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Abstract

Background: Various forms of noninvasive respiratory sup-
port methods are used in the treatment of hypoxemic CO-
VID-19 patients, but limited data are available about the cor-
responding respiratory droplet dispersion. Objectives: The
aim of this study was to estimate the potential spread of in-
fectious diseases for a broad selection of oxygen and respira-
tory support methods by revealing the therapy-induced
aerodynamics and respiratory droplet dispersion. Methods:
The exhaled air-smoke plume from a 3D-printed upper air-
way geometry was visualized by recording light reflection
during simulated spontaneous breathing, standard oxygen
mask application, nasal high-flow therapy (NHFT), continu-
ous positive airway pressure (CPAP), and bilevel positive air-

way pressure (BiPAP). The dispersion of 100 um particles was
estimated from the initial velocity of exhaled air and the the-
oretical terminal velocity. Results: Estimated droplet disper-
sion was 16 cm for unassisted breathing, 10 cm for Venturi
masks, 13 cm for the nebulizer, and 14 cm for the nonre-
breathing mask. Estimated droplet spread increased up to
34 cmin NHFT, 57 cmin BiPAP, and 69 cm in CPAP. A nonsur-
gical face mask over the NHFT interface reduced estimated
droplet dispersion. Conclusions: During NHFT and CPAP/Bi-
PAP with vented masks, extensive jets with relatively high jet
velocities were observed, indicating increased droplet
spread and an increased risk of droplet-driven virus trans-
mission. For the Venturi masks, a nonrebreathing mask, and
a nebulizer, estimated jet velocities are comparable to unas-
sisted breathing. Aerosols are transported unboundedly in
all these unfiltered therapies. The adequate use of protective
measures is of vital importance when using noninvasive un-
filtered therapies in infectious respiratory diseases.
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Introduction

Since the outbreak in December 2019, SARS-CoV-2
has spread over the world. SARS-CoV-2 causes the infec-
tious disease COVID-19. Although most people recover
from COVID-19 without needing hospital treatment,
around 26-33% of the patients admitted to the hospital
experience respiratory failure needing some form of re-
spiratory assistance [1,2]. As COVID-19 primarily causes
hypoxemic respiratory failure, the first step is to admin-
ister oxygen (via nasal prongs, Venturi masks [3], or non-
rebreathing masks [4]). In the case that this is insufficient,
several noninvasive respiratory support options are avail-
able such as nasal high-flow therapy (NHFT), continuous
positive airway pressure (CPAP), and bilevel positive air-
way pressure (BiPAP) [5].

Concerningly, up to 29% of the health care workers got
infected during the COVID-19 pandemic [6]. Respiratory
viruses, such as SARS-CoV-2 [7] and Influenza [8], are
spread through respiratory droplets and aerosols. Since
the above-mentioned respiratory support methods do not
filter exhaled air, the high air flows applied may increase
the spread of viral particles present in the exhaled air of an
infectious person, possibly causing new infections. Dur-
ing the first wave of the COVID-19 pandemic, this has led
to reluctance applying potential effective noninvasive re-
spiratory support measures, as there was fear that health
care workers might become infected when applying these
therapies [9]. Although some papers [10-12] have at-
tempted to investigate viral spread with noninvasive re-
spiratory support measures, these studies have limitations
due to the methods used. Most studies did not take into
account differential particle size, and this largely influenc-
es the behavior of the particles after being expelled.

Bourouiba [13] showed that a human sneeze produces
a turbulent cloud in which, due to low evaporation rates,
droplets can travel up to 8 m. Exhaled air of patients con-
tains droplets with diameters typically ranging from 0.1
pum to 1 mm [14, 15], and all sizes may cause virus trans-
mission [7]. During respiratory support, exhaled air es-
capes from the mask, nose, or mouth of a patient in the
form of an exhalation jet that is shaped by the therapeutic
device [16]. The droplets in the jet follow very different
trajectories depending on their size: large droplets fly bal-
listically as if there were no air present, but small droplets
(aerosols) are perfectly carried along by the airflow. Inter-
mediate droplets fly semiballistically, influenced by the
airflow but not completely carried along with it.

A comprehensive way of ranking droplets in ballistic
behavior is to compare their terminal vertical velocity to
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the air velocity encountered during respiration therapies,
which is in the order of 1 m/s. Based on the theory pre-
sented by Flagan and Seinfeld [17], the vertical fall speed
approximately scales quadratically with the droplet diam-
eter: in standard air (1 bar, 21°C), 1 mm water droplets
reach 4 m/s, 10 pm droplets reach approximately 3 mm/s,
and 100 nm droplets (virus size) reach only 0.3 pm/s.
Larger droplets therefore tend to fall out of the jet within
limited reach, whereas aerosols may stay airborne for
hours. Due to evaporation, isolated droplets <100 um are
likely to form droplet nuclei (aerosols) before settling
[18]. However, it was demonstrated that sneezes and
coughs are primarily made of a multiphase turbulent gas
cloud, in which evaporation rates are low and the range
of both small and large droplets is extended [13, 19].

Unfortunately, although NIV, CPAP, and NHFT are
recognized to be aerosol-generating procedures, there are
only limited data available about the actual dispersion of
particles during noninvasive respiratory support meth-
ods. Two studies determined the visible dispersion dis-
tance of exhaled air around oxygen masks [10] and dur-
ing NHFT and CPAP [12], based on smoke visualization.
However, because both studies used different setups, the
visualization results of the different therapies cannot be
well compared. More importantly, the visible dispersion
distance of exhaled smoke is not an adequate tool to mea-
sure the dispersion distance of droplets or aerosols ex-
haled by patients: it only indicates the flow field of the air
to a certain extent.

Smoke particles, such as aerosols, qualify as passive
tracers: they follow the airflow almost perfectly. So, by
visualizing smoke, one visualizes the motion of the air. A
crucial point in smoke visualization is the caution needed
when interpreting the resulting images. Because fresh air
mixes with the smoke over time, the smoke becomes less
and less visible. This reduced visibility should not be con-
fused with the absence of smoke particles or aerosols: it
only means that their concentration is low. Since viruses
can remain viable in aerosols for hours [20], the visible
extent of smoke particles should not be taken as indicative
for virus spread through aerosols, although a certain
amount is necessary to cause an infection.

Despite this reservation, smoke visualization can well
be used to indicate the flow field up to some extent and to
qualitatively indicate jet velocity and aerosol concentra-
tion. In this study, the therapy-induced aerodynamics of
a broad selection of oxygen and respiratory support
methods are revealed by performing a passive tracer study
using smoke visualization. The flow fields are used to es-
timate the jet velocities and corresponding fixed-size
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droplet dispersion based on the terminal velocity. Be-
cause a single setup is used in all therapies, a qualitative
comparison of differences in possible viral spread during
the therapies can be made.

Materials and Methods

The therapy-induced aerodynamics were visualized by smoke
particles. A schematic overview of the setup is shown in Figure 1.
A 3D-printed upper airway geometry was used, based on a CT scan
of a male adult obtained from Ref. [21] and modified with the au-
thor’s permission. The geometry was placed at the border of an
approximately 80 cm high table to avoid early jet impingement. At
the backside of the 3D-printed model, just downstream of the
point where the 2 nasal cavities merge, a lung simulator was con-
nected to simulate healthy tidal breathing with a tidal volume of
475 mL and a respiratory rate of 15/min. The lung simulator con-
sisted of a pneumatic cylinder (P1D-S050MS-0320; Parker, Cleve-
land, OH, USA) driven by a rigidly connected linear motor (PSO1-
37Sx120F-HP-N; LinMot, Spreitenbach, Switzerland). Smoke was
generated in a reservoir between the lung and the head, using Min-
iax KS smoke patterns (Bjornax AB, Nora, Sweden), which pro-
duced particles between 0.3 and 2.5 pm.

Different therapies were applied to the setup: unassisted breath-
ing, NHFT (via the Airvo 2; Fisher and Paykel Healthcare, Auck-
land, New Zealand), CPAP (via the BiPAP A30 in CPAP mode;
Philips Respironics, Murrysville, PA, USA), BiPAP (via the BiPAP
A30; Philips Respironics, Murrysville, PA, USA), Venturi masks
(EcoLite; Intersurgical Ltd., Berkshire, UK), a nebulizer (Cirrus 2
with EcoLite mask; Intersurgical Ltd., Berkshire, UK), and a non-
rebreathing oxygen mask (EcoLite adult high-concentration mask;
Intersurgical Ltd, Berkshire, UK). To prevent air leakage along the
masks during CPAP and BiPAP, the air leaks were sealed using
silicone sealant. CPAP and BiPAP were tested with 2 setups: with
a vented oronasal mask (Simplus full face mask; Fisher and Paykel
Healthcare, Auckland, New Zealand) and also with a nonvented
mask (FlexiFit 431 full face mask; Fisher and Paykel Healthcare,
Auckland, New Zealand) with a whisper swivel (Whisper Swivel IT
Exhalation Port; Respironics Inc., Murrysville, PA, USA). In a clin-
ical setting, a filter would be placed before the whisper swivel, but
this filter was removed in the experimental setup because the
smoke particles could not pass through it. Finally, both unassisted
breathing and NHFT were tested with a nonsurgical face mask at-
tached to the 3D-printed model.

Two cameras, for frontal and top views, recorded the light re-
flection from the exhaled smoke. The movie frames were postpro-
cessed by subtracting a reference frame without smoke, and by
increasing the contrast. In this way, locations that changed com-
pared to the reference frame appear in white, whereas locations
that did not change appear in black. To ensure that the 3D-printed
head was clearly visible in the movies, its image was copied from
the unprocessed frames.

The reach of 100 pm (virus-carrying) droplets was estimated
from the initial velocity of the exhaled air and the theoretically
known terminal velocity of 25 cm/s [17]. Isolated droplets were
considered, and evaporation was neglected as 100 um droplets set-
tle sooner than they evaporate [18]. The velocity was estimated by
combining the 2 camera views, and by determining the distance
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Fig. 1. Schematic overview of the setup. The linear motor drives
the pneumatic cylinder, causing movement of air which simulates
breathing. Air is drawn through a cylinder with smoke, such that
exhaled air from the 3D-printed geometry is visualized. The light
reflection from the smoke is recorded by 2 cameras.

travelled by the smoke during 0.5 s after the first smoke was ob-
served. To average out the influence of slight condition changes,
the velocity was estimated for 3 breaths and the mean value and
standard deviations were calculated. By assuming a vertical dis-
tance of 10 cm between the patient’s nose and neighboring sur-
faces, and instantaneous terminal vertical velocity, a rough esti-
mate of the dispersion range of large droplets was obtained.

Results

In Figures 2-7, a series of images are shown for various
therapies at different time instants after the start of exha-
lation (the distance between 2 lines is 10 cm on the refer-
ence plane). The colored regions have a visible concentra-
tion of smoke, which can be interpreted as regions with
potentially high aerosol concentrations. Remarkably,
spread is asymmetric in some cases. Presumable causes
for this are the airway structure, the fitting of the therapy
setup, and the draft conditions in the laboratory. The
maximum spread of high-concentration regions from the
nose during the first 2 s of exhalation is only moderate in
unassisted breathing (approximately 30 cm), nonre-
breathing mask (approximately 25 c¢cm), and Venturi
mask (approximately 40 cm), whereas spread is much
larger during NHFT (approximately 70 cm), BiPAP (ap-
proximately 80 cm), and CPAP (approximately 90 cm).

Respiration 3
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Fig. 2. Unassisted breathing. Regions with
high smoke concentration at various times
during exhalation.

The estimated (initial) jet velocities, averaged over 3
breaths, and the corresponding estimated dispersion
range of 100 pm droplets are shown in Table 1. Some of
these results were presented earlier in Ref. [22]. For un-
assisted breathing, the estimated droplet dispersion is
<20 cm. Interestingly, this range is even smaller for the
Venturi masks, the nebulizer, and the nonrebreathing
mask. The nonsurgical face mask has a slightly limiting
effect on jet velocity during unassisted breathing. With
NHFT, the jets are stronger, and droplets can be spread

4 Respiration
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more than twice as far than during spontaneous breath-
ing, depending on the cannula size and the flow rate
magnitude. When using a nonsurgical face mask over
the NHFT interface, the jet velocity is comparable to
unassisted breathing. For CPAP and BiPAP with vented
masks, the droplet spread is the highest of all of the test-
ed therapies, with ranges up to 4 times higher than dur-
ing unassisted breathing. For CPAP and BiPAP with
nonvented masks, smoke only escaped through the
exhalation port. The postprocessed movies from all
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Fig. 3. Nonrebreathing mask, 15 L/min.
Regions with high smoke concentration at
various times during exhalation.

tested therapies and settings can be found in the online
supplementary material (for all online suppl. material,
see www.karger.com/doi/10.1159/000518735).

Discussion/Conclusion
To the authors’ knowledge, this is the first study to

compare the aerodynamics of exhaled air with different
noninvasive respiratory support therapies in a single

Simulation of Virus Transport in
Respiratory Support

study. Although the direction of the jets is different in the
various therapies, the estimated velocities and dispersion
ranges of droplets can be well compared. Compared to
unassisted breathing, the velocity of the exhaled jet is in-
creased significantly in CPAP, BiPAP, and NHFT, where-
as the nebulizer, the nonrebreather mask, and Venturi
masks show similar or even lower jet velocities than ob-
served during unassisted breathing. The (nonsurgical)
face masks limit the jet velocity and will, in principle,
catch the droplets and prevent droplet spread. However,

Respiration 5
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Fig. 4. Venturi mask, FiO, 0.6, 15 L/min.
Regions with high smoke concentration at
various times during exhalation.

as the smoke demonstrates, there is still a spread of high-
concentration aerosol clouds, albeit at a lower velocity.
CPAP and BiPAP with nonvented masks have not
been included in Table 1 because air only leaves down-
stream of the filter location. If a proper filter is used, no
droplets are dispersed and therefore estimating the jet ve-
locity is irrelevant. Moreover, a good filter will also pre-
vent aerosol spread, meaning that the risk of both drop-
let-driven and aerosol-driven virus transmission can be
eliminated. Hence, the setup with nonvented masks and

6 Respiration
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a whisper swivel with a filter can be used safely in the hos-
pital. However, this will only be the case if there is no leak
between the mask and the face.

Although there is no previous research that compared
all noninvasive therapies in a single study, there have
been few studies performing smoke visualization experi-
ments on subsets of the therapies studied in our work.
Hui et al. [12] compared the exhaled air dispersion during
NHFT to CPAP. Maximum air dispersion was only 17.2
cm during NHFT and 33.2 cm during CPAP. The report-
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Fig.5. NHFT, small cannula, 60 L/min. Re-
gions with high smoke concentration at
various times during exhalation. NHFT,
nasal high-flow therapy.

ed distances do not agree with our observations that both
therapies showed visible jets with significantly larger ex-
tents. Earlier, the same group reported dispersion dis-
tances between 40 and 85 cm during BiPAP and 45 cm for
a nebulizer, both in a negative pressure room, and 33 cm
for a 40% oxygen Venturi mask in a normal room [11]. Ip
et al. [10] reported smoke dispersion distances from an
oxygen mask, a nonrebreathing mask, and 2 Venturi
masks. Exhaled air dispersion was 39.7 cm for the 0.4 FiO,
Venturi mask and between 24.6 and 34.1 cm for the non-

Simulation of Virus Transport in
Respiratory Support
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rebreathing mask (at 10 and 8 L/min, respectively). These
distances appear to agree fairly with the visible smoke
spread at end exhalation observed in this study, but it is
stressed that the visible extent of smoke is highly depen-
dent on initial smoke concentration, light conditions, and
camera sensitivity. In addition, a direct comparison be-
tween various studies is hampered due to the differences
in setups, settings, and breathing profiles.

Leonard et al. [23] numerically studied the effect of a
face mask on the dispersion of aerosols and droplets dur-

Respiration 7
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Fig.6. NHFT, small cannula with a nonsur-
gical face mask, 60 L/min. Regions with
high smoke concentration at various times
during exhalation. NHFT, nasal high-flow
therapy.

ing NHFT, low-flow oxygen, and unassisted breathing. In
all cases, the face mask strongly reduced jet velocities, but
particles could still escape through leaks and travel >1 m.

To interpret the results of smoke-visualization experi-
ments in the light of potential viral spread, it should be
noted that the visible extent of the smoke is not represen-
tative for the physical extent of exhaled air, since visibility
rapidly decreases with time due to mixing with nonex-
haled air. The motion of the smoke, however, indicates
local jet velocities, which can be used to estimate droplet

8 Respiration
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spread to some extent. The smoke-visualization studies
mentioned above did not report jet velocities, so in that
respect our study is complementary and provides addi-
tional data. For diseases primarily transmitted via drop-
lets, like SARS-CoV-2 [6, 24], the results in Table 1 can
close a significant research gap.

The visible extent of smoke does indicate potential
high-concentration regions of aerosols. Low-concentra-
tion regions are invisible in these experiments, but just
like smoke particles, aerosols do not vanish spontaneous-
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Fig. 7. BiPAP with a vented mask, 10/5 cm
H,0. Regions with high smoke concentra-
tion at various times during exhalation. Bi-
PAP, bilevel positive airway pressure.

ly, and they will spread around the patient without bound.
Since also virus transmission through aerosols is, mainly
in poorly ventilated rooms, plausible [7, 15], adequate
protective measures should be taken.

Coughs are considered to have a major role in the
transmission of respiratory viruses [25]. Due to the use of
a closed-mouth model, the effect of coughing during ven-
tilatory support could not be studied here. Since the ve-
locities during coughing are higher than during tidal
breathing, droplets are likely to be carried further. The

Simulation of Virus Transport in
Respiratory Support

dispersion is also extended due to the interaction with
and trapping within the turbulent gas cloud emitted by
coughs and sneezes [13, 19]. In a small study with 5
healthy volunteers, cough-generated droplet spread was
measured to increase from 2.48 m without NHFT to 2.91
m with NHFT (at 60 L/min) [26]. Of note, some studies
report mainly small particles being expelled during
coughing [27, 28], indicating a low risk of droplet-driven
virus transmission in comparison to airborne virus trans-
mission. Another study however measured a much

Respiration 9
DOI: 10.1159/000518735

Color version available online



Table 1. Estimated velocities of the exhalation jet and corresponding estimated dispersion range of 100 pm droplets under different
conditions (corrected for projection effects where the 3D field of the smoke is not in the 2D planes of the reference lines)

Therapy Settings Estimated velocity at 0.5s Estimated dispersion range
after start expiration, m/s  of 100 pm droplets, cm
Unassisted breathing 0.41+0.03 16.3+1.1
Unassisted breathing with non-surgical face mask 0.32+0.06 12.7+2.3
NHFT, small size cannula 30 L/min 0.68+0.02 27.0+0.8
40 L/min 0.71£0.02 28.5+£0.8
50 L/min 0.80+0.01 32.2+0.5
60 L/min 0.85+0.02 34.0+1.0
NHFT, small size cannula with nonsurgical face mask 60 L/min 0.47+0.01 18.7+£0.3
NHFT, medium size cannula 30 L/min 0.64+0.01 25.7+0.4
40 L/min 0.66+0.05 26.4+2.1
50 L/min 0.72+0.09 28.8+3.4
60 L/min 0.81+0.03 32.5+1.3
NHFT, large size cannula 30 L/min 0.45%0.02 18.1+£0.7
40 L/min 0.51+0.03 20.4+1.0
50 L/min 0.76%0.00 30.3%0.1
60 L/min 0.73%20.15 29.2+5.9
Venturi mask FiO, 0.4, 10 L/min 0.24+0.03 9.7+1.3
FiO, 0.6, 15 L/min 0.26+0.03 10.4+1.4
Nebulizer 7 L/min 0.32+0.01 12.9+0.4
Nonrebreathing oxygen mask 15 L/min 0.34+0.03 13.7£1.2
CPAP, vented mask 5cmH,0 1.33+0.04 53.2+1.6
10 cm H,0 1.45+0.03 58.0+1.4
15 cm H,0 1.55+0.03 61.8+1.4
20 cm H,0 1.73+0.02 69.1+0.7
BiPAP, vented mask 10/5 cm H,0 1.17+0.11 46.9+4.6
15/5 cm H,0 1.36+0.02 54.6+0.7
20/5 cm H,0 1.16+0.03 46.3+1.1
15/10 cm H,0O 1.49+0.10 59.6+4.0
20/10 cm H,O 1.43£0.05 57.2+2.1

Data are presented as meantstandard deviation. NHFT, nasal high-flow therapy; CPAP, continuous positive airway pressure; BiPAP, bi-

level positive airway pressure.

broader range of particle sizes during coughing [29], so
further research is needed to investigate the risk of drop-
let-driven virus transmission during coughing.

A healthy tidal breathing pattern was simulated in this
study, but in practice patients requiring respiratory sup-
port will likely have higher in- and expiratory flow rates.
A higher expiratory flow rate will lead to higher velocities
and consequently increase particle dispersion. It is im-
portant to realize that this effect is also modeled by high-
er flow settings with the same therapy: one may, for ex-
ample, compare the results of NHFT at 50 L/min in this

10 Respiration
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study to those at 30 L/min with the expiratory flow rate
increased by 20 L/min [30]. However, in clinical practice,
breathing patterns will be highly variable and also de-
pending on the existence of underlying lung diseases such
as COPD. For a qualitative comparison of different ven-
tilatory support methods, it suffices to have the same
breathing pattern during all therapies.

Our setup has 3 limitations: (a) initial smoke concen-
tration and light conditions could not be controlled opti-
mally, such that aerosol concentrations could not be
quantified; (b) jet velocities were only crudely estimated
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and droplets were assumed to follow simplified, ballistic,
trajectories without evaporation; and (c) the exhaled air
was unheated except for the induced smoke, neglecting
buoyancy effects. Due to (¢), jets will rise more in practice,
influencing particle trajectories and consequently droplet
dispersion. However, the calculated distances already as-
sumed simplified trajectories.

The main advantages of the method of smoke visual-
ization are its ease of use and accessibility, but the method
has disadvantages. The manual estimation of the jet ve-
locity may be improved by applying optical flow compu-
tation techniques, but to significantly improve the accu-
racy, it is recommended to use more advanced methods
like background-oriented schlieren or particle image ve-
locimetry. The main advantage of background-oriented
schlieren is the simplicity of the basic setup, but particle
image velocimetry has superior accuracy [31].

Nevertheless, this study aims at gaining awareness of
the qualitative differences in droplet and aerosol spreads
in various respiratory support methods. All therapies in-
volving high airflows may lead to increased particle dis-
persion around the patient. It is of concern that infection
of caregivers in the COVID-19 pandemic has been sig-
nificant [6]. Fortunately, infection risks seem to be lim-
ited with adequate personal protective equipment (PPE)
[32], which, in view of airborne precautions, includes an
N95 mask or better [33]. Our data again stress the impor-
tance of adequate PPE when using high airflow therapies
in any setting.

In summary, exhalation jets during various respiratory
support methods on a single patient setup were visual-
ized. During the application of NHFT and CPAP/BiPAP
with vented masks, extensive jets with relatively high jet
velocities were observed. This indicates an increased
spread of droplets and an increased risk of droplet-driven
virus transmission. For the Venturi masks, the nonre-
breathing mask, and the nebulizer, jet velocities are com-
parable to or weaker than during unassisted breathing.
Aerosols are transported unboundedly in all these unfil-
tered therapies. From a clinical point of view, this means
that it is of vital importance to use adequate protective
measures in the use of all noninvasive unfiltered thera-
pies.

The present results indicate that, in clinical practice,
caution is needed when applying NHFT, CPAP, and Bi-
PAP, and caregivers need to be protected with adequate
PPE. It appears that no clear preference can be given to
one therapy over the other with regard to exhaled air/vi-
rus transmission risks. Furthermore, this study confirms
that suggested setups to limit spread (surgical mask over

Simulation of Virus Transport in
Respiratory Support

NHFT and use of nonvented masks in CPAP and BiPAP)
are relevant and effective in limiting virus particle disper-
sion. More research is needed to investigate actual infec-
tious virus spread during different situations and thera-
pies.
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