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The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused the coronavirus disease 2019 (COVID-19)
pandemic, affecting millions of people worldwide." The
World Health Organization has indicated that 14% of
patients with COVID-19 require hospitalisation with
oxygen (O,) support, and 5% of patients require intensive
care unit (ICU) admission.” SARS-CoV-2 is transmitted
by droplet spread and contact routes, although aerosol
spread is considered possible.2> Suspended liquid and
solid particles in the air generated by human respiration,
communication and coughing are generally around 1 pm,
but range from 0.5 pm to 20 um in size.2:6 Particles with
diameters less than 5 pm are labelled aerosols?3.6 and
can remain suspended in the air for some hours. Particles
greater than 5 um are considered droplets and fall out of
the air more quickly.27

Many respiratory interventions performed in the ICU,
such as the nebulised administration of drugs, intubation
and extubation, high flow nasal O,, and non-invasive
ventilation, are considered aerosol generating.8? In the ICU
and general hospital setting, interventions to protect health
care workers and other patients from cross-infection are
routinely used. These include the use of personal protective
equipment, standard isolation rooms (Class S) and airborne
infection isolation rooms (Class N). Negative pressure
rooms are recommended for the management of patients
with confirmed or suspected infectious diseases with
airborne spread and for the conduct of aerosol generating
prodcedures.'® In Victoria, Australia, Class N isolation
rooms operate at negative 30 Pa and provide at least 12
air exchanges per hour.'® While the number of negatively
pressured rooms varies between hospitals and ICUs, they
are a relatively scarce resource.

We describe a novel personal ventilation hood that
provides a physical barrier between the patient and
environment, negative pressure within the hood, and high
efficiency particulate air (HEPA) filtration of expired air.!’
We hypothesised that the personal ventilation hood had the
potential to reduce the transmission to health care workers

ABSTRACT

Objective: To quantify aerosol generation from respiratory
interventions and the effectiveness of their removal by a
personal ventilation hood.

Design and setting: Determination of the aerosol particle
generation (in a single, healthy volunteer in a clean room)
associated with breathing, speaking, wet coughing, oxygen
(0,) 15 L/min via face mask, O, 60 L/min via nasal prongs,
bilevel non-invasive positive-pressure ventilation (BiPAP) and
nebulisation with O, 10 L/min.

Interventions: Aerosol generation was measured with two
particle sizer and counter devices, focusing on aerosols 0.5—
5 um (human-generated aerosols), with and without the
hood. An increase from baseline of less than 0.3 particles
per mL was considered a low level of generation.

Main outcome measures: Comparisons of aerosol
generation between different respiratory interventions.
Effectiveness of aerosol reduction by a personal
ventilation hood.

Results: Results for the 0.5-5 um aerosol range. Quiet
breathing and talking demonstrated very low increase in
aerosols (< 0.1 particles/mL). Aerosol generation was low
for wet coughing (0.1 particles/mL), O, 15 L/min via face
mask (0.18 particles/mL), and high flow nasal 0, 60 L/min
(0.24 particles/mL). Non-invasive ventilation generated
moderate aerosols (29.7 particles/mL) and nebulisation very
high aerosols (1086 particles/mL); the personal ventilation
hood reduced the aerosol counts by 98% to 0.5 particles/
mL and 8.9 particles/mL respectively.

Conclusions: In this human volunteer study, the
administration of O, 15 L/min by face mask and 60 L/min
nasal therapy did not increase aerosol generation beyond
low levels. Non-invasive ventilation caused moderate
aerosol generation and nebulisation therapy very high
aerosol generation. The personal ventilation hood reduced
the aerosol counts by at least 98%.
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of infectious diseases spread by droplets and aerosols
and to allow the safer provision to patients of treatments
considered aerosol generating. To test these hypotheses, we
determined the degree of aerosol and droplet production
during standard face O, therapy, high flow nasal O, therapy,
non-invasive ventilation, and nebulizer therapy, and the
effect of the personal ventilation hood on aerosol and
droplet environmental contamination.

Methods

Aerosol particle measurements

Data were obtained from an Aerodynamic Particle Sizer
(APS) spectrometer (TSI APS 3220) and a Scanning Mobility
Particle Sizer (SMPS) spectrometer (TSI SMPS 3080, with
3081 column). The APS counts aerosol numbers and sizes of
aerosol with aerodynamic diameters between 0.5 pm and
20 um (most of the respiratory size range)® by measuring
the time of flight between two laser beams of the aerosols
in an accelerated air flow. The SMPS determines particle size
distribution between 10 nm and 660 nm based on particle
electrical mobility.’? Both instruments are more sensitive
than those routinely used for clean room monitoring.'3-1>

Aerosol samples were measured through a 0.25 inches silicon
inlet tubing (length = 2300 mm to APS and 2590 mm to
SMPS). With inlet flow rates of 5 L/min and 0.3 L/min for APS
and SMPS respectively, the transmission of aerosols larger
than 5 um was impossible. Our results were thus limited to
particles smaller than 5 um, although more than 95% of all
human aerosols (by number) are smaller than 5 um.®

Aerosol measurements occurred in a clean room (volume
34 m?3, HEPA-filtered with six air changes per hour) at
the Department of Mechanical Engineering, University
of Melbourne, Australia. Clean rooms are defined by
the International Organization for Standardization (ISO:
14644-1: 2015)'6 according to aerosol levels. We used the
clean room as a negative control; the aerosol test results
were compared with the background aerosol loadings
stable and minimised.

To our knowledge, no agreed definition of the degree of
aerosol particle generation related to medical procedures
exists. The ISO clean room standard defines that the
maximum number of particles 0.5 um or greater in an ISO
7 (pharmaceutical) clean room is 0.352 particles per mL."®
We conservatively defined low aerosol generation as an
increase in mean particle concentration 0.3 particles per
mL (cm=3).

Figure 1. Photo of the personal protective ventilation hood*

* Air flows from the left hand side (lower body) to the rear of the hood to a fan and a high efficiency particulate air (HEPA) filter at the rear (right hand
side). Location: clean room at the Department of Mechanical Engineering, University of Melbourne. Jason Monty (pictured) has given consent for this
photo to be published. Aspects of the pram hood’s development are found at https://www.youtube.com/watch?v=McQGJpElqGk&feature=youtu.be
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The personal ventilation hood

The hood (Figure 1) consists of a mobile steel and plastic
frame, a fan and a standard HEPA H13 filter (rated to
99.97% clearance of 0.3 um particles). The plastic barrier
opens out to a hood of about 1.3 m3volume. The barrier
contains droplets, while the ventilation reduces aerosol
escape. Air is drawn from the sides and front near the
patient's legs up to the rear, and routinely away from the
health care worker (principally at the front and sides of
the patient). The air passes through the fan (Westaflex,
Melbourne, Australia; airflow = 40 L/s) and a HEPA H13
filter (Techtronic Industries, Hong Kong, China), thereafter
returning to surrounding air.

_ ] ] ] ] Volunteer testing
Figure 2. Total concentrations of aerosols from the respiratory interventions*
Ethics approval for this study
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APS = Aerodynamic Particle Sizer spectrometer; BiPAP = bilevel non-invasive positive-pressure; art|cullat|on point (where the p|aStIC
conc = concentrations; hum = humidified; neb = nebulised. * APS (TSI APS 3220) data only. Background hood is pulled down).
concentrations have been subtracted from these results. No hood (ie, hood open), no fan. For the We measured aerosolisation in
logarithmic y-axis, number concentrations (cm=) = aerosol number per cm?(mL). The box-and-whiskers ]
plot (standard Tukey) shows the integrated aerosol number concentrations measured by the APS with seven scenarios:
the mean background concentration subtracted from all values. Green triangles represent means, orange ° ; [
lines are medians, boxes are 25th and 75th percentiles, and whiskers are the 10th and 90th percentiles qwgt breathing; )
respectively. Aerosol generation from different treatment scenarios: patient sitting on bed breathing; (] talkmg (countlng Ioudly
patient talking (counting 1-100 and back); patient coughing for 5 seconds, every 30 seconds taking an continuously)'
aliquot of water before each coughing fit; patient fitted with a humidified nasal cannula; patient with a R
face mask on with dry oxygen flowing; patient with a leaky BiPAP mask fitted; patient with a face mask e wet coughing;
on with a nebuliser operating. ° dry face mask at 15 L/min O2
flow;

e high flow O, (30 L/min and 60 L/min) humidified nasal
cannulae;

e bilevel non-invasive positive-pressure (BiPAP) (5 positive
end-expiratory pressure [PEEP], plus 10 continuous
positive airway pressure [CPAP]) with humidification; and

e 5 mL nebulised saline with face mask at O, 10 L/min.

All seven tests were performed over 12 minutes each.
Each subsequent test occurred after the stabilisation of
background aerosol levels. The SMPS scanned its aerosol
size range every 2 minutes, while the APS scanned every
second, averaged to 19-second measurements. All scenarios
were studied twice, once with the hood open and the fan
off, and once with hood closed and the fan on.
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Figure 3. Aerosol size distributions from respiratory interventions*

Size Distributions - Background Subtracted

an aerosol source placed 50 cm
above bed level. We ran two
experiments: one with the aerosol
generation similar to the nebuliser
and one at a similar level to
BiPAP; 15 tests planned for each
experimental group. We added
5 mL 0.9% saline to the nebuliser
with each 15-minute testing run.
We performed 15 test pairs (hood
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for each source strength.

Data analysis

N Descriptive statistics were
\ calculated for the volunteer’s
testing and for the 30 planned,
repeated  nebulisation  tests:
mean, median, total particle
numbers, and particle sizes.
The particle size distribution
with 25th-75th and 10th-90th
percentiles were displayed as

0.5 1 2
Aerosol Diameter (um)

APS = Aerodynamic Particle Sizer spectrometer; BiPAP = bilevel non-invasive positive-pressure;
conc = concentrations; hum = humidified; neb = nebulised. * APS (TSI APS 3220) data only. Background
concentrations subtracted from results. Hood open, no fan. For the logarithmic y-axis, number
concentrations % = aerosol number per cm?. As for Figure 2 but showing the aerosol size distributions, in
log scale, from 0.5 um to 5 um. The upper limit (5 um) was restricted to aerosol sizes where a measurable
change was observed above background; that is, very few aerosols greater than 5 um were generated by
any respiratory intervention. Note that size distributions represent the mean of the experiment period, with
the mean of the immediately preceding background period subtracted in each size bin.

box-and-whisker (Tukey) plots.
The mean aerosol concentrations
from the prior background count
were subtracted to determine the
perturbations above background
for each test.

Results

Background aerosol counts
testing

Breathing, talking and coughing were directed towards
the measurement port (worst case scenario of a patient—
health care worker interaction). Wet cough was achieved
with 5 seconds of forced coughing, 25 seconds resting, and
drinking 25 mL water, then repeated. High flow humidified
nasal prongs therapy was administered by an Airvo (F&P
950; Fisher and Paykel, Auckland, New Zealand). Non-
invasive ventilation was administered using a face mask by a
Drager Oxylog 3000 (Lubeck, Germany) with humidification
with an F&P 950 humidifier. The non-invasive ventilation
mask was deliberately set to be “leaky”, to simulate a worst
case aerosol generation scenario, by inserting a nasogastric
tube 15 cm within the mask.

Repeated nebuliser aerosolisation
personal ventilation hood

against the

To test the ventilation hood further, we used compressed
air and the same nebuliser mask alone (no volunteer) as

We used a clean room level equivalent to ISO-14644-1: 2015
Level 7: less than 0.2 particles per mL for particles greater
than 0.5 um.'® All background periods were chosen such
that we had at least 10 minutes of stable concentrations in
the APS total concentrations before commencing the next
testing sequence. The background aerosol conditions that
were achieved within the clean room can be found in the
Online Appendix, section 1.

Volunteer testing

Figure 2 displays the APS results on a logarithmic y-axis
from breathing and talking through to nebulisation.
Aerosol generation was similar from wet coughing,
dry O, at 15 L/min via face mask, and high flow
(30 L/min or 60 L/min) humidified air via nasal prongs. All
were substantially less than one aerosol particle per mL.
Humidified, leaky BiPAP (10 cmH,0 CPAP, 5 cmH,0 PEEP)
had about a 100-fold greater aerosol generation compared

Critical Care and Resuscitation e Volume 22 Number 3 o September 2020 215



ORIGINAL ARTICLES

with high flow nasal cannulae. Nebulised 0.9% saline (a
source of aerosols) with 0, at 10 L/min increased aerosol
generation a further 30-fold beyond BiPAP.

The distribution of aerosol particle sizes is shown in Figure
3. Aerosol counts at all sizes are dominated by nebulisation,
followed by non-invasive ventilation. Wet coughing, dry O,
at 15 L/min via face mask, and high flow (30 L/min or
60 L/min) humidified air via nasal prongs all had similar
aerosol quantities and size distributions.

The Online Appendix, section 2, presents detailed
results for the aerosol counts and diameters for all aerosol
generating scenarios:

e breathing quietly;

e talking;

e wet coughing;

e dry face mask at 15 L/min O, flow;

e high air flow (30 L/min and 60 L/min) via nasal cannulae;
e leaky (nasogastric tube inserted) non-invasive ventilation

(10 CPAP plus 5 PEEP); and
m 10 L/min via nebuliser.

The effectiveness of the personal ventilation hood on
SMPS and APS aerosol measurements is shown in Figure 4
— Table 1 presents the data contained within Figure 4. The
aerosol generation for breathing and talking was minimal.
For procedures associated with low aerosol generation
(coughing, dry O, via face mask, and high flow nasal
cannulae), the hood reduced the aerosol count to the very
low levels observed during breathing and talking without
the hood.

The application of the hood during non-invasive
ventilation and nebuliser therapy reduced aerosol counts
measured by SMPS and APS at a typical location of a health
care worker by over 98% to a low level (Table 1).

From the originally planned sample of 30 pairs of tests,
one APS and three SMPS measurements were excluded
because experimental conditions did not equilibrate.
Efficiencies were calculated as the averages of these 29
(APS) and 27 (SMPS) tests. Figure 5 shows the percentage
of hood efficiency (ie, percentage of nebulised aerosols
captured by the hood) and associated data. For Experiment

Figure 4. Hood effectiveness against aerosol generation*
A SMPS Total Conc. - Background Subtracted B APS Total Conc. - Background Subtracted
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APS = Aerodynamic Particle Sizer spectrometer; BiPAP = bilevel non-invasive positive-pressure; conc = concentrations; hum = humidified; neb = nebulised;
SMPS = scanning mobility particle sizer spectrometer. * Background concentrations have been subtracted from results. Hood open, fan off. For the
logarithmic y-axis, number concentrations =* = aerosol number per cm3. SMPS (TSI SMPS 3080) and APS (TSI APS 3220) aerosol data with box-and-
whisker plots (means as red dots) with the backgrounds subtracted. Size distributions represent the mean of the experiment period, with the mean of the
immediately preceding background period subtracted in each size bin. Panel A: Aerosols with diameters 80-660 nm measured using the SMPS. Panel B:
Aerosols with diameters 0.5-5 um measured using the APS. The upper limit was restricted to aerosol sizes where a measurable change above background
count was observed (5 um). For each of the seven respiratory interventions, there are two box-and-whisker plots (black and green). The black, left handed
sided box is for hood open/fan off. The green right hand sided box is for hood closed/fan on. Because of the logarithmic y-axis, the ranges (box sizes)
appear greater for respiratory interventions such as breathing and talking, although these in fact have smaller aerosol numbers.
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SMPS* data: particle counts
(particles/mL)

Table 1. Aerosol generating procedures and the effects of the personal ventilation hood

APS' data: particle counts
(particles/mL)

No hood Hood No hood Hood
Mean (25-75%) Mean (25-75%) Mean (25-75%) Mean (25-75%)
Breathing 0.0 0.2 0.03 0.02
(-0.51t0 0.3) (-0.21t00.7) (0.01-0.04) (0.01-0.03)
Talking -0.6 0.0 0.04 0.01
(-0.9t0-0.4) (-0.1t00.2) (0.02-0.05) (0.01-0.02)
Wet cough 0.6 0.2 0.18 0.02
(0.6-0.8) (-0.0t0 0.2) (0.11-0.25) (0.02-0.03)
Dry face mask 11.2 -0.10 0.18 -0.02
(8.7-14.9) (-2.5t02.3) (0.10-0.20) (-0.03 t0 -0.01)
60 L/min (nasal, humidified) 13.2 6.8 0.24 0.03
(10.0-17.8) (6.1-8.5) (0.21-0.25) (0.01-0.05)
BiPAP (humidified) 630 11.8 29.7 0.51
(520-690) (9.6-18.3) (25.7-35.2) (0.45-0.59)
Nebuliser 51 000 570 1080 8.9
(43 000-54 000) (500-700) (880-1200) (6.6-11.6)

APS = Aerodynamic Particle Sizer spectrometer; BiPAP = bilevel non-invasive positive-pressure; SMPS = scanning mobility particle sizer spectrometer.

* TSI SMPS 3080. t TSI APS 3220.

1 (nebuliser levels), the APS/SMPS aerosol counts per mL
for inside and outside the ventilation hood were 2.9/1100
and 1100/77 000 respectively. For experiment 2 (nebuliser
aerosolisation similar to BiPAP levels), the APS/SMPS counts
per mL for inside and outside the ventilation hood were
0.49/120 and 280/12 000 respectively. The efficiencies
were calculated individually for each experiment pair with
the different source strengths, then averaged together to
create the final efficiencies and the size versus efficiency
curve. Overall, the hood was shown to remove more than
99.7% of particles larger than 0.5 um (those most relevant
to human generation) and more than 98.1% of those
smaller than 0.5 um.

Discussion

For the first time, to our knowledge, we evaluated aerosol
generation associated with common respiratory therapies
in a clean room. We found that non-invasive ventilation
and nebuliser therapy were significant aerosol
generating procedures. However, high flow, humidified
nasal O, (60 L/min) and O, via face mask (15 L/min)
only caused a slight increase in the aerosol count. A novel
personal ventilation hood reduced the very large number
of 0.5-5 um aerosols (most of the normal human range)®
generated by repeated nebuliser therapy by 98%.

Several recent studies exist of the effects of high flow nasal
cannulae on aerosol spread. Loh and colleagues'’” showed
that high flow nasal cannulae increased food dye (droplet)

spread when coughing occurred. Leung et al,'® however,
indicated no increase in bacterial contamination of nearby
surfaces when patients with gram-negative pneumonia
received high flow nasal cannulae in lieu of standard O,
masks.8 Recently, lwashyna and colleagues'® reported no
increase in aerosol generation during the use of humidified
high flow nasal cannulae. However, their study was not
conducted in a clean room and the aerosol background
concentration was high and fluctuated considerably (1000-
8000 particles per mL)."® A significant change in aerosol
concentration could easily have been missed with such
background conditions. In our study in a clean room, we
observed an increase in SMPS (smaller particles) count by
only 13 particles per mL with high flow nasal O, and by 630
particles per mL with non-invasive ventilation.

Most aerosols (< 5 um diameter) and droplets (> 5 um
diameter)? generated by humans are 0.5-20 pm, with
most being less than 5 um.6 The spread of SARS-CoV-2 is
primarily by droplets, but controversy reigns over whether
it spreads via aerosols.#520 There is concern regarding the
potential for health care worker infection during aerosol
generating procedures. Our data indicate that O, therapy
via a face mask and high flow nasal O, minimally increase
aerosol generation. Non-invasive ventilation, however,
caused moderate to high aerosol generation extensively,
and unlike during nebulisation, the aerosol source was the
human volunteer. We were unable to find any previous
published data regarding aerosol generation with non-
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sol generation

Figure 5. The personal ventilation hood’s effectiveness against repeated nebuliser aero-

Size binned hood efficiency

Our human volunteer
study provides high quality
data results that may have
widespread  implications
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regarding the safe use
of ubiquitous respiratory
therapies. Our findings
that O, therapy by face
mask up to 15 L/min
and high flow nasal O,
therapy up to 60 L/min
only marginally increased
particle counts suggest that
these procedures are unlikely
to lead to clinically significant
aerosol  generation and
support the use of contact
and droplet precautions
when using these therapies
in patients with respiratory
infectious diseases. However,
non-invasive ventilation and

Mean efficiency:
<0.5 pm; 98.1%

Aerasol diameter (um)

efficiencies and size versus efficiency curve.

—=SMPS >0.5 ym; 99.7%
—®—APS
96.6% - . . . - : -
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APS = Aerodynamic Particle Sizer spectrometer (> 0.5 um aerosols); SMPS = scanning mobility particle sizer
spectrometer (< 0.5 um aerosols). * Aerosols measured consecutively from inside and outside the hood. Hood
efficiency = 1 (number of particles measured outside hood/total number of particles introduced in the hood) as
a percentage. Blue (SMPS [TSI SMPS 3080] data) and green (APS [TSI APS 3220] data) curves represent mean
results. Blue and green shading represent the 10-90% ranges. The efficiencies were calculated individually for
each experiment pair with the two different aerosol source strengths, then averaged together to create the final

nebulisation are high aerosol
generating procedures,
supporting  the  ongoing
use of appropriate personal
protective equipment
for contact and airborne
precautions.®

The personal ventilation
hood reduces repeated
nebuliser  aerosolisation

invasive ventilation, and postulate that it is the higher
pressure and presence of a leak (worst case scenario)
driving higher non-invasive ventilation aerosolisation. Our
results also confirmed the clinical belief that nebulisation
generates large aerosol counts.

Our pre-clinical study has limitations: we sampled the
environment at one position only (albeit where a health care
worker is often likely caring for a patient) and tested one
healthy volunteer (not a patient). Limitations in our system
meant that the sample inlet was not ideal for particle sizes
larger than 5 um. The volunteer’s breathing, talking and
coughing aerosol counts and distributions were similar to prior
studies.®21 All background periods had at least 10 minutes
of stable aerosol concentrations before continuing testing.
We avoided fluctuating background aerosol measurements
in an ICU or hospital ward, instead choosing a clean room.
We studied total aerosol generation, and cannot comment
on the viral load within the aerosols measurements.

particle counts by 98%.
The ventilation hood may reduce cross-contamination of
respiratory infectious diseases beyond SARS-CoV-2 (eg,
tuberculosis and influenza) more effectively than wearing
an N95 mask (N95 respirator). An effective barrier between
the patient and the health care worker addresses concerns
about our first line of defence against cross-contamination
from airborne infectious diseases, protecting the air we
breathe. These preliminary effectiveness data support the
evaluation of the hood in a clinical environment.

Conclusion

We confirmed that non-invasive ventilation and nebuliser
therapy are high aerosol generating procedures, but
standard face mask and high flow nasal O, therapy are
not. The use of a personal ventilation hood substantially
reduced the increase in aerosol counts observed with both
non-invasive ventilation and nebuliser therapy.
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