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Exhaled Air Dispersion During Oxygen
Delivery Via a Simple Oxygen Mask*
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Joseph J.Y. Sung, MD

Background: Pneumonia viruses such as influenza may potentially spread by airborne transmis-
sion. We studied the dispersion of exhaled air through a simple oxygen mask applied to a human
patient simulator (HPS) during the delivery of different oxygen flow in a room free of air currents.
Methods: The HPS represented a 70-kg adult male individual in a semi-sitting position on a
hospital bed inclined at 45°. A simple oxygen mask was fitted to the HPS in the normal fashion.
The head, neck, and internal airways of the HPS were configured to allow realistic airflow
modeling in the airways and around the face. The HPS was programmed to breathe at a
respiratory rate of 14 breaths/min with a tidal volume of 0.5 L. Airflow was marked with
intrapulmonary smoke for visualization. A leakage jet plume was revealed by a laser light-sheet,
and images were captured by high-resolution video. Smoke concentration in the exhaled plume
was estimated from the total light intensity scattered by smoke particles.

Findings: A jet plume of air leaked through the side vents of the simple oxygen mask to lateral
distances of 0.2, 0.22, 0.3, and 0.4 m from the sagittal plane during the delivery of oxygen at 4,
6, 8, and 10 L/min, respectively. Coughing could extend the dispersion distance beyond 0.4 m.
Conclusion: Substantial exposure to exhaled air occurs generally within 0.4 m from patients
receiving supplemental oxygen via a simple mask. Health-care workers should take precautions
when managing patients with community-acquired pneumonia of unknown etiology that is
complicated by respiratory failure. (CHEST 2007; 132:540-546)

Key words: dispersion; exhaled air; influenza; oxygen therapy; severe acute respiratory syndrome

Abbreviations: CAP = community-acquired pneumonia; HPS = human patient simulator; NPPV = noninvasive pos-
itive-pressure ventilation; SARS = severe acute respiratory syndrome

sion, and age > 65 years are some of the clinical
indications for managing patients with CAP in the
hospital setting.!? Various modalities of respiratory
support are often required by patients with CAP, and
these include supplemental oxygen delivered via
either nasal cannula or different types of face masks,

C ommunity-acquired pneumonia (CAP) is a com-
mon disorder with significant morbidity and
mortality. Confusion, uremia, tachypnea, hypoten-
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noninvasive positive-pressure ventilation (NPPV),
and invasive mechanical ventilation.
There is a strong association among ventilation, air

Reproduction of this article is prohibited without written permission
from the American College of Chest Physicians (www.chestjournal.
org/misc/reprints.shtml).

Correspondence to: David S. Hui, MD, FCCP, Department of
Medicine and Therapeutics, The Chinese University of Hong
Kong, Prince of Wales Hospital, 30-32 Ngan Shing St, Shatin,
New Territories, Hong Kong, People’s Republic of China; e-mail:
dschui@cuhk.edu.hk

DOI: 10.1378/chest.07-0636

Original Research



movement in buildings, and the transmission of
infectious diseases such as measles, tuberculosis,
chickenpox, influenza, smallpox, and severe acute
respiratory syndrome (SARS).? In patients who are
hospitalized with viral pneumonia, there is a poten-
tial risk that the respiratory therapy itself may gen-
erate and disperse infective aerosols, resulting in a
superspreading event. The use of a nebulizer in an
overcrowded medical ward with inadequate ventila-
tion was thought to be the cause of a major nosoco-
mial outbreak of SARS in our hospital in 2003.4-6
Influenza virus A/H5N1 has become the major
emerging infectious disease of global concern since
late 2003. The widespread occurrence of the H5N1
avian influenza infection in poultry and birds on
several continents has increased the risk of human
exposure to avian influenza. Respiratory failure is the
major complication in patients who are hospitalized
with influenza A/H5N1 infection, and many patients
progress rapidly to ARDS and multiorgan failure.” As
part of our influenza pandemic preparedness, we
studied the safety of oxygen therapy by examining
exhaled air dispersion from a simple oxygen mask
attached to a human patient simulator (HPS) during
the delivery of oxygen at different levels of flow.

MATERIALS AND METHODS

This study was conducted in a quiet laboratory room that was
7.1 X 8.5 m in size with a height of 2.7 m. The room ventilation
was temporarily suspended during the experiment to avoid
potentially confounding environmental factors, such as ventila-
tion air currents. The experimental design and method of data
analysis have been described in detail in our previous study® on
exhaled air dispersion related to NPPV.

Simple Oxygen Mask and the Lung Model

We studied the air particle leakage from the side vents of a
simple oxygen mask (HS-3031; Hsiner; Taichung Hsien, Taiwan)
applied to a high-fidelity HPS (HPS 6.1; Medical Education
Technologies Inc; Sarasota, FL) [Fig 1]. The HPS contains a
realistic airway and a lung model that undergoes gas exchange (ie,
it removes oxygen and adds carbon dioxide to the system). The
lung compliance and airway resistance also respond in a realistic
manner to relevant challenges. In addition, the HPS produces an
airflow pattern that is close to the in vivo human situation and has
been applied in previous studies®-'> to simulate human respira-
tion. In this study, we set the lung compliance and oxygen
consumption of the HPS to 35 mL/em H,O and 350 mL/min,
respectively. This represented a patient with mild lung injury.'+15
Tidal volume and respiratory rate were regulated so that a
respiratory exchange ratio of 0.8 was maintained during the
measurements. In this setting, the HPS breathed at a respiratory
rate of 14 breaths/min with a tidal volume of 0.5 L. Oxygen flow
was delivered to the HPS via the simple mask at 4 L/min initially,
which was gradually increased to 6, 8, and 10 L/min during the
study.

While the HPS was breathing oxygen at 6 L/min, cough was
produced by a short burst (2 s, 400 L/min) of air (marked by
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FIGURE 1. A simple oxygen mask attached to a high-fidelity HPS
with a laser light-sheet on the right side. The simulator repre-
sented a 70-kg adult male sitting on a hospital bed inclined to 45°
and was programmed to breathe spontaneously. The lung com-
pliance was set as 35 mL/cm H,0, and the oxygen consumption
to 350 mL/min. Tidal volume and respiratory rate were regulated
so that a respiratory exchange ratio of 0.8 was maintained during
measurements. Typically, this was achieved with a tidal volume of
500 mL at a rate of 14 breaths/min. These conditions represent a
patient with mild lung injury.

smoke) generated by a jet ventilator (Monsoon; Acutronic Med-
ical Systems; Baar, Switzerland) connected to the proximal
trachea. This represented cough efforts in patients with mild lung
injury.!6

Flow Visualization

The visualization of airflow around the simple oxygen mask was
facilitated by marking air with smoke particles produced by a
smoke generator (M-6000 N19; DS Electronics; Tempe, AZ).
The oil-based smoke particles, which measured <1 pm in
diameter, are known to follow the airflow pattern precisely with
negligible slip.'” The smoke was introduced continuously to the
right main bronchus of the HPS. It mixed with alveolar gas and
then was exhaled through the airway. Jet plume leakage in
sections was then revealed using a thin laser light-sheet that was
created by an Nd:YVO, Q-switched, frequency-doubled laser
(OEM T20-BL 10-106Q; Spectra Physics, Inc; Mountain View,
CA) with custom-made cylindrical optics for two-dimensional
laser light-sheet generation.

The experiments were recorded with a video system (DV video
system [3 charge-coupled device, X48 zoom, 30-Hz]; Sony;
Tokyo, Japan). The laser light-sheet (green, 527-nm wavelength,
in TEM,,, mode) was adjusted to encompass the largest cross-
section of the entire leakage jet plume. The light-sheet was
initially positioned in the median sagittal plane of the HPS and
was subsequently shifted to the paramedian planes. This allowed
us to investigate the regions directly above and lateral to the mask
and the patient.®

Image Analysis

We estimated the normalized smoke concentration of the
oxygen mask leakage jet plume from the light scattered by the
smoke particles.® This extended the laser flow Vlsudhzatlon and
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provided a useful quantitative method for understanding the
range and shape of the leakage jet plumes. This analysis tech-
nique was previously developed for turbulent two-phase, air-
particle flows and was as reliable as the isokinetic sampling!$ or
particle image velocimetry that was used in a previous study.'®

The laser light-sheet illuminated the smoke particles around
the oxygen mask. We assumed that the intensity of the laser
light-sheet was near constant because the oxygen mask was
positioned relatively far from the light-sheet optics (ie, the point
of divergence). The laser light scattered by the smoke particles
was then collected and integrated by the video camera charge-
coupled device elements. For a small region, the number of
smoke particles within the region (or particle concentration) is
proportional to the total scattered light intensity in that corre-
sponding region. This is true as the smoke particles are mono-
disperse.17-20:21

Image Capture and Frame Extraction

The motion video of several breathing cycles for a given oxygen
flow rate setting was captured by a computer, and individual
frames were extracted as grayscale bitmap images for intensity
analysis. Frames were extracted at times relative to the beginning
of inspiration (at a given oxygen flow rate) to generate an
ensemble average for the corresponding instant of the respiratory
cycle.® The largest spread of contours from the mask was chosen,
and this was found to be at approximately the mid-point of the
respiratory cycle.

Intensity Averaging and Concentration Normalization

All grayscale frames were read into a program that was
specifically developed for this study (MathCad, version 8.0;
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Parametric Technology Corp; Needham, MA)?2 along with back-
ground intensity images taken with the laser switched off. The
background intensity image was subtracted from each frame,
pixel by pixel to remove any stray background light, and the pixel
intensity values were averaged over all frames to determine the
ensemble-averaged intensity. The resulting image was the total
intensity of light scattered perpendicular to the light-sheet by the
smoke particles and is directly proportional to the smoke con-
centration. The image was normalized against the highest inten-
sity found within the leakage jet plume to generate normalized
particle concentration contours.

As the smoke particles marked air that originated from the
airways of the HPS, before leaking from the mask, the concen-
tration contours effectively represent the probability of encoun-
tering air around the patient that has come from within the mask
and/or the patient’s respiratory system. The probability contours
are made up of data collected from 10 breaths. A contour value
of 1 indicates a region that consists entirely of air leaked after
exhalation by the patient; where there is a 100% chance of
exposure to the exhaled air, such as at the oxygen mask side vent.
A value near 0 indicates no measurable air leakage in the region
and a small chance of exposure to exhaled air.®

Magnification Factor and Image Distortion Correction

The final analysis step scaled the contour image to the
dimensions of the measurement region and corrected any optical
distortions introduced by the camera and lens. Scaling and image
distortion correction mapped the image in pixel coordinates back
into the actual measurement region coordinates (in millimeters).
Nonlinear mapping functions were determined by experimentally
“testing” the camera and lens system. An accurate target grid
placed in the measurement region was imaged, and the image
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FIGURE 2. Top left, A: oxygen was delivered at 4 I/min to the HPS. Within dispersal distances of 0.2
and 0.16 m from the mask, the corresponding chances of exposure to the patient’s exhaled air are
significantly > 20% and > 60%, respectively. Top right, B: oxygen was delivered at 6 L/min to the HPS.
Within dispersal distances of 0.22 and 0.17 m from the mask, the corresponding chances of exposure
to the patient’s exhaled air are significantly > 20% and > 60%, respectively. Bottom left, C: oxygen was
delivered at 8 I/min to the HPS. Within dispersal distances of 0.3 and 0.25 m from the mask, the
corresponding chances of exposure to the ;])atient s exhaled air are significantly > 20% and > 60%,
respectively. Bottom right, D: oxygen was delivered at 10 L/min to the HPS. Within dlspersal dlstances
of 0.4 and 0.35 m from the mask, the corresponding chances of exposure to the patient’s exhaled air
are significantly > 20% and > 60%, respectively.
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coordinates were compared to those on the grid to calculate
third-order polynomial mapping functions using a least squares
method.2324 Previous work by Hall'$ has shown this approach to
be reliable, with a variance on contours not exceeding 5%, but
often < 3%. The maximum error on the x-y position from image
distortion correction was =4 mm for this study. The study
received nonionizing radiation and biological/chemical safety
approval by the Chinese University of Hong Kong.

RESULTS

The results of air particle dispersion distances are
presented with reference to the median sagittal
plane.

Oxygen Flow at 4 L/min

The first scenario was conducted with the oxygen
flow delivered at 4 L/min. Probability contours of air
leakage distribution around the patient and oxygen
mask in the median sagittal plane are shown in
Figure 2, top left, A. The 20% probability contour
line (green/blue contour boundary) was taken as an
arbitrary boundary that was representative of the
exhaled air plume, and all distances were estimated
to be outside of this boundary. Outside this bound-
ary, the probability of exposure to the patient’s
exhaled air was < 20%. The leakage plume from the
side vent of the simple mask was noted to a distance
of 0.2 m lateral to the median sagittal plane for
contours of > 20%.

Oxygen Flow at 6 to 10 L/min

Probability contours of air leakage distribution
around the HPS and oxygen mask in the median
sagittal plane when oxygen was delivered at 6, 8, and
10 L/min are shown in Figure 2, top right, B, to
bottom right, D. The leakage plume through the side
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FIGURE 3. The relationship between exhaled air distances (ver-
tical axis) and oxygen flow (horizontal axis) is shown. Although the
data are not correlated in a linear fashion, it is obvious that the
higher the oxygen flow, the higher the leakage distances.
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FIGURE 4. Exhaled air dispersion during coughing. While the
HPS was breathing oxygen at 6 L/min, cough was produced by a
short burst (2 s, 400 L/min) of air (marked by smoke) generated
by a jet ventilator connected to the proximal trachea. This
represented cough efforts in a patient with mild lung injury.'6
Although the video camera was not able to capture the maximum
dispersion distance beyond 0.4 m for contours of > 20%, the
leakage plume through the side vent of the simple mask was
noted to stretch to distances of 0.4 and 0.2 m lateral to the
me(%ian sagittal plane for contours of > 25% and > 60%, respec-
tively.

vent of the simple mask, for contours of > 20%, was
noted at a distance of 0.22, 0.3, and 0.4 m from the
median sagittal plane when oxygen was delivered at
higher flows of 6, 8, and 10 L/min respectively.
The relationships between different oxygen flows
and the resultant leakage plume distances are shown
in Figure 3. Although the data are not correlated in
a linear fashion, it is obvious that the higher the

oxygen flow, the higher the leakage distances.

Effect of Coughing

The effect of coughing on the exhaled air disper-
sion distance while the HPS was receiving 6 L/min of
oxygen via the simple mask is shown in Figure 4. The
leakage plume through the side vent of the simple
mask was noted to stretch to distances of 0.4 and
0.2 m lateral to the median sagittal plane for con-
tours of > 25% and > 60%, respectively.

DISCUSSION

This study was a “worse-case” scenario using the
breathing patterns of a healthy man, in a room that
was free of air currents, and an extremely fine-
particle tracer in order to demonstrate the maximum
distribution of exhaled air. Using laser smoke visual-
ization methods, we have shown that exhaled air
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dispersed at maximal distances of 0.2, 0.22, 0.3, and
0.4 m (for contours of > 20%) lateral to the median
sagittal line of the HPS when oxygen was delivered
via a simple Hudson mask at increasing flows of 4, 6,
8, and 10 L/min respectively. Within these dispersal
distances from the mask, the chance of exposure to
the patient’s exhaled air is significantly > 20%. The
closer to the patient, the higher the chance of
exposure to the patient’s exhaled air. Thus, within
dispersal distances of 0.16, 0.17, 0.25, and 0.35 m,
there was at least a 60% chance of exposure to the
exhaled air at oxygen flows of 4, 6, 8, and 10 L/min,
respectively. Coughing increased the air dispersion
distance from 0.17 m (without coughing in Fig 2, top
right, B) to 0.2 m while the HPS was receiving 6
L/min of oxygen with at least a 60% chance of
exposure within that distance. These findings have
important clinical implications for the health-care
workers who often manage patients with respiratory
failure due to CAP of unknown etiology at a short
distance. It is important to provide adequate respi-
ratory protection for the health-care workers, in
addition to applying standard, contact, and droplet
precautions in order to prevent nosocomial infec-
tions.

During the major outbreak of SARS in 2003,
respiratory failure was the major complication in the
second week of the illness, when about half of the
patients required supplemental oxygen in order to
maintain  satisfactory oxygenation.?> Health-care
workers were particularly vulnerable to SARS as the
viral load of SARS coronavirus in patients increased
to peak level on day 10 of the illness.26 A case-control
study?” involving 124 medical wards in 26 hospitals
in Guangzhou and Hong Kong has identified SARS
patients requiring oxygen therapy or NPPV as inde-
pendent risk factors for superspreading nosocomial
outbreaks of SARS. While the major routes for the
transmission of SARS were related to infected drop-
lets and fomites, as is usually the case in patients with
viral pneumonia,®® there was evidence that SARS
might have been spread by airborne transmis-
sion.29-32 It was not entirely clear whether different
modalities of respiratory support had contributed to
the nosocomial outbreaks of SARS through the
generation of infective aerosols, but our previous
study® showed that substantial exposure to exhaled
air occurs within a 0.5-m radius of patients who are
receiving NPPV.

Few studies have assessed the potential risk of
oxygen therapy in spreading respiratory infection.
Using an aerosolized 3% hypertonic saline solution
and photographic techniques, Somogyi et al>* dem-
onstrated that throughout exhalation both the non-
rebreathing and Venturi-type of oxygen masks could
produce potentially infectious plumes of exhaled air
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that could be inhaled by health-care workers,
whereas the addition of an expiratory port and a filter
to an oxygen mask (Hi-Ox80; VIASYS Healthcare;
Yorba Linda, CA) could reduce aerosol production.3
Using a laser visualization technique and a mathe-
matical model that was different from the one used
in the current study for data analysis, we have
previously shown a maximal dispersion distance of
approximately 0.4 m during the application of oxygen
at 4 I/min via a simple mask to the HPS, which was
programmed at a respiratory rate of 12 breaths/min
and a tidal volume of 0.5 L.3* Our previous study®
relied on image-processing techniques to define the
edge of the visible smoke boundary from the cap-
tured digital video images, which represented the
“peak” of simulated exhalation during one breath
cycle by the HPS.3* The current study, which is
based on our previous work on the safety of NPPV,5
has the advantage of allowing the smoke concentra-
tion in the exhaled plume to be estimated from the
light scattered by smoke particles, whereas the prob-
ability contours were made up of data collected from
at least 10 breaths. Outside the boundary contour of
20%, the probability of exposure to a patient’s
exhaled air was < 20% in this study.

This study was limited by the use of smoke
particles as markers for exhaled air. The inertia and
weight of larger droplets in an air-droplet, two-phase
flow would certainly cause them to have less hori-
zontal dispersion than the continuous air carrier
phase in which they traveled. However, the evapo-
ration of water content in some droplets during
oxygen therapy may produce droplet nuclei that are
suspended in air, whereas the larger droplets will fall
to the ground in a trajectory pathway. As the smoke
particles in this study mark the continuous air phase,
our data contours refer to exhaled air. Our results
would represent the “upper bound” estimates for the
dispersion of droplets that would be expected to
follow a shorter trajectory than the air jet due to
gravitational effects, but would not fully reflect the
risk of droplet transmission.® Second, the room
airflow was switched off during the experiment in
order to reveal the maximum distribution of exhaled
air without interference by external factors. Further
work is needed to assess the interaction between
ward ventilation and the dispersion distances related
to oxygen therapy. Last, we were unable to capture
the maximum dispersion distance during coughing
due to the limitation of the equipment used in this
study. A higher speed camera with a wider laser
beam will be required in future studies to detect the
full range of dispersion distances during maneuvers
such as coughing and sneezing.

A recent review® has demonstrated a strong asso-
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ciation among ventilation, air movements in build-
ings, and the transmission/spread of infectious dis-
eases such as measles, tuberculosis, influenza, and
SARS, but there are insufficient data to specify and
quantify the minimum ventilation requirements in
hospitals and isolation rooms in relation to the spread
of infectious diseases via the airborne route. In a
study of the dispersion characteristics of polydis-
persed droplets in a general hospital ward equipped
with a ceiling-mixing type of ventilation system, the
small droplets or droplet nuclei (initial size, = 45
pwm) behaved as airborne-transmittable particles (ie,
staying airborne for > 360 s) and the dispersions
were strongly affected by the ward ventilation airflow
pattern, with the expiratory droplets exhibiting an
initial rapid dispersion followed by slower dispersion
in the subsequent stage.?> In contrast, large droplets
(initial sizes, 87.5 and 137.5 wm) were subjected to
gravitational effects and stayed airborne for < 30 s,
demonstrating the upper-bound reasoning that was
discussed previously in this article.?” Thus, the loca-
tion of exhaust air vents on the medical ward has a
significant impact on the dispersion pattern of expi-
ratory droplets.

In conclusion, we have shown in a worst-case
scenario that substantial exposure to exhaled air
occurs within 0.4 m of patients receiving supplemen-
tal oxygen via a simple oxygen mask but that cough-
ing can extend the dispersion distance further.
Health-care workers must take precautions when
managing patients with CAP of unknown etiology
that is complicated by respiratory failure. In addition
to maintaining contact, droplet, and standard pre-
cautions among the health-care workers when pro-
viding routine care to patients infected with H5N1
influenza, the World Health Organization recom-
mends airborne precautions in health-care facilities
including placing patients with suspected and con-
firmed H5N1 influenza in isolation rooms with at
least 12 air exchanges per hour (if available) during
aerosol-generating procedures due to the high le-
thality of the disease and the uncertainty about the
mode of human-to-human transmission.36 While
other investigators have examined the filtration ca-
pacity of different surgical and N95 masks in pro-
tecting health-care workers from viral infection,3739
further studies are needed to examine the dispersion
of exhaled air from common respiratory therapy
devices in relation to the air exchange rate and
airflow patterns on the medical ward in the control of
airborne viral infections.
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