HCW was (with MV and
LDV). This was probably due to the cyclic exhalation and lack of mixing close to the patient. The results also
showed that MV induced higher standard errors compared to LDV when the HCW was close to the
contaminant source (that is, leaning over the patient). However, as the HCW’s position was moved further
away from the patient, the differences between the ventilation modes notably reduced.
HCW exposures with different patient bed backrest angles are shown in Figure 2.15. The results show that
MV produced higher exposures with all backrest postures compared to LDV. It seemed that there were
some differences between different backrest postures, but not much. The highest exposure was found with
the backrest tilted 20° up from the horizontal plane. The standard error did not appear to change much
between different backrest angles.
HCW exposure with different exhaust grille locations is shown in Figure 2.16. The lowest exposure for both
ventilation modes (MV and LDV) was found when the exhaust grilles were in the lighting panel on wall
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behind the patient’s bed. Exhaust grilles in the lighting panel seemed to perform well especially with LDV.
The low-level exhausts appeared to work poorly, especially with LDV.
The results show that LDV produces lower HCW exposure with all exhaust locations compared to MV.
However, it is difficult to ascertain the effect of the exhaust location on its own, since it appeared that the
location of the exhaust also slightly affected the supply air flow pattern, and hence the exposure might also
have been affected by the changed supply flow patterns. Typically, the effect of the exhaust (capture
effect) is quickly reduced when moving away from the vicinity of the exhaust location. Although there
seems to be no clear consensus in the literature on the best exhaust location, there is growing evidence
that low-level exhausts are not an optimal arrangement [67, 69, 86]. The results shown here also support
the impression that low-level exhausts do not work as well as higher-level exhausts in the studied cases.
However, there is also evidence that low-level exhausts can perform well too [70, 88, 89]. The supply air
distribution method, together with the exhaust location, room configuration and boundary conditions,
creates a system which needs to be evaluated as a whole. Clearly, this topic needs more examination
before any final conclusions can be drawn.
The tracer gas measurement results for HCW exposure when the MV and LDV modes were set at different
ventilation rates are shown in Figure 2.17. In this case, the exposure was evaluated with the IF index, which
describes the ratio of the contaminant mass (tracer gas) inhaled by the HCW to the mass released to the
environment. The exposure seemed to reduce notably when the ventilation rate was increased from 4 ACH
to 12 ACH. Such a drastic reduction was not expected, especially with LDV, since the local downward flow,
which flushed the patient’s breathing zone, was kept constant (40 L/s). However, the overall mixing and
dilution increases with an increasing ventilation rate, which can explain the trend seen in the results.
The effect of a FFP2 respiratory mask on HCW exposure in the MV and LDV cases is shown in Figure 2.18.
The results show that masking the patient was an effective way to reduce the HCW’s exposure to the
exhaled air of the patient. While the FFP2 mask itself was not able to filter the gaseous tracer and could not
therefore notably reduce the exposure when the HCW manikin was wearing the mask, it could still be
beneficial against different-sized airborne particles [90]. The gaseous tracer used in this study modelled a
worst-case scenario, where the mask is unable to filter inhaled particles present in the room. This could be
due to side leakages, which can lead to poor filtering performance. It would have been more realistic to use
a particle tracer, but that would have required consideration of a proper particle source and measuring
method. That was not possible within this study but should be considered in future studies.
Nevertheless, when the patient wore the mask, it did obstruct the dispersion of the exhalation jet (and
hence also the gaseous tracer) and prevented it from physically entering the breathing zone of the HCW.
There is now good evidence for the protective effect of masks [91], and the smoke visualisations and tracer
gas measurements shown here further confirmthat masks can reduce the spread of the patient’s exhalation
jet into the HCW’s breathing zone and, in turn, the HCW’s exposure. However, compliance among staff and
patients with usage of face masks can be an issue, as many factors (humidity, heat, breathing resistance,
and so on) can cause discomfort [92] in long-term use. Additionally, some medical interventions (nasal
tubes, for example) can hinder patients’ usage of face masks. Nevertheless, it might still be acceptable for
patients to wear a mask in certain scenarios (for example, during caregiving scenarios), although more
research is needed before final conclusions can be drawn.
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Figure 2.14. Tracer gas measurement results for HCW exposure in different locations inside the isolation
room with different supply air distribution modes. The black whiskers represent the standard error.

Figure 2.15. HCW exposure with different patient bed backrest angles. The black whiskers represent the
standard error.
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Figure 2.16. HCW exposure with different exhaust locations. The black whiskers represent the standard
error.

Figure 2.17. Tracer gas measurement results for the effect of ventilation rate on HCW exposure. The black
whiskers represent the standard error.
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Figure 2.18. Tracer gas measurement results for the effect of respiratory masks (FFP2) on HCW exposure.
The black whiskers represent the standard error. Local downward ventilation (LDV) was tested for the ‘No
masks’ and ‘Patient masked’ cases only.

2.3.

35

Summary of the findings from full-scale experiments

•

Smoke visualisations showed that with MV, the exhalation of the patient can enter the HCW’s
breathing zone. LDV was able to flush the breathing zone of the patient effectively and direct the
exhalation away from the breathing zone of the HCW.

•

Thermal comfort, defined with PMV and PPD indices, was found to be slightly lower (that is, the
thermal environment was cooler) with LDV than with MV, but close to neutral with both modes.

•

Air velocities with MV were found to be low above the patient bed, resulting in less effective mixing
around the patient’s bed area. Higher velocities were measured with LDV, as part of the supply air
flow was specifically directed into the patient’s bed area, enabling efficient flushing of the patient’s
breathing zone.

•

Higher air velocities with the LDV mode could be felt as draught. If this causes thermal comfort
issues, the LDV mode could be turned on only during nursing periods, with MV used routinely at all
other times, while the patient is alone in the isolation room.

•

The highest exposures to patient-exhaled airborne pathogens occurred while the HCW was leaning
over the patient – that is, during caregiving activities. The exposure was found to reduce drastically
when the HCW was positioned at greater distances away from the patient.

•

Patient posture (backrest elevation) had only a slight impact on the degree of HCW exposure during
caregiving activities. For example, this was a much less significant factor than the ambient air
distribution mode.

•

The ventilation rate notably affected the degree of HCW exposure to patient-exhaled airborne
pathogens. Increasing ventilation rates from 4 to 12 ACH enhanced the dilution of airborne
contaminants and reduced the degree of HCW exposure.
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•

The closer to the patient any downstream exhausts are, the more efficient they are at capturing the
patient’s exhaled contaminants. Low-level (that is, floor-level) exhausts appeared not to be
effective.

•

Masking the patient suppressed the spread of the patient’s exhaled contaminants into the HCW’s
breathing zone, substantially reducing the exposure of the HCW.

3. Computational fluid dynamics simulations
This section gives a description of the applied computational models and how the airflows and the
spreading of the exhaled air of the patient were simulated with computational fluid dynamics (CFD). CFD is
a general simulation technique that divides the 3D model of space into small volumes and then calculates
the flow in the space numerically following the flow equations. The quality of the simulation depends on
the applied simulation methods and the validity of the given boundary conditions. Typically, the timeaveraged Reynolds-averaged Navier–Stokes (RANS) simulation method is applied because of the moderate
computational power requirements. RANS simulation gives an averaged flow pattern and describes the
turbulent flow fluctuations with turbulence models. If the flow pattern is unstable, which is usually the case
in room airflows, the unsteady RANS (URANS) method can be applied, which can simulate the unsteady
large-scale flow fluctuations. When the real turbulent flow structure is important for the simulated case,
the LES (large-eddy simulation) method can be used. It simulates the time-dependent flow and does not
use turbulence models. Only the eddies that are smaller than the simulation grid size are described by
models. LES typically requires a dense computational grid and a small time step, and therefore requires
high computational power.
CFD simulation has been widely applied to hospital ventilation, especially for modelling of operating and
isolation rooms [55, 69, 86, 93–96]. When drawing conclusions from the CFD simulation results, their
validity needs to be checked. This usually means that the simulation is compared against experimental data
from a similar case. This ensures that the selected models and the given boundary conditions are valid for
the case. Simulations are most useful for gaining a better understanding of the flow phenomena and the
effects of different factors on the resulting flow structure.

3.1.

Simulation methods

3.1.1. Room geometry and mesh
The computational geometry was a copy of the full-scale isolation-room model used in the experiments
(Figure 3.1). It consisted of the model room, the HCW manikin, the patient manikin, a bed, a bedside table,
and a lighting panel running across the wall above the bed. Mesh consisted of tetrahedral cells. Mesh
refinement was used near the critical boundaries, like the HCW’s nose and mouth, the patient’s nose and
mouth, and supply diffusers. Additionally, two refinement volumes were defined above the patient’s bed
close to the HCW’s breathing zone in order to accurately model the exhalation flow patterns. See Figure 3.2
for an illustration of the mesh and the refinement regions.

37

Figure 3.1. The geometry of the isolation-room model with the HCW and patient manikins. The HCW is
standing beside the patient’s bed in the image on the left and leaning over the patient in the image on the
right.

Figure 3.2. Illustration of the mesh (2.3 million nodes) used in the simulations.

Before the actual simulations, five different mesh sizes of between 0.2 million and 5.3 million nodes were
tested to examine the effect of different mesh densities on the dispersion of the patient’s exhalation and
the subsequent HCW exposure to it. Based on these simulations, a grid of 2.3 million nodes was selected as
the final grid. With coarser grids, the local effects near the HCW were not captured properly. However, a
finer grid with 5.3 million nodes did not provide better results near the HCW.
In the simulations, the HCW was positioned standing next to the patient’s bed (chatting with the patient) or
leaning over the patient (giving care). The HCW’s exposure was also examined in two additional locations
for comparison: with the HCW at the end of the bed (checking the patient’s chart), and with the HCW far
away from the patient (getting equipment). However, in these locations the HCW manikin was replaced
with monitoring points.
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3.1.2. Geometry of the HCW and the patient
The geometry of the HCW manikin was created by scanning the real manikin using a camera and 3D
scanning software (Figure 3.3). The patient manikin was a simple box model based on the dimensions of
the real manikin. The shapes and dimensions of the nostrils and mouth openings used in CFD-model
geometry for defining the breathing boundary conditions were similar to the real dimensions of these
orifices for both manikins.

Figure 3.3. HCW manikin geometry and grid of the mouth (left), nose and nostrils (left and middle – closeup), with the more simplified geometry of the patient manikin (right).

3.1.3. Boundary and initial conditions
The boundary conditions were set to simulate the conditions of the full-scale experiments. The time step of
the simulations was set to 0.1 s. Before the actual simulations, an initial simulation was carried out to
stabilise the airflow patterns and concentration. It was allowed to run for 36,000 time steps (one hour)
before the conditions reached a fully developed state, and was then used as initial conditions.
The air was extracted from the room through three rectangular exhaust openings. Two of the exhausts
were larger in area and considered to be the main exhausts. The third exhaust was smaller and was located
at a low level near the floor, simulating a toilet exhaust. The opening areas of the exhausts were the same
as those used in the full-scale experiments.
The HCW manikin was set to exhale through the mouth and inhale through the nose. The patient manikin
exhaled and inhaled through the nose. Otherwise, both manikins had the same breathing boundary
conditions. The exhalation temperature was set to 34 °C. The respiratory frequency was set to 14
times/min. The breathing cycle consisted of a 1.9-s exhalation, a 0.2-s pause, a 1.9-s inhalation and a 0.2-s
pause, with a volume of 10 L/min. These values are close to typical adult breathing parameters [22].
The exhalation air of the patient was marked in the simulations with a tracer gas concentration of
15,000 ppm. With a ventilation airflow rate of 170 L/s and a respiratory flow rate of 10 L/min, this provided
a steady-state concentration of 15 ppm in the exhaust air.
A heat load of 600 W was applied to the model. This consisted of the patient (90 W), the HCW (90 W),
lighting (120 W), and equipment and solar load (300 W), which was simulated with four heating panels, one
in each corner of the room. The heat loads were given as a constant heat sources to the surfaces. It was
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assumed that 50 per cent of the heat load was convective, which was set directly as heat output to heatsource surfaces, and 50 per cent was considered as radiation to other surfaces. This was done in order to
simplify the simulations by avoiding thermal radiation modelling.

3.1.4. Numerical methods
All the simulations were carried out with Ansys CFX software (CFX, Ansys, Inc., PA, USA). The URANS
modelling method was used to simulate the transient breathing and room airflows with a time step of 0.1 s.
The simulations were carried out with a transient incompressible solver using the SIMPLE algorithm. The
SST (Shear stress transport) model was applied for turbulence. The SST model has been found to be
suitable for various scenarios, including modelling of room airflows [97]. The buoyance-driven effects were
simulated with Boussinesq approximation. A second-order high-resolution spatial discretisation was used
for all governing equations. A second-order implicit discretisation was used with respect to time. A passive
scalar was set to model the dispersion of the patient-exhaled tracer gas. The exposure was quantified by a
susceptible exposure index, as in the full-scale experiments (see equation (2)).
Additionally, the LES method was applied to specific cases to include turbulent flow structures in the
simulations and to investigate their effect on the development and dispersion of the exhalation flows and
subsequent HCW exposure to them. The wall-adapting local eddy-viscosity (WALE) sub-grid scale model
was applied to model the smaller-than-grid-size eddies. The WALE model also works well close to boundary
layers and hence is suitable for room airflow simulations [98]. A time step of 0.02 s and a central
differencing scheme were used in the simulations.

3.2.

Simulation cases

The different supply and exhaust set-ups of the test cases are described in Table 3.1 (see section 3.3 for
further details of supply air diffuser modelling). The basic exhaust set-up in all cases was two exhaust grilles
in the corners of the ceiling with a 75-L/s flow rate and a floor-level exhaust with a 20-L/s flow rate.
Additional exhaust locations were tested with mixing and zonal downward ventilation. The total airflow
rate of the room was 170 L/s in all cases. This was the same as the supply flow rate in the full-scale
experiments. In the experiments, however, the exhaust flow rate was slightly higher (190 L/s) because of
the desired pressure difference to the surrounding spaces.

Table 3.1. Test cases with CFD simulation. MV – mixing ventilation; LDV – local downward ventilation; ZDV
– zonal downward ventilation
1
2
3
4
5
6
7
8
40

Supply air

Exhaust

MV

Ceiling/corners
Ceiling/above patient
Wall/lighting panel
Wall/floor level
Ceiling/corners
Ceiling/corners
Wall/lighting panel
Wall/head level

LDV
ZDV

3.3.

Supply air diffuser modelling

3.3.1. Mixing ventilation
Mixing ventilation (MV) was modelled based on the full-scale laboratory experiments. The air was supplied
to the room by two multi-nozzle diffusers located in the ceiling in the middle of the room (Figures 3.4 and
3.5). Both diffuser units consisted of 81 individual adjustable nozzles. In the simulations, circular openings
were used to simulate the nozzles at the surface of the supply air diffuser for simplicity. The vertical
velocity component from the nozzle openings was obtained by dividing the flow rate by the total area of
the nozzle openings. The horizontal velocity components in the openings were chosen to give the correct
flow direction based on the nozzle direction as well as the correct momentum flow rate of the jet. This setup has been found to realistically simulate the supply flow through nozzle diffusers [99].

Figure 3.4. Nozzle set-up of the diffuser for mixing ventilation.

Figure 3.5. The supply air flow pattern with mixing ventilation presented as a velocity isosurface.
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3.3.2. Local downward ventilation
Local downward ventilation (LDV) with background mixing ventilation was also simulated based on the fullscale experiments. In the simulations, one diffuser was placed above the patient’s bed, which supplied air
locally downwards, and another was placed on the other side of the room, which supplied air along the
ceiling, thus creating background mixing ventilation (Figure 3.6). The downward flow was achieved by
turning the nozzles of a multi-nozzle diffuser against each other (Figure 3.7). The collisions of the jets
resulted in a downward total flow. The modelling principle was thus the same as with MV, with circular
openings being used to simulate the nozzles at the surface of the supply air diffuser.

Figure 3.6. The supply air flow pattern with local downward ventilation presented as a velocity isosurface.

Figure 3.7. The nozzle set-ups of the diffusers for downward flow (left) and background mixing (right) seen
from above. The locations of the diffusers in the room are shown in Figure 3.6.

3.3.3. Zonal downward ventilation
Zonal downward ventilation (ZDV) was tested with CFD simulation only. It was based on a nozzle duct
placed above the patient’s bed. The selected nozzle-duct model has a 300-degree nozzle area on the lower
part and on the sides of the duct, whereas the top has no nozzles. This allows induction air to flow from
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above and mix with the supply jets from the nozzles. The nozzle duct was 3.0 m long with a diameter of
0.25 m. The end of the duct was 0.2 m from the wall and the upper surface 0.2 m from the ceiling.
The CFD model is based on a model for a similar type of nozzle duct described by Koskela et al. [100]. The
model uses momentum sources that present the flow of the room air induced by the nozzle jets. The
induction airflow was assumed to be 2.5 times the supply flow rate. Momentum sources were placed at
angles of ±30 degrees from the top of the duct (see Figure 3.8 A). The momentum sources were 0.1 m high
and 5 degrees wide. The strength of the momentum sources was calculated from the induction air flow rate
and the cross-sectional area of the flow (0.1 m x 2.0 m). Supply air was introduced as a mass source in the
same volume as the momentum source. The principle of the model is shown in Figure 3.8.

A

B

Figure 3.8. Model of the nozzle duct diffuser with momentum sources of induction airflow at the edges of
the nozzle sector (A), and a typical flow pattern (B) presented as a velocity isosurface.

3.4.

CFD results

3.4.1. Mixing ventilation
Exposure
The modelled HCW exposure results with MV are shown in Figure 3.9. The CFD results with the URANS
method depict similar trend as the measured exposures, i.e. the exposure increases the closer to the
patient the HCW gets..

Flow pattern
The flow pattern is shown in Figure 3.10. The supply air spreads along the ceiling, and turns down the wall
where the lighting panel affects the flow pattern. The downward flow along the wall is separated from the
wall surface by the panel, and a circulating zone is formed above the panel. Without the panel, the supply
flow would have continued further downwards along the wall. Lighting panels are common structures in
hospital patient rooms, and the panel was therefore included in the room model.
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Figure 3.9. Computational fluid dynamics (CFD) simulation results for HCW exposure with mixing ventilation
(12 ACH, corner exhausts, HCW leaning) compared to measurements.

Figure 3.10. Flow pattern close to the HCW and the patient’s bed (12 ACH, ceiling corner exhausts, HCW
leaning, URANS).

The spreading of exhaled air can be seen in Figures 3.11 and 3.12. High concentrations exist above the
patient and close to the HCW’s breathing zone. The supply air spreads along the ceiling in all directions. The
velocities above the bed are low, as can be seen in Figure 3.13. Therefore, the supply air is not able to
dilute or flush the exhaled air from the HCW’s breathing zone.
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A
B
Figure 3.11. Spreading of supply air and exhaled air with mixing ventilation (12 ACH, corner exhausts, HCW
leaning, URANS), with a concentration isosurface of 30 ppm (A) and a velocity isosurface of 0.3 m/s (B).

Figure 3.12. Contours of concentration with mixing ventilation (12 ACH, corner exhausts, HCW leaning,
URANS).

Figure 3.13. Velocity contours in a vertical plane and above the patient’s head (1.1 m level) with mixing
ventilation (12 ACH, ceiling corner exhausts, HCW leaning, URANS).
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Effect of exhaust location
Based on the CFD results, the exhaust location has a notable effect on the HCW’s exposure (Figure 3.14). In
general, the most effective exhaust location was in the lighting panel over the bed. The reason for this can
be seen in Figure 3.15. The exhaled air is partly captured by the lighting-panel exhaust before spreading to
the room. In reality, this effect is probably not as strong as in simulations, due to disturbances and
temporal variations in the flow pattern. Previous studies have found evidence supporting low [70, 88, 89]
and ceiling-level exhausts [67, 69, 86] for different air distribution types. However, our findings suggest that
none of those are optimal and that the exhaust should be closer to the patient’s head. Nevertheless, in all
cases the HCW’s breathing zone is close to the high-concentration area, and even a small change in the
HCW’s location can change the exposure substantially, especially when the HCW is leaning over the patient.

Figure 3.14. The CFD results for the effect of the exhaust location with mixing ventilation (12 ACH, URANS).
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A
B
C
D
Figure 3.15. Spreading of patient-exhaled air (mixing ventilation, 12 ACH, HCW leaning, URANS) with
different exhaust locations: in ceiling corners (A), in the ceiling above the patient (B), in the lighting panel
(C) and at floor level (D). The red isosurface represents a constant concentration level of 30 ppm.

3.4.2. Local downward ventilation
Exposure
The modelled HCW exposure results for LDV are shown in Figure 3.16. The CFD results with the URANS
method differ notably from the measurements, especially when the HCW is leaning over the patient.
Therefore, this case was also modelled with LES to find explanations for this difference. The LES results
were closer to the measurements, but there was still a notable difference.

Figure 3.16. The CFD simulation results for HCW exposure with local downward ventilation (ceiling corner
exhausts, 12 ACH, URANS) compared to measurements.
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Flow pattern
The differences between the URANS and LES simulation results can be seen in Figures 3.17 and 3.18. With
URANS, the downward supply air flow turns away from the HCW and does not adequately flush the HCW’s
breathing zone. This differs from the experimental smoke visualisation results (Figures 2.9 and 2.10). The
reason for this result is that with the URANS method, the turbulent fluctuations are time-averaged and
described by a turbulence model. This reduces the fluctuations of the flow pattern and creates a narrower
flow [101]. In the LES result, the supply air comes directly down towards the patient and effectively flushes
the exhaled air. The fluctuations of the flow pattern with LES can be seen in the isosurface structure (Figure
3.17).

Figure 3.17. The flow pattern close to the HCW and the patient with URANS and LES methods (local
downward ventilation, 12 ACH, ceiling corner exhausts) when the HCW was leaning (left) and standing
(right). The red isosurface presents a tracer concentration level of 30 ppm near the patient. The airflow
pattern is depicted with a velocity isosurface of 0.2 m/s colour coded with the concentration (0 to 30 ppm).

URANS

LES

Figure 3.18. The flow pattern close to the HCW and the patient’s bed with URANS and LES methods (local
downward ventilation, 12 ACH, ceiling corner exhausts).
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The spreading of exhaled air with the URANS method can be seen in Figures 3.19 and 3.20.

Figure 3.19. Spreading of exhaled air (left) and supply air (right) with local downward ventilation. The red
isosurface depicts a concentration of 30 ppm (left), and the blue isosurface depicts a velocity of 0.3 m/s
(right) (12 ACH, ceiling corner exhausts, URANS).

Figure 3.20. Contours of concentration with local downward ventilation (12 ACH, ceiling corner exhausts,
URANS).

The velocities above the patient’s bed with URANS and LES methods can be seen in Figure 3.21.
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URANS

LES

Figure 3.21. Velocity contours in a vertical plane and above the patient’s head (1.1 m level) with local
downward ventilation using URANS (left) and LES (right) models (12 ACH, ceiling corner exhausts).

3.4.3. Zonal downward ventilation
Exposure
Zonal downward ventilation (ZDV) was studied with CFD simulations only. The modelled HCW exposure
results with different exhaust locations are shown in Figure 3.22. The modelled exposures were notably
lower than with MV. The level of exposure near the patient was the same as the level of exposure far away
from the patient. The supply air seemed to effectively flush the exhaled air of the patient from the HCW’s
breathing zone. When the exhaust was placed in the wall behind the patient’s bed, the exhaled air of the
patient was effectively captured by the exhaust before spreading to the room. It should be noted that these
were purely simulation results and were not backed by experiments.
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Figure 3.22. CFD simulation results for HCW exposure with zonal downward ventilation (12 ACH, URANS).

Flow pattern
The supply air flow pattern is shown in Figure 3.23. The supply air is blown downwards from both sides of
the nozzle duct, which forms a downward flow pattern to the whole bed area.

Figure 3.23. The flow pattern close to the HCW and the patient’s bed when the HCW was standing (left and
middle) and leaning (right) (zonal downward ventilation, 12 ACH, ceiling corner exhausts, URANS).

The spreading of exhaled air can be seen in Figures 3.24 and 3.25. The exhaled air is flushed downwards
and away from the HCW’s breathing zone by the supply air flow. The air velocities above the patient’s bed
(Figure 3.26) are higher than with MV.
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Figure 3.24. Spreading of exhaled air (left) and supply air (right) with zonal downward ventilation. The red
isosurface depicts a concentration of 30 ppm (left), and the blue isosurface depicts a velocity of 0.3 m/s
(right) (12 ACH, ceiling corner exhausts, URANS).

Figure 3.25. Contours of concentration of patient exhaled air with zonal downward ventilation (12 ACH,
ceiling corner exhausts, URANS).

Figure 3.26. Velocity contours above the patient’s head (1.1 m level) with zonal downward ventilation (12
ACH, ceiling corner exhausts, URANS).
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Effect of exhaust location
The exhaust location had a notable effect on the HCW’s exposure (Figure 3.27). When the exhaust was
placed in the wall at the end of the patient’s bed, the exhaled air was effectively removed before spreading
to the room, as can be seen in the figure on the far right (C). In reality, this effect is probably not as strong
as in simulations, due to disturbances and temporal variations in the flow pattern.

A
B
C
Figure 3.27. The flow pattern close to the HCW and the patient with different exhaust locations: in the
ceiling corners (A), in the lighting panel (B) and in the wall at head level (C) (zonal downward ventilation, 12
ACH, URANS). The red isosurface depicts a concentration level of 30 ppm. The airflow pattern is depicted
with a velocity isosurface of 0.25m/s colour coded with the concentration (0 to 30 ppm).

3.5.
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Summary of the findings from CFD simulations

•

CFD simulation is a useful tool for developing optimal solutions for air distribution in isolation
rooms. It helps to understand the flow patterns and spreading of contaminants. However,
validation of the models with experiments is important, as it improves the credibility of the
simulations.

•

CFD simulation with the URANS method predicted the MV case relatively well. The HCW’s exposure
was close to the measured values, although generally somewhat lower.

•

The exhaust location did not have a notable effect on the level of HCW exposure with MV when the
HCW was leaning over the patient.

•

With MV, the general concentration of exhaled tracer in the room was lowest with the exhaust
vent positioned in the lighting panel, just above and behind the patient’s head (in this mock-up),
where it was able to capture part of the exhaled air of the patient.

•

In the case of downward flow (LDV), URANS had notable difficulties in predicting the correct flow
pattern. The simulated downward flow appeared to turn away from the patient and did not flush
the breathing zone, as shown in the experiments. Also, the simulated HCW exposure was too high
in comparison to the experimental measurements when the HCW was leaning over the patient. The
LES model produced more realistic results because it was able to simulate the fluctuations of the
flow pattern.

•

ZDV appears to have useful potential to limit the degree of HCW exposure. The URANS simulation
gave promising results with a low degree of HCW exposure. The lowest exposure was observed

when the exhaust was located in the wall near the patient’s head, when the supply air flow pattern
was able to direct the exhaled contaminants directly towards the exhaust. However, experiments
are needed to confirm this predicted behaviour.
•
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With MV, velocities above the bed were low in the simulations (below 0.1 m/s). With LDV, higher
velocities of up to 0.3 m/s occurred in LES simulations. The same velocity levels were seen in ZDV
with URANS. As velocities above 0.2 m/s can cause a draught, for LDV and ZDV modes, thermal
comfort issues have to be considered.

4. Virus tracer experiments
Although smoke visualisation and tracer gases (like SF6) are useful tools, for healthcare-related infection
control purposes, the use of an organic tracer (or pathogen surrogate) adds a more realistic interpretation
to experimental results.
To this end, we used an existing, licensed, cold-adapted, live-attenuated influenza vaccine (LAIV), Fluenz
Tetra [102]. A vaccine was used as a live virus tracer by another research team as a proxy marker for wildtype influenza virus [51].
The vaccine is licensed for use in primary school children and is used at the beginning of the influenza
season in the UK every year to immunise children to prevent them from acquiring wild-type influenza
infection, which may pose a risk to vulnerable adults [103]. It was therefore considered to be a safe and
realistic tracer for assessing the exposure risk to HCWs in the experiments outlined below. All the study
investigators had been routinely immunised against seasonal influenza with the standard inactivated
vaccine recommended for that year.
This live-attenuated influenza vaccine was used as a tracer for both the small-scale and the full-scale
experiments assessing the impact of different ventilation set-ups, similar to the tracer gas studies described
earlier.
The use of a nebuliser was thought to be responsible for one of the largest SARS-CoV outbreaks in Hong
Kong during the 2003 SARS epidemic [104]. Since then, although various reports have demonstrated the
potential for oxygen masks, nebulisers and other forms of non-invasive ventilation as possible aerosol
generators [26, 105–109], they have not been accepted universally as aerosol-generating procedures in
most guidelines [110–115]. Here we show that the side venting from such masks can disseminate live virus
and pose a potential risk to nearby HCWs, as the incoming nebuliser or oxygen airflows collide and interact
with the patient’s exhaled breath, which is carrying a live virus tracer.

4.1.

Detection of live-attenuated vaccine virus tracer

The live-attenuated quadrivalent influenza vaccine Fluenz Tetra (MedImmune/AstraZeneca) was obtained
from the National Institute for Health and Welfare, Helsinki, Finland, from the surplus reserve following the
vaccination campaigns for the 2016–17 and 2017–18 seasons. The doses were stored at 4–8 °C in the
original syringes.
According to the manufacturer, each 0.2-ml dose contains 107±0.5 fluorescent focus units (FFU) of each of
four influenza strains included in the vaccine. To prepare the Fluenz Tetra (FT) dilution for the experiments,
syringes were emptied into cold Hank’s balanced salt solution (HBSS) (Gibco/Thermo Fisher Scientific) while
the nozzle was kept under the liquid surface to eliminate mist escape.

4.1.1. Aerosol generation and collection
The FT aerosol was generated using a six-jet collision nebuliser with a glass jar (CH Technologies, USA). The
pressure was generated with a standard air compressor (MEC-AIR model MA2021, Mechelin CO, Finland).
The pressure was adjusted to 1 bar, resulting in a continuous air flow rate of 10 L/min, corresponding to
human exhale volume but without inhale periods. The nebuliser fluid needed to reach the same density for
the aerosol as normal exhaled air (1.15 g/m3). This was important, because the density affects the
buoyancy of nebulised air and thus the spreading of the aerosol. Evaporation of the fluid in the nebuliser
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lowers its temperature by more than 10 °C. By heating the fluid suitably, an aerosol temperature of 25 °C
and a corresponding density of 1.15 g/m3 were reached.
The recommended maximum nebuliser starting volume of 20-ml FT dilution was used throughout the
experiments. Aerosol was collected using an all-glass BioSampler (SKC, Inc., USA) with a total flow rate of
12.5 L/min when connected with a flow pump (KNF N035.1.2AN.18). The BioSampler was supplied with 20
ml of virus medium (VM) containing Dulbecco’s Modified Eagle Medium (Gibco/Thermo Fisher Scientific)
supplemented with 0.2 per cent BSA, 50 units/ml PenStrep, 2 mM L-glutamine, and tryptose phosphate
broth. A drop of Cuplaton (Orion Pharma, Finland), corresponding to 15 mg of simethicone, was added to
prevent foaming. After each experiment, 1-ml aliquots of the remaining nebuliser solution, the VM in the
BioSampler and untreated FT dilution control were quick-frozen in an alcohol dry-ice bath and stored
at -80 °C until analysed.

4.1.2. Test set-ups
All the virus tracer experiments were carried out in the isolation-room model described in section 2.1.1.
Storage, sample handling (after collection) and PCR analysis of the vaccine samples were carried out in the
microbiology laboratory of the University of Turku. Three different set-ups were used in the tests: i) direct
connection between the nebuliser and the BioSampler, ii) a glass tank between the nebuliser and the
BioSampler, and iii) full-scale experiments in the isolation-room model with MV and LDV modes.
The direct connection experiments were carried out to test the feasibility of the aerosol generation and
collection. In the direct connection tests, the Collison nebuliser was attached directly to the SKC BioSampler
with a 20-cm tube, so that all nebulised aerosols would go through the SKC BioSampler. There was a
connection for an additional inlet (HEPA filtered) to compensate for the small flow-rate difference between
the nebuliser and the sampler. The system was placed inside a glass tank, which was inside the isolationroom model, to prevent the nebulised aerosol from escaping the test environment. All air that was
exhausted from the tank went through the sampler and was HEPA filtered after sampling. Collection of the
aerosol was started immediately after the nebulisation was initiated.
The glass tank experiments were carried out to examine the efficacy of the sampling from an air space. In
the experiments, the nebuliser was attached to one end of the glass tank (0.6 m x 0.6 m x 1.5 m) and the
BioSampler to the other end. There were small hose connectors at both ends of the tank where the
nebuliser and BioSampler nozzles were fitted tightly. There was a small connector also for the inward
airflow compensating the flow-rate difference between the nebuliser and the BioSampler. The generated
aerosols were released from one end into the tank and collected at the other end of the tank (1.5-m
distance). The air exhausted from the tank (through the sampler) was HEPA filtered prior to being released
back into the isolation-room model. See Figure 4.1 for further details of the set-up.
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Figure 4.1. Set-up of the tank experiments. The photos show the tank (A), the nebuliser (B) and sampling
(C). Below the photos is a schematic diagram of the set-up.

Full-scale experiments were carried out to test the aerosol generation, sampling and the HCW’s exposure
to the generated aerosols in a realistic isolation-room environment. The focus was on investigating the
effect of MV and LDV modes on HCW exposure. The nebuliser was connected to the nosepiece of the
heated dummy lying on the bed. The aerosolised FT was therefore released into the room through the nose
of the patient. Three SKC BioSamplers were used simultaneously during the experiments. The samplers
were placed around the patient’s bed, simulating different HCW positions inside the room: i) leaning over
the patient (caregiving scenario), ii) standing next to the patient (chatting with the patient) and iii) standing
at the foot of the bed (checking the patient’s chart). These locations were the same as those used in the
tracer gas experiments (see Figure 2.6 for more details). A more detailed description of the isolation-room
model can be found in section 2.1.1. A 30-minute sampling period was used throughout the experiments.
The measurement set-up is illustrated in Figure 4.2.
All air exhausted from the isolation-room model was HEPA filtered. Only manikins were exposed to the
aerosolised FT during the experiments. Investigators were vaccinated against influenza, and as a safety
measure they wore PPE (including FFP3 masks and gloves) when retrieving the sampling equipment after
the experiments.
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Figure 4.2. Full-scale isolation-room mock-up with the BioSamplers placed around the patient (the dummy
lying on the bed).

4.1.3. Nucleic acid extraction and detection
Total nucleic acid fractions were extracted from the thawed samples using a NucliSens easyMAG
(bioMérieux) system. The extracts were screened using a quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) for influenza A, A/H1pdm09 and B viruses with a one-step modification of the
method described earlier [116]. Primers and MGB probes (Table 4.1) were obtained from Eurogentec, and
a SensiFAST Probe No-ROX One-Step Kit (Bioline) was used as the master mix. The reaction volume was 20
µl, including 5 µl of virus ribonucleic acid (RNA) extract. Reactions were amplified using Mic qPCR Cycler
(Bio Molecular Systems) at fast cycling mode with the following steps: RT (reverse-transcription) at 50 °C for
10 mins, initial denaturation at 95 °C for 3 mins, and 45 cycles of denaturation at 95 °C for 5 s, annealing at
55 °C for 20 s with fluorometric data collection, and extension at 72 °C for 5 s. A positive control of FT
dilution in HBSS corresponding to 106 FFU/µl of each virus was included in each run and used as a basis to
estimate the relative concentration (FFU/ml) of the viruses in the samples.

4.1.4. Copy number determination by digital PCR
Digital PCR (dPCR) is a relatively new method for gene copy number determination, often referred to as
‘absolute quantitation’ [117]. In dPCR, the reaction is partitioned into thousands of independent reactions,
with each individual reaction being either positive or negative – that is, either with or without a target
molecule. Since only the digital (0/1) end point is considered, the result is independent of variation in
reaction efficiency and there is no need for comparison with a standard. The resulting copy number is
calculated according to the number of positive-vs-negative reactions using Poisson statistics and at an
optimal distribution into 10,000–20,000 partitions; about 20 per cent of them are empty, and each
partition contains an average of 1.6 target molecules [117, 118]. A dynamic range of accurate
determinations goes over three logs.
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Final quantitation of the samples was performed for the A/H1pdm09 type by dPCR using QuantStudio 3D
(Applied Biosystems/Thermo Fisher Scientific). Samples were first reverse-transcribed to cDNA using
random hexamer primers, as described earlier [116]. Nanofluidic QuantStudio 3D 20K chips were loaded
and amplified with samples, H1pdm oligo reagents and QuantStudio 3D Master Mix v2 according to the
manufacturer’s recommendations. The sample dilution and amount per chip were adjusted according to
the results from qRT-PCR and, when necessary, readjusted after a preliminary dPCR run to obtain optimal
partition of the sample. The results of the dPCR experiments were analysed using QuantStudio 3D
AnalysisSuite Cloud Software.
Table 4.1. Primers (F and R) and probes (P) used for influenza virus qRT-PCR assays.
Name
AM1F
AM1R
AM1P
H1pdmF
H1pdmR
H1pdmP
BM1F
BM1R
BM1P

Type
A
A
A
A/pdm09
A/pdm09
A/pdm09
B
B
B

Gene
M1
M1
M1
HA
HA
HA
M1
M1
M1

Sequence (5’–3’)
GGCTCTCATGGARTGGCTAA
CAAAGCGTCTACGCTGCAGTCC
Cy5-TTCACGCTCACCGTGC-MGB-DQ
TACCAGATTTTGGCGATCTATTC
CCAGGGAGACTASCARTACCA
FAM-ACWGTCGCCAGTTC-MGB-DQ
ACACAATTGCCTACCTGCTTTC
TCCAAGGCAGAGTCTAGGTCA
HEX-AGAAGATGGAGAAGGCAAAGCAGAACTAGC-DQ

Conc. (nM)
400
400
100
400
400
100
400
400
100

4.1.5. Viability
Viral culture was used to assess the viability of any virus collected via the air sampler. The amount of live,
viable virus was assessed using Madin–Darby canine kidney cell monolayers in multi-well plates. Briefly, cell
cultures were inoculated with serial dilutions of the virus sample, overlaid with microcrystalline cellulose
(Avicel). After incubation for 48–72 hrs at 33 °C, cultures were fixed and stained with crystal violet for
plaque counting. Alternatively, inoculated cells were cultured without overlay and subjected to
immunoperoxidase staining with specific antibodies for examination under an inverted microscope, to
identify and quantify the number of influenza virus-infected cells.

4.2.

Results with vaccine virus aerosols

In preliminary experiments, we tested the feasibility of nebulisation and BioSampler collection of FT, using
qRT-PCR for virus quantitation (data not shown). We observed good transmission of the virus from the
nebuliser to the BioSampler when they were directly connected. The preliminary experiments were then
carried out in a sealed glass tank (0.6 m x 0.6 m x 1.5 m). These experiments confirmed that it was possible
to collect a reasonable quantity of FT nebulised into the air space of the sealed glass tank with an exhaust
through the BioSampler. Because of the nature of qRT-PCR assay, the accuracy of the measurements is
limited, and less than fourfold differences (that is, ±1 PCR amplification cycle) are usually not significant. In
addition, the uncertainty increases at higher amplification cycle numbers, and inter-assay variation is
sensitive to assay calibration. Therefore, the final measurements were performed using the dPCR
technique.
Figure 4.3 illustrates the copy number variation of the input virus concentration by dPCR within and
between sets of experiments. The overall mean ± SD was 4.68 ± 0.26 x108 copies/ml, with a coefficient of
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variation (CV) of 5.6 per cent. The original live influenza virus A/H1N1 content, based on the manufacturer’s
information and the dilution, was 5.0 x 106 ± 5.0 x 105 FFU/ml. Thus, 1 FFU corresponds to 94 copies on
average. Input samples of experiments 1 to 3 shown in Figure 4.3 were analysed by both PCR methods; the
overall CV was 28 per cent for qRT-PCR and 2.8 per cent for dPCR.
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Figure 4.3. Variation of the input virus concentration between repeats (N=3–4) within and between a set of
experiments, as measured by dPCR (mean ± SD of FT viral RNA copies/ml).

The maximum quantity of virus that the BioSampler was capable of collecting from the aerosol was
assessed by connecting the BioSampler directly to the nebuliser (Figure 4.4). The average residual fraction
was 53.2 per cent of the input, and 14 per cent was collected by the BioSampler, indicating a loss of 32.5
per cent during the experiment. The theoretical nebulised fraction was calculated by subtracting the copy
number of the residual FT in the nebuliser after a 30-minute experiment from that of the input FT. The
collected fraction in the BioSampler represented 30.5 per cent of the nebulised fraction. Assuming equal
loss (16.3 per cent) in the nebulisation and collection, the generated aerosol contained 30.5 per cent of the
input FT, of which 46.8 per cent was collected by the BioSampler. The results calculated as copies/min
values are presented in Figure 4.5.
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Figure 4.4. Results of three experiments collecting virus with the SKC BioSampler when in direct connection
with the nebuliser. The columns represent total virus copy numbers; the line shows the mean of the three
repeats. Columns indicate mean ± SD of FT viral RNA copies/min (N=3).
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Figure 4.5. Collection of virus with the SKC BioSampler when in direct connection with the nebuliser.
Columns indicate mean ± SD of FT viral RNA copies/min (N=3).

The results from a series of tank experiments are presented in Figure 4.6. The virus yield collected by the
BioSampler from the air space of the tank was 2.3 per cent. The residual fraction was 37.7 per cent of the
input, and 60 per cent was not recovered. The maximum possible yield calculated based on the tank airflow
and volume in the 30-min experiment would have been 28 per cent of the nebulised fraction. The apparent
nebulised fraction (input minus residual) was 62.3 per cent. Subtracting a 16.3-per-cent loss of the input
virus in nebulisation, the calculated nebulised fraction was 46.0 per cent. Of that, 12.9 per cent went into
the BioSampler, corresponding to 28 per cent of the air flow through. The collection efficacy of the
BioSampler was measured in the direct-connection experiment to be 46.8 per cent. Without additional
losses in the tank, the expected yield would have been 6.0 per cent.
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Figure 4.6. Results of tank experiments. Columns indicate mean ± SD of FT viral RNA copies/min (N=4).

Finally, we compared the effect of two different air distribution modes (MV and LDV) on the spread of FT
virus in the experimental patient room. The copies/min values are shown in Figure 4.7. These results were
also converted to exposure index values to enable comparison with the tracer gas results (Figure 4.8). The
exposure index was calculated using Equation 2 by dividing the average sampled concentration during the
collection period by the corresponding average exhaust concentration. The sampled concentration was
corrected with the measured yield of 13 per cent. The average exhaust concentration was calculated from
the nebuliser virus input, assuming complete mixing in the room. The nebulised virus input was obtained
from the difference between the measured virus counts in the nebuliser fluid before and after the
experiment.
The results clearly indicate the effectiveness of downward ventilation in reducing the virus load close to the
patient (Figures 4.7 and 4.8). With MV, the average increase in virus exposure compared to downward
ventilation was 4.3-, 1.4- and 1.1-fold when leaning over the patient (SKC1), standing next to the patient’s
bed (SKC2) and standing at the foot of the bed (SKC3), respectively.
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Figure 4.7. Virus tracer measurement results for HCW exposure in different locations inside the isolation
room with different supply air distribution modes. Columns represent copies/min of FT viral RNA collected
using SKC BioSamplers in different positions under different ventilation modes.

Figure 4.8. The effect of downward ventilation on HCW exposure presented as exposure indices calculated
from the values in Figure 4.7.
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4.3.

Viability

There were substantial losses in detectable virus when assessed by viral culture, though less so by PCR
methods [119]. This was not unexpected [120]. In the test chamber, the total experimental yield was
estimated to be 6 per cent. In the actual full-scale test room, the experimental losses were much higher,
since only a small portion of the aerosolised virus tracer could be collected within 30 minutes. The
estimated yield for sampling was 0.1 per cent, assuming total mixing of room air and a ventilation rate of 12
ACH.
In the viability analysis of the samples, however, there were several additional sources of losses. The
dilution of the vaccine to the nebuliser fluid seemed to cause an initial loss of 70–80 per cent in viability.
The aerosolisation process in the nebuliser circulated the fluid through the nozzles, which created losses in
the order of 50 per cent. This could have been caused by the shear stresses in the nozzles and in the jets
hitting the container wall.
The total yield of viable virus in the experiments was in the order of 0.04 per cent. The main losses were
caused by the culture method and storage of samples. These two, together with the experimental losses,
seemed to be responsible for almost all the losses. Therefore, the yields were estimated to be around 90
per cent for the remaining experimental steps (the test chamber and the BioSampler).
The viability of the virus tracer declined during the experiments, and therefore only preliminary results
were obtained in the test room. The number of cultured samples remained too small and the variation too
large to get reliable estimates. More experiments are needed to get reliable estimates on the durability of
viability in room scale.

4.4.

Potential risks to HCWs of patients using medical nebulisers

Currently, nebuliser use is not considered to be an aerosol-generating procedure (AGP) in infection control
guidelines or peer-reviewed publications [121, 122]. However, when such masks are used, either in hospital
or in the home, clearly visible ‘smoke’ plumes can emanate from the mask’s side vents (Figure 4.9 A and B).
We investigated the potential for HCW exposure to disseminated airborne virus in a situation in which the
patient is wearing a mask connected to a nebuliser dispensing medication in the form of inhalable mist.
Such nebuliser masks are commonly used as respiratory support in hospitalised patients with breathing
difficulties.

64

A

B

C

Figure 4.9. Investigating potential HCW exposure to disseminated airborne virus while a patient is using a
nebuliser mask. The images depict the proximity of the HCW (modelled by Co-Investigator PK) to plumes
emanating from the side vents of the nebuliser mask (A), the experiment conducted with the SKC sampler
in the HCW’s position (B) and the Titan portable home nebuliser (C).

4.4.1. Simulated medical nebuliser use
Using the existing full-scale isolation-room set-up with the HCW and patient manikins, we simulated a
human patient with an influenza infection wearing a home nebuliser mask (Titan portable home nebuliser,
0.2 ml/min fluid, 6–8 L/min airflow, Figure 4.9 C). The patient manikin was a heated dummy lying semisupine on a hospital bed. The dummy was modified to continuously exhale air (at 10 L/min), which was
piped through the nose of the manikin and contained aerosols of FT produced by a Collison nebuliser (10
L/min).
A typical nebuliser mask has side vents on both sides, which allow the escape of a mist consisting of the
nebulised medication and the patient’s exhaled breath. For these experiments, the medical nebuliser was
filled with 10 ml of water, which was completely vaporised during the 10-min experiment. Simultaneous air
sampling (with the room ventilation set at 12 ACH), for 10 mins, with 3 SKC BioSamplers at 12 L/min, into
VM from three different locations around the bed – 0.40 m (SKC1, head), 1.10 m (SKC2, side or abdomen)
and 1.70 m (SKC3, foot) from the manikin’s nose (simulating HCW positions during a ward round)
(Figure 4.10) – was performed in triplicate.
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Figure 4.10. The experimental layout, with the heated patient manikin lying semi-supine on the bed and
three SKC BioSamplers in different positions.

4.4.2. Air-sampling results
The use of a medical nebuliser was studied with MV only. A mean airborne viral load was obtained using
dPCR quantitation of the virus in VM for each SKC.
The experiment was carried out either by starting with FT in 20 ml VM and repeating the 10-min
experiment with the remaining input (N=2), or by starting with FT in 7 ml VM and replacing it between
experiments (N=3). The mode of input had no effect on any of the measured values, and the results were
pooled together (N=5). From a starting virus concentration of 4.96 ± 0.45 x 108 copies/ml, the
concentrations measured from the SKCs were 13.6 ± 0.51 x 104, 3.86 ± 0.76 x 104 and 2.61 ± 0.43 x 104
copies/ml at the head, side and foot of the bed, respectively (Figure 4.11). We were not able to calculate
the corresponding exposure index values for these results due to insufficient virus source data in the
experiments.
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Figure 4.11. HCW exposure to virus aerosols emanating from the side vents of the nebuliser mask worn by
the patient manikin in the simulated isolation room under mixing ventilation (12 ACH). The columns
represent copies/min of FT viral RNA collected using SKC BioSamplers in different positions: SKC1 (next to
the patient’s head), SKC2 (at the patient’s side) and SKC3 (at the foot of the bed).

The results presented in Figure 4.11 reveal a similar HCW copies/min exposure risk profile to that shown in
Figure 4.7, which indicates that the risk of exposure is greatly increased when the HCW is close to the
patient’s head, whether a medical nebuliser is in use or not.

4.4.3. Interpretation and application
In the full-size room experiments (Figure 4.10), the results showed that ~20,000–140,000 influenza vaccine
viruses can be detected in aerosols ejected from the side vents when a typical home nebuliser is used at 6–
8 L/min for 10 mins, on a patient exhaling from the mouth and nose with a source influenza vaccine virus
concentration of ~500 million/ml, with air samples collected for 10 mins at 12.5 L/min (by SKC BioSamplers)
with a room ventilation of 12 ACH.
Given these findings, nebulisers – and related simple oxygen-mask use – should be reconsidered and
classified more universally as a potential AGP. Indeed, the US CDC has recognised the potential risk posed
by nebulisation during the current Covid-19 pandemic [123–125], and there is increasing global recognition
that the pandemic SARS-CoV-2 virus is likely airborne transmissible [126–129].
Therefore, assuming (not unreasonably) that a substantial proportion of all Covid-19 cases were acquired
via the airborne route, the results of these experiments indicate that one practical action which can be
taken to reduce or prevent cross-transmission from patients using nebulisers (or oxygen masks) is to draw
the side curtains around the patient’s bed [130, 131]. HCWs will still be able to see the patient from the
bottom of the bed as they walk by. Inserting a physical barrier (the curtain) between patients for the
duration of the nebuliser (or oxygen) therapy helps to reduce or prevent any infection spreading to their
nearest neighbours.
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4.5.
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Summary of the findings from virus tracer experiments

•

Nebulisation and air sampling of the vaccine virus tracer was successfully tested in direct
connection, tank and full-scale isolation-room experiments.

•

Culturing the samples showed that the virus tracer stayed viable throughout the process, even in
the full-scale isolation-room model. Hence, using this method to assess hospital-acquired infection
risk to HCWs from patients infected with aerosol-transmissible pathogens can provide a more
realistic picture of the possible infection risk than other engineering methods, such as tracer gas
measurements or smoke visualisations.

•

The culture method was not standardised throughout the experiments and the reproducibility was
suboptimal because the vaccine, obtained as a surplus from the National Institute for Health and
Welfare, Finland, was used after the expiry date. Thus, dPCR was used as the main method of virus
quantitation, with highly reproducible results. Comparing the dPCR results to the original infectious
dose of the vaccine showed that there were about 100 copies of the virus per fluorescent focus unit
(FFU).

•

Full-scale isolation-room experiments with vaccine virus tracer confirmed similar behaviour to the
tracer gas measurements: LDV protected the HCW better than MV, especially close to the patient.

•

Constant exhalation and supply of the virus tracer (compared to cyclic exhalation with the tracer
gas experiments) may have resulted in a tracer concentration field close to the patient that was
different to that produced by the tracer gas experiments.

•

In the full-scale room experiments, visualisation of the side-vent jets from the nebuliser masks
showed significant plumes escaping and remaining suspended in the vicinity of the patient’s head,
where HCWs could potentially be exposed.

•

Aerosolised viral load samples, during medical nebuliser use, were highest at the head and lower at
the side (abdomen) and at the foot of the bed. Although these air samples were not tested for
viability by virus culture, data from the small-scale tank studies indicated that infectivity was
sustained.

5. Summary of the study findings

69

•

The exhaled air of the patient flowed directly towards the HCW’s breathing zone when the patient
was in a typical reclining position. The exhaled air of the patient should be flushed away from the
HCW’s breathing zone to protect the HCW as much as possible.

•

The highest HCW exposure to the exhaled air of the patient occurred when the HCW was leaning
over the patient giving care (for example, examining the patient or inserting an intravenous drip). In
this situation, the inhaled concentration was typically five to six times the average room
concentration with MV.

•

LDV flow was able to flush the breathing zone of the patient and notably reduced the HCW’s
exposure. When leaning over the patient, the HCW’s level of exposure with LDV was only about a
third of that with MV.

•

LDV caused higher velocities over the patient’s bed than MV. This air movement can cause a
draught that may be uncomfortable for the patient. Therefore, the air distribution must be
designed carefully in order to minimise this draught to achieve acceptable thermal conditions.
There will always be a need to reach a compromise between HCW protection and patient thermal
comfort.

•

Generally, patient thermal sensation was slightly cooler with LDV mode than with MV, but neither
ventilation mode was too far from neutral.

•

The potential patient thermal discomfort caused by the higher airflow velocities with LDV may be
mitigated if it is only turned on during nursing periods, with MV being used the rest of the time.

•

According to the CFD simulations, ZDV was even more effective than LDV at protecting the HCW.
However, these results require further rigorous experimental validation.

•

The exhaust location also plays a role in HCW protection, although exhausts can capture air only
from a short distance away and therefore cannot control the room airflows generally. Nevertheless,
placing an exhaust near high-concentration areas can lower the room concentrations notably.

•

In this study, the most effective exhaust positions were in the wall behind the patient’s bed and in
the lighting panel (above and behind the patient), when the supply air was flushing the exhaled air
in that direction.

•

A higher ventilation rate reduces the HCW’s exposure by decreasing the average room
concentration and increasing the air mixing and dilution. Our results indicate that increased
ventilation rates are effective at lowering the HCW’s aerosol exposure near the patient, at least up
to 12 ACH, provided that the air distribution is able to mix the air above the patient’s bed.

•

Masking the patient with an FFP2/N95 mask was found to be an effective method of suppressing
the spread of the patient’s exhalation jet into the room. However, wearing a mask may be
uncomfortable for some patients if maintained for long periods.

•

The live cold-attenuated influenza virus vaccine tracer experiments confirmed the findings of the
tracer gas measurements: i) the highest exposure occurred when the HCW was leaning over the
patient (with MV), and ii) LDV reduced the viral loads compared to MV.

•

We demonstrated that a home nebuliser can produce virus-laden aerosols, mostly from the
nebuliser mask side vents, which can infect carers and others nearby. Substantial viral loads were
detected, which could be sufficient to cause infection if such personnel are present for the duration
of the nebulisation session.

6. Conclusions and recommendations
In order to optimise the protection of HCWs from their patients’ exhaled breath, which potentially carries
airborne pathogens, we recommend that isolation-room designs should take the following factors into
account:
•

Set the ventilation rate high enough to dilute and flush away exhaled air from the patient that may be
carrying pathogens. Ensure that the air above the patient’s bed is sufficiently mixed and diluted to
achieve this.

•

Design the ventilation layout such that patient exhaled breath is directed away from attending HCWs.
The optimal placement of the exhaust vent is in the location of the highest concentration of exhaled
air – for example, in the wall just above and behind the patient’s head while they are lying or reclining
in bed.

•

Mask the patient where possible to contain exhaled pathogens – until effective ventilation is
established and maintained.

•

Nebulisers should be treated as AGPs with the appropriate PPE precautions used when setting up and
turning off this device
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