Exhalation Spreading During Nasal High-Flow

Therapy at Different Flow Rates

OBIJECTIVES: Severe acute respiratory syndrome coronavirus 2 is trans-
mitted through aerosols and droplets. Nasal high-flow therapy could pos-
sibly increase the spreading of exhalates from patients. The aim of this
study is to investigate whether nasal high-flow therapy affects the range of
the expiratory plume compared with spontaneous breathing.

DESIGN: Interventional experiment on single breaths of a healthy volunteer.
SETTING: Research laboratory at the Bauhaus-University Weimar.
SUBIJECTS: A male subject.

INTERVENTIONS: Videos and images from a schlieren optical system were
analyzed during spontaneous breathing and different nasal high-flow rates.

MEASUREMENTS AND MAIN RESULTS: The maximal exhalation
spread was 0.99, 2.18, 2.92, and 4.1 m during spontaneous breathing,
nasal high-flow of 20L/min, nasal high-flow of 40L/min, and nasal high-
flow of 60L/min, respectively. Spreading of the expiratory plume in the
sagittal plane can completely be blocked with a surgical mask.

CONCLUSIONS: Nasal high-flow therapy increases the range of the ex-
piratory air up to more than 4 meters. The risk to pick up infectious particles
could be increased within this range. Attachment of a surgical mask over
the nasal high-flow cannula blocks the expiratory airstream.

KEY WORDS: infection control; nasal high-flow; respiratory failure;
respiratory support; schlieren imaging; severe acute respiratory syndrome
coronavirus 2

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tions have rapidly increased in numbers since the association between the
virus and the clinical picture of coronavirus disease 2019 (COVID-19)
which were recognized in December 2019 (1). First world countries were facing
resource scarcity for patients with SARS-CoV-2 associated respiratory failure
(2). There is an ongoing debate about the mode of transmission of SARS-CoV-2
virus. The World Health Organization is currently starting from the premise
that COVID-19 is being transmitted mainly by droplets of different sizes and
that transmission of the virus occurs within a range of 1 meter surrounding
the source of infection (3). Thus, a safety clearance of 1.5 to 2 meters or 6 feet
would be sufficient to prevent viral transmission and infection (3, 4). Hanging
aerosols, however, have recently been addressed as a major route in the trans-
mission process (5). Recent studies suggest that transmission of at least 1,000
viral copies is required to cause an infection (6).
Nasal high-flow (NHF) therapy has been shown to improve outcomes in
hypoxemic respiratory failure (7) and has been used by different groups during
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the SARS-CoV-2 pandemic (8, 9). The use of NHF is
recommended by different societies and expert groups
(10-15). Although data suggest that NHF does not pose
an increased risk for the spread of bacteria (16), there
is a growing concern that NHF is a risk factor for viral
transmission through aerosols (17, 18). Hui et al (19)
examined the effect of NHF on the expiratory plume
with a human patient simulator by means of smoke
particles and laser light visualization. The exhaled aer-
osol expansion was less than 62 cm at a high-flow rate
of 60 L/min indicating that a safety distance of 1.5 to
2 m is adequate (19). Gaeckle et al (20) published an
investigation indicating no increase in aerosol gener-
ation during NHF therapy using a funnel sampler and
a particle detector five cm away from the patient’s face.
A recent publication has, however, demonstrated that
expiratory plumes induced by sneezing can reach dis-
tances of up to 8 meters (21). Therefore, researchers
from China recommend applying surgical masks to
patients during NHF therapy (22). Nevertheless, the
impact of NHF on expiratory airflow formation and
distribution has never been evaluated using human
subjects. To visualize and evaluate this distribution,
schlieren optical measurement can be applied. It is a
noninvasive procedure to visualize exhaled plumes and
airflows from human patient simulators (23) as well as
human beings (24). The rationale of this investigation
is to describe and quantify the expiratory plumes dur-
ing spontaneous breathing as well as during the appli-
cation of NHF at different flow rates with and without
the attachment of surgical masks during NHF therapy.

METHODS

Schlieren Imaging System

The experiments were conducted using an optical
schlieren imaging system at the Bauhaus-University
Weimar. The schlieren technique allows visualizing
density gradients of fluids by capitalizing the refrac-
tion of light when entering a medium of different
density. As illustrated in Figure 1, the implemented
schlieren system consists of a single concave spherical
mirror, a light source, a knife-edge schlieren cutoff,
and a digital camera. The used schlieren mirror has an
astronomical quality with a surface accuracy of A/9.75,
where A is the wavelength of helium-neon laser light
in nm. Such accuracy is necessary to allow visualiz-
ing weak indoor airflows that refract the light by less
€694
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than 1 arcsecond. With a diameter of 1 m, the mirror is
among the largest schlieren mirrors in the world. The
mirror is made from Astrositall glass-ceramic with a
thickness-to-diameter ratio of 0.11. It hasa 2.7 nm root
mean square micro-roughness and a scratch/dig sur-
face quality of 100/80. The schlieren imaging system
is situated in a laboratory hall with the dimensions of
11.72 x 6.44 x 2.80 m. The light source is placed on
the axis of the spherical mirror at its radius of curva-
ture (R = 6,003 mm). The light source in this system is
a small light-emitting diode with 2.1 x 2.1 x 0.27mm
size, 284 Im luminous flux, and 5000K color temper-
ature. To capture the schlieren images, a high-resolu-
tion Canon EOS 5DS R camera with 50.6 megapixels
image size and a 135mm focal-length lens was used.
The camera was set manually to a shutter speed of
1/60ss, International Organisation for Standardization
320, a lens aperture of F2.0, and an image resolution
of 1,280 x 720 pixels. These settings were chosen to
obtain high-quality single images with a correct expo-
sure at a low light level in the room. For visualization
of air movement, the schlieren videos were recorded
at 50 frames/s. Detailed physical properties as well as
the mathematical model of the schlieren system can be
found in our previously published work (23, 25).

Experimental Setup

The study was conducted using a human test subject
seated in front of the mirror and equipped with an
NHEF therapy device (Fig. 2). The study was approved
by the responsible authority (AEKWL 2020-659-£-S).
In the present study, the NHF system (Airvo-2; Fisher
& Paykel, Auckland, New Zealand) was used with
a medium-size NHF-cannula (Optiflow; Fisher &
Paykel). The water chamber of the device was filled
according to the manufacturer’s specifications. The
device temperature was set to 37°C; the device delivers
air with a relative humidity of 100% via heated tubing
to prevent water condensation. Thus, exhaled air from
the test subject and air from the high-flow device had
similar physical properties, which are of importance
since heat and humid air may influence the index of
refraction visualized by the schlieren technique. The
distance between the mirror and the center of the sub-
ject’s head was 80 cm. The test subject was a healthy 33
years old male person, 177 cm in height with a body
mass index of 20.4kg/m> To prevent the convective
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Figure 1. The setup scheme of the schlieren imaging system (top view).

flow above the thighs from interfering with the visual-
ized exhaled air, a cardboard sheet was placed against
the subject’s abdomen at 8cm above the thighs to
block the ascending flow. Additionally, the test subject
was wearing loose winter attire, which reduced the
velocity of the convective flow in the vicinity of the
body (26). This diminished its impact on the visual-
ized exhaled flow.

The subjects respiration was monitored with
a standard sleep laboratory polygraphic system
(SOMNOscreen plus recorder system; SOMNOmedics,

Figure 2. One of the authors served as the test subject. He is
seated in front of the schlieren mirror wearing the nasal high-flow
therapy device.
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Randersacker, Germany). This was necessary to ensure
equal tidal volumes throughout the experiment. The
respiratory inductance plethysmography (RIP) belts
were placed around the chest and abdomen of the sub-
ject. The RIP signals were calibrated using the som-
nomedics pneumotachograph prior to each test run.
Polygraphic recordings were transmitted via wireless
local area network to a receiver connected to a standard
laptop computer, on which the recording/analyz-
ing software of the polygraphic system was installed
(DOMINO Software package; SOMNOmedics). This
setup allowed a retrospective video-synchronized
breath-by-breath analysis of airflow and expiratory
tidal volume with a time resolution/sampling rate of
32 Hz.

Three NHF flow rates were tested: 20, 40, and 60L/
min in addition to a reference case with spontaneous
(unassisted) breathing. Furthermore, additional tests
were conducted with NHF in combination with a
standard surgical mask covering the subject’s nose and
mouth. For each test run, a 2-minute video was re-
corded resulting in 6,000 frames for each setup. Both
lateral as well as anterior-posterior positions related to
the plane of the schlieren mirror were investigated.

Image Analysis

As the visualization of the expiratory plume is limited
to the 1-meter diameter of the schlieren mirror, the
captured schlieren images were analyzed to forecast
the airflow outside the range of the optical system. The
decrease of the horizontal velocity component of the
exhaled airstream was extrapolated down to complete
stasis, which provided the sought information about
the range of the expiratory plume. This was achieved
by exporting the captured 2-minute videos consist-
ing of 6,000 single frames each using MATLAB (The
MathWorks, Inc., Natick, MA). For each NHF volume,
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fully developed exhaled plumes that were generated at
similar tidal volume were selected for analysis. The se-
lection of these exhalations was not randomly, as only
fully developed exhaled plumes were chosen. This
made sure to analyze the ones with the farthest reach.
Still, it took plenty of time and effort to analyze dozens
of pictures for each single exhalation, as this needed to
be done manually. The selected frames were imported
into AutoCAD (Autodesk, San Rafael, CA). to measure
the spread distance from the mouth to the wave-front
of the expired air for each frame. Subsequently, the
horizontal velocity component was calculated based
on the traveled distance and the time taken by the
wave-front to travel that distance. By dint of linear
regression, the air velocity was extrapolated down to
complete stasis to calculate the final spread distance of
the exhaled air for each NHF volume.

Additionally, the PIVIab (https://pivlab.blogspot.
com) cross-correlation algorithm (27) was used in
MATLAB to generate the velocity colormaps. A full
description of the generation approach can be found
in Gena et al (23). These colormaps were produced
to qualitatively illustrate the spread velocity of the
exhaled air from the test subject.

RESULTS

Supplemental Figure 1 (http://links.Iww.com/CCM/
G326; legend, http://links.Iww.com/CCM/G334)
shows static images of the expiratory plume within the
range of the 1 m diameter of the schlieren mirror dur-
ing spontaneous breathing as well as NHF application
at 20, 40, and 60 L/min. The schlieren images show a
clear increase in the spread of exhaled air when NHF
is used compared with the reference case of sponta-
neous breathing. The velocity colormaps indicate an
increase in exhaled velocity and a change in the in-
clination of the exhaled jet when increasing the flow
rate of NHE When a standard surgical mask is used
with NHF therapy, the exhaled airstream was remark-
ably blocked and mixed with the ascending convective
flow. This can be seen in the schlieren images as well as
in the velocity colormaps. For a better demonstration
of the exhaled plumes, the captured schlieren videos
are enclosed with the article (Supplemental Video
1, http://links.Iww.com/CCM/G327; Supplemental
Video 2, http://links.lww.com/CCM/G328; Supple-
mental Video 3, http://links.lww.com/CCM/G329;
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Supplemental Video 4, http://links.Iww.com/CCM/
G330; Supplemental Video 5, http://links.lww.com/
CCM/G331; Supplemental Video 6, http://links.lww.
com/CCM/G332; and Supplemental Video 7, http://
links.lww.com/CCM/G333 [legend, http://links.lww.
com/CCM/G334]).

Among the multiple analyzed exhaled plumes,
Figure 3 presents the exhalation velocity of a selected
exhaled plume within the range of the schlieren mir-
ror. The presented plumes in Figure 3 were selected
as they had the longest spreading distance and com-
parable tidal volumes at the same time (756 + 9mL
[range, 747-766 mL]). As the exhaling mouth was not
completely at the edge of the mirror (Supplemental Fig.
1, http://links.Iww.com/CCM/G326; legend, http://
links.Iww.com/CCM/G334), the end of the mirror
was reached after 0.6-0.7 m. Since the use of a surgical
mask blocked the exhaled flow, there was no wave-
front for quantitative evaluation. Therefore, the cases
of NHF + mask are not included in Figure 3.

From the video material, the static images in
Supplemental Figure 1 (http://linksIww.com/CCM/
G326; legend, http://links.lww.com/CCM/G334), and
the diagrams in Figure 3, it becomes obvious that the
expiratory plume without the surgical mask exceeds
the area of the schlieren mirror. According to Figure 3,
linear deceleration of airstream velocity was the best
fit for the function velocity versus distance. The ex-
trapolation of data beyond 1 m is shown in Figure 4,
where maximal distance is reached at zero horizontal
airstream velocity. The maximal exhalation spread was
0.99, 2.18, 2.92, and 4.1 m during spontaneous breath-
ing, NHF 20L/min, NHF 40L/min, and NHF 60L/
min, respectively. Anterior-posterior imaging did not
show any recognizable change in the expiratory plume
in between the four different test runs and did not differ
from the thermal plume seen during breath holding.

DISCUSSION

Our data suggest that the expiratory plume extends
much further than previously suspected (19). During
NHEF treatment, a 2-meter safety clearance would al-
ready be insufficient at a flow rate of 20 L/min. Sixty
liters of NHF per minute would already require a
safety distance of more than 4 meters. Expiratory
plumes spread away from the patient’s face along a
sagittal plane in relatively narrow sectors as shown in
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Figure 3. Exhaled flow velocity within the range of the schlieren mirror when the surgical mask was not used with nasal high-flow (NHF).
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Figure 4. The calculated spread distance of nasal high-flow
without surgical masks.

Supplemental Figure 1 (http://links.Iww.com/CCM/
G326; legend, http://links.lww.com/CCM/G334). Any
change in head position, however, will change the di-
rection of the expiratory plume accordingly. This will
make the safety area around an infected person highly
variable.

Critical Care Medicine

These results differ from those reported in Hui et
al (19), which could not detect any particles beyond
62cm distance from the dummy’s face at NHF flow
rates of 60L/min using 1-pum oil-based smoke parti-
cles. Schlieren imaging, on the other hand, visualizes
the expired airflow; this technique is highly unlikely to
overestimate true airstreams. The linear function in ve-
locity deceleration allows a quite exact determination
of the expiratory plume range.

NHEF has been shown to reduce the work of breath-
ing. This is due to the washout effect as well as to the
positive airway pressure that is generated through the
flow (28-31). In patients with lung disease, this might
decrease tidal volumes with increasing NHF flow rates
(32, 28). Our experimental setup did not take that into
account since we wanted to show the isolated effect
of NHF flow rate on the dimensions of the expira-
tory plume. Since tidal volumes were almost identical
throughout the measurements, the increase in plume
dimensions must be a function of NHF flow rate.
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Expiratory aerosols develop during inspiration in
the distal airways of the lungs; the amount of aerosol
particles expelled during expiration correlates with the
depth of the foregone inspiration (33). The spectrum of
aerosol diameter during expiration is broad and ranges
between 0.05 and 5 pm during normal breathing (33).
Activities such as talking or coughing already generate
particles with a mass median aerodynamic diameter of
13.5 and 16 um, respectively (34). Assuming an equal
specific weight of particles, a 5 um measuring particle
has, for example, a 125-fold volume and mass of a 1 um
measuring particle (35) since volume goes along with
the third decimal potency of the radius. The kinetic
energy of any particles is determined by particle mass
and the square of the particle velocity. In addition, par-
ticles undergo a shrinking process and lose mass due
to evaporation when they leave the humid environ-
ment of the human body (35, 36). These physical prin-
ciples illustrate the complexity of aerosol movements
in expiratory plumes. An in-depth illustration of com-
plex mathematical models to determine movements of
single particles is beyond the scope of this article and
can be found in dedicated papers (36).

Schlieren imaging technique visualizes density gradi-
ents of fluids, in this case of the expiratory plume. It does
not provide information about particle concentration,
nor does it allow a characterization of particle size dis-
tribution within the expiratory plume. Particles meas-
uring 5 um have a sedimentation rate of only 0.74 mm/s
and can remain airborne for a long time (35). Particles
smaller than 0.5 to 1 pm can remain airborne indefinitely
(35, 37). According to Figure 4 and Supplemental Figure
1 (http://links.Iww.com/CCM/G326; legend, http://
links.Iww.com/CCM/G334), particles have a transit
time of about 6 seconds allowing for a relevant change
in particle size reduction due to evaporation (35, 36).
A recent investigation showed that SARS-CoV-2 virus
can remain vital and airborne in aerosols for at least 3
hours (38). Previous publications have shown that NHF
reduces particle concentration at 5cm (20) and at one
foot and three feet (30.48 and 91.44 cm) (39) away from
the patient’s head. This can potentially be explained by
the diluting effect of air coming from the NHF system.
When the patient’s particle-rich air mixes with the low-
particle air from the NHF system in the upper respira-
tory tract, it is expelled as a mixture with a lower particle
concentration but a greater range according to our
results. In patients with lung disease, however, NHF has
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been shown to reduce the work of breathing and minute
ventilation (32, 28). Since particle generation correlates
to the depth of breathing, NHF therapy could even re-
duce the total exhaled particle load. Since more and
more authors propagate an airborne transmission mode
for the SARS-CoV-2 virus (5, 40-42), there is an urgent
need to classify particle size distribution in expiratory
plumes during NHF treatment as a function of the dis-
tance to the patient’s head. Until then, it can be assumed
that a further spread of particles is within the ranges we
have described and that particle concentration is likely
to be homogeneously distributed in the patient’s room.
Epidemiological studies have shown that the risk of in-
fection is linked to measures that are carried out in the
proximity of the patient (43). NHF might change this
risk stratification. Another important aspect is the dis-
placement of air after several consecutive breaths. Given
the same head position and direction of the expiratory
airstream, every new expiratory plume displaces air of
the previous exhalation and potentially pushes infective
aerosols that have not deposited further away from the
patient into the room. This mechanism might spread in-
fective particles much further than previously thought.

There was no detectable expiratory plume in the
sagittal plane when the test subject wore a surgical
mask. This approach was suggested in a report from
China (22). Furthermore, a recent report using com-
putational fluid dynamics simulations published
results that agree with our findings (44). However, the
teasibility of this approach has not been investigated
on human beings. In Theory, airstream interference
with the surgical mask could compromise the washout
effect of NHE More research is needed to answer this
question. Until then, careful monitoring is warranted
for patients wearing masks during NHF.

LIMITATIONS

Evidence suggests that at least during invasive ventila-
tion, the addition of end-expiratory pressure increases
the emission of the virus from the lungs (45). Braunlich
et al (30) pointed out that NHF has a washout effect
that can even be measured in the distal airways.
Furthermore, they described a flow-dependent posi-
tive pressure effect in the distal airways of the lungs.
More research is needed to investigate whether NHF
only increases the dimensions of the expiratory plume
and thereby dilutes the viral concentration or whether
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NHF increases the absolute amount of virus expelled
from the lungs. We conducted our measurements on
single breaths of a healthy human subject. However, we
kept the tidal volume constant during the experiments
as described in the method section, and we would ex-
pect to observe similar results if more subjects would
have been included.

CONCLUSIONS

The range of the expiratory plume of a single breath,
measured in a healthy person, increases with increas-
ing NHF flow rates with a maximum of 4.1 m during
NHF treatment with 60L/min. Thus, expiratory air
during NHF travels further than previously suggested
and infectious aerosols might spread faster than dur-
ing unassisted breathing. Wearing a surgical mask over
the NHF prongs blocks the expiratory plume during all
NHEF flow rates. Whether the latter approach compro-
mises, NHF efficacy has not been investigated to date.
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