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Abstract

Objectives:Health careworkers experience an uncertain risk of aerosol exposure dur-

ing patient oxygenation. To improve our understanding of these risks, we sought to

measure aerosol production during various approaches to oxygenation in healthy vol-

unteers in an emergency department.

Methods: This was a prospective study conducted in an empty patient room in an

academic ED. The room was 10 ft. long x 10 ft. wide x 9 ft. tall (total volume 900 ft3)

with positive pressure airflow (1 complete turnover of air every 10 minutes). Five

oxygenation conditions were used: humidified high-flow nasal cannula (HFNC) at

3 flow rates [15, 30, and 60 liters per minute (LPM)], non-rebreather mask (NRB) at

1 flow rate (15 LPM), and closed-circuit continuous positive airway pressure (CPAP)

using the ED ventilator; in all cases a simple procedural mask was used. The NRB

and HFNC at 30 LPM maneuvers were also repeated without the procedural mask,

and CPAP was applied both with and without a filter. Each subject then sequentially

underwent 8 total oxygenation conditions, always in the same order. Each oxygenation

condition was performed with the participant on a standard ED bed. Particles were

measured by laser aerosol spectrometer, with the detector sampling port positioned

directly over the center of the bed, 0.35 meters away and at a 45-degree angle from

the subject’s mouth. Each approach to oxygenation was performed for 10 minutes,

followed by a 20-minute room washout (≈ 2 complete room air turnovers). Particle

counts were summated for 2 size ranges (150–300 nm and 0.5–2.0 µm) and compared

before, during, and after each of the 8 oxygenation conditions.
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Results: Eight adult subjects were enrolled (mean age 42 years, body mass index 25).

All subjects completed 8 oxygenation procedures (64 total). Mean particle counts per

minute across all oxygenation procedures was 379 ± 112 (mean ± SD) for smaller

aerosols (150–300 nm) and 9.3± 4.6 for larger aerosols (0.5–2.0 µm). HFNC exhibited

a flow-dependent increase in particulate matter (PM) generation—at 60 LPM, HFNC

had a substantial generation of small (55% increase) and large particles (70% increase)

compared to 15 LPM. CPAP was associated with lowered small and large particle gen-

eration (≈10–15%belowbaseline for both sizes of PM). Apatientmask limited particle

generation with the NRB, where it was associated with a reduction in small and large

particulates (average 40% and 20% lower, respectively).

Conclusion: Among 3 standard oxygenation procedures, higher flow rates generally

were associated with greater production of both small and large aerosols. A patient

mask lowered aerosol counts in the NRB only. Protocol development for oxygenation

application should consider these factors to increase health care worker safety.
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1 INTRODUCTION

1.1 Background

Patients presenting to the emergency department with acute hypox-

emic respiratory failure may require a range of oxygenation therapies.

All such therapiesmay theoretically generate droplets and/or aerosols,

which place health care workers (HCWs) at risk for various infec-

tious diseases. Currently, the potential for airborne transmission of the

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from

patients to HCWs is a global health issue.1,2 There have been height-

ened safety concerns during the SARS-CoV-2 pandemic3, as HCWs are

among the highest risk groups for both acquisition of SARS-CoV-2 and

severe coronavirus disease 2019 (COVID-19).4

In general, viruses can be passed from person to person in 3 ways:

(1) from contact with contaminated surfaces, (2) via larger respiratory

droplets (>5 µm), and (3) via aerosolized particles (<5 µm). Aerosols

may remain suspended in the air for minutes or even hours and, there-

fore, travel longer distances. SARS-CoV-2 particles are typically in the

range of 75–160 nm, although the viral RNA is found in aerosols rang-

ing in size from 0.1 to well over 2.5 µm.5,6

1.2 Importance

With SARS-CoV-2 and other respiratory viruses, the amount of par-

ticle spread, particulate size, and potential virulence of pathogens

contained within droplets remains incompletely characterized, includ-

ing in health care settings. Researchers have employed a variety of

techniques to study the transmission of infectious diseases, includ-

ing smoke as a tracer to determine the spread of exhaled gases from

mannequins,7 bacterial air cultures from pneumonia patients,8 and air

dispersion from patients during breathing and coughing.9 A recent

study by Miller et al measured aerosol size and mass concentration

near human subjects using 2 approaches to oxygenation–both with

and without a surgical mask.10 This study failed to identify significant

trends in particle production, owing in part to a limitednumber of study

subjects (n= 2).

1.3 Goals of this investigation

We have built on the model developed by Miller et al to study fur-

ther the particle generation during various approaches to oxygenation

of adults. We specifically sought to estimate aerosol generation from

healthy subjects during several common approaches to oxygenation:

high-flow nasal cannula (HFNC), non-rebreather facemask (NRB), and

continuous positive airway pressure (CPAP).

2 METHODS

2.1 Design and setting

This was a prospective study of aerosol particle generation during var-

ious approaches to oxygenation using healthy volunteers. The study

was conducted in a single unoccupied room in an academic ED; the

same room was used for all subjects. The ED room was positive-

pressure ventilated, at roughly 6 room exchanges per hour (1 every 10

minutes). Inflow was above the head of the patient, and outflow was

near the sliding door, close to the floor (Figure 1). TheHumanResearch

Review Committee of the University of New Mexico Health Sciences

Center approved the study before commencement.



PEARCE ET AL 3 of 9

F IGURE 1 Experimental layout in the emergency department
cubicle. Room dimensions were≈ 10 ft x 10 ft x 9 ft (900 ft3 or 25m3).
Ventilation systemswere placed on the opposite side of the stretcher
from the Laser Aerosol Spectrometer and particle sampling tube. The
sampling tube was placed in the approximate position of a bedside
health care worker

2.2 Selection of participants

Healthy subjects between the ages of 25 and 55 years provided ver-

bal consent to participate. Subjects included members of the research

team and local HCWs. By institutional policy, subjectswere required to

confirm having no symptoms related to COVID-19 before coming on

campus each day.

2.3 Oxygenation procedures

The 5 approaches to oxygenationwereHFNC at 3 flow rates, NRB, and

CPAP. The 3 flow rates for HFNCwere 15, 30, and 60 liters per minute

(LPM; Optiflow, Fisher & Paykel Healthcare, Auckland, NZ). We used

15 LPM for the NRB (Vyaire Medical Inc, Chicago, IL, USA). For CPAP,

we used a non-invasive ventilator (Phillips V-60) with a heated bilevel

circuit (Fisher & Paykel, RT139) at 10 cmH2O. For all HFNC and NRB

approaches, the participant wore a standard procedural mask over

the oxygenation device. For HFNC at 30 LPM and the NRB approach,

we repeated the approach without the procedural mask, to provide a

comparison for the benefit of mask usage in limiting aerosol genera-

tion. CPAP ventilationwas conductedwith andwithout filtration of the

return flow; no procedural mask was used. With all combinations of

oxygenation and mask/filter, subjects completed 8 total oxygenation

procedures (same order for each subject). The specific order was (1)

NRB 15 LPMwith procedural mask, (2) NRB 15 LPMwithout mask, (3)

HFNC 15 LPM with mask, (4) HFNC 30 LPM with mask, (5) HFNC 30

LPM without mask, (6) HFNC 60 LPM with mask, (7) CPAP with filter,

and (8) CPAPwithout filter.

Subjects were seated 60 degrees upright on an ED bed (Figure 1).

Subjects were asked to remain relatively stationary throughout the

testingperiodandwere instructed tobreathenormally; no specific pro-

tocol for coughing or speaking was implemented. Subjects underwent

8 sequential oxygen procedures, each lasting 10 minutes in duration

followed by a 20-minutewashout period. At the end of each 10-minute

The Bottom Line

The risks to health care workers from infectious aerosols

remain uncertain, despite the urgency of this knowledge dur-

ing the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) pandemic. In a simulation-based study of 8

healthy adults in an emergency department, the investiga-

tors present a model for future studies and provide evidence

for the relative production of aerosols across a range of oxy-

genation procedures, with higher flow rates generally associ-

ated with greater aerosol production.

oxygenation period, masks and oxygenation were removed at approx-

imately the same time. The ED room, containing only the subject and

single researcher (in standard COVID-19 protocol personal protective

equipment (PPE), including an N-95 mask), remained closed with the

exception of washout periods, when oxygenation devices were turned

off and systems exchanged.

2.4 Particle measurement

A single polyurethane tube (1/4” inner diameter) was placed 0.35

meters and 45 degrees from the subject’s mouth (Figure 1) and con-

nected to a laser aerosol spectrometer (Model 3340A; TSI, Inc., Shore-

view, MN, USA). The placement of the sampling tube was designed to

reflect a common position and distance for HCWs actively treating a

patient. Particulatematter (PM)was continuously sampled at 1-minute

intervals. Importantly, this assessment does not discriminate between

naturally occurringbackgroundPMandsubject-derivedPM.The inves-

tigator remaining in the room wore a procedural mask, stood toward

the door (away from the air intake), and kept movement to a minimum

(tominimize distribution andmeasurement of background of PM).

2.5 Data analysis

We summated PM counts in 2 size ranges: 150–300 nm and 0.5–

2.0 µm. We selected these ranges owing to much higher background

levels of nanosized particles (<300 nm) and because analyzing PM

counts separately afforded a better opportunity to observe meaning-

ful trends for different oxygen delivery systems. Furthermore, because

of the high variability of background PM levels before the oxygenation

procedures, for both PM size ranges and each oxygenation procedure

we also summarized PM data for 4 epochs: the 5 minutes before, the

first and second 5 minutes during, and the first and second 5 minutes

following oxygenation.

For both the smaller (150–300 nm) and larger (0.5–2.0 µm) PM

ranges, we calculated the mean PM count and SD for the 4 5-minute

epochs of each oxygenation procedure. We then used 1- or 2-way
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TABLE 1 Characteristics of 8 healthy subjects

Subject Sex Age (years) Ht (m) Wt (kg)

Bodymass

index

Predicted vital

capacity (L)

1 M 48 1.92 110 29.8 4.27

2 F 39 1.75 65 21.2 3.12

3 M 45 1.88 95 26.9 4.25

4 M 45 1.81 85 25.9 4.09

5 M 50 1.70 75 26.0 3.75

6 F 36 1.65 51 18.7 2.99

7 M 36 1.85 90 26.3 4.37

8 F 35 1.65 77 28.4 3.01

Mean (SD) 41.8 (5.9) 1.78 (0.10) 81.0 (18.3) 25.4 (3.7) 3.73 (0.60)

repeated measures analysis of variance (ANOVA) to assess the change

in mean PM counts across the 5 epochs. Finally, we used a Benjamini,

Krieger, and Yekutieli post hoc test to understand the influence of flow

(HFNC) or the procedural mask (NRB) on PM concentrations. We per-

formed all analyses with GraphPad Prism (v 8.3.1).

3 RESULTS

3.1 Enrollment

Eight healthy subjects were enrolled and completed the full study

protocol (8 oxygenation sessions each, 64 total; sessions completed

between May 7–22, 2020). Subject demographics and predicted lung

vital capacity11 are provided in Table 1.

3.2 Particle measures

Average PM counts for all 64 oxygenation procedures were 392± 142

per minute (mean ± SD) for smaller PM (150–300 nm) and 10.2 ± 6.2

counts per minute for larger PM (0.5–2.0 µm). For the 5-minute base-

line period, the mean PM counts were 388 ± 112 per minute for the

smaller range and 9.4 ± 5.1 per minute for the larger range (baseline

relatively stable across all subjects and oxygenation procedures).

3.3 High-flow nasal cannula

HFNC generated PM in a flow-related manner, with particle counts

lowest for 15 LPM and highest for 60 LPM (Figure 2, absolute PM

counts shown). From 5 to 10 minutes after cessation of oxygenation,

small PM counts were maximally 30% higher for HFNC at 30 LPM and

55%higher for60LPM,both compared to15LPM(Figure3A,%change

from each baseline, P < 0.001). For larger PM, we observed a signif-

icant change only for 60 LPM–over 70% compared with the baseline

(Figure 3B; P< 0.001).

The addition of a simple facemask to HFNC at 30 LPM was associ-

ated with a significant linear reduction for smaller (P= 0.0004) but not

larger PM (Figures 3C and 3D). Comparedwith the baseline, the simple

facemask reduced smaller PM counts by 5%–10% during the postoxy-

genation epochs.

3.4 Non-rebreather

The NRB (only tested at 15 LMP) led to modest increases in PM–

counts increased from baseline by a maximum of 5% and 15% for

small and large PM, respectively (Figures 4A,B and 5A,B). The addi-

tion of a facemask to the NRB reduced both smaller (Figures 4A

and 5A; 20% reduction, P = 0.017) and larger PM (Figures 4B and 5B;

65% reduction, P < 0.001) immediately following the 10-minute

oxygenation.

A 2-way repeated-measures ANOVA confirmed that the use of the

mask and the mask x time interaction affected the reduction in larger

PM (P= 0.044 and P< 0.0001, respectively). Similar trendswere noted

for smaller PM, with the mask factor alone nearing significance (P =

0.0687, 16.5% of variance) and the "mask x time" interaction signifi-

cantly affecting PM levels (P= 0.0007, 6.3% of variance).

3.5 Continuous positive airway pressure

CPAP was associated with a maximum 15% reduction in smaller PM

counts (P < 0.0001; Figures 4C and 5C). Larger PM showed no signif-

icant change from baseline (Figure 4D, 5D). The addition of filtration

to CPAP was not associated with significant changes in PM counts in

either size ranges.

3.6 Secondary analysis

To examine further the impact of a simple facemask on PM counts,

we performed a follow-up 3-way ANOVA, combining data from



PEARCE ET AL 5 of 9

F IGURE 2 Absolute value of particulate counts per minute for the 2 size fractions (150–300 nm) and (0.5–2.0 µm) during various oxygenation
strategies. (A) The effects of flow rate on 150–300 nm aerosol formation from a high-flow nasal cannula (HFNC), while wearing a procedural mask.
(B) The effects of flow rate on aerosols in the range of 0.5–2.0 µm from aHFNC, while wearing a procedural mask. (C) At 30 liters per minute (LPM)
for HFNC, the comparisons of particulatematter (PM) generation with andwithout a procedural mask in place for 150–300 nm particulates. (D) At
30 LPM for HFNC, the comparisons of PM generation with andwithout a procedural mask in place for 0.5-2.0m µmparticulates. Data shown are
mean± SEM

the NRB at 15 LPM and HFNC at 30 LPM. We included 3 factors–

time, oxygenation conditions, and the facemask. For smaller PM,

the effect of the mask (P = 0.0375) and time (P = 0.002) remained

significant. Facemask usage accounted for 10.0% of the data varia-

tion, and time accounted for 2.9%. For larger PM, the mask factor

was not significant, although mask x time was a significant factor

(P= 0.018).

3.7 Limitations

Our study has several important limitations. First, we included only a

small number of healthy subjects, and we did not attempt to model

issues known to produce more aerosols, such as coughing, sneez-

ing, or increased airway mucous. A larger, more diverse sample of

patientsmight producemeaningfully different PMcount patterns. Sec-

ond, we found that day-to-day variation in background PM counts in

the study room precluded any reasonable estimates of “background”

versus “subject-derived” PM. When we attempted to measure back-

ground levels in the empty room, we often measured particle counts

at or above those measured when subjects and investigators were

present. We estimate that the subject-derived PM is a very small per-

centage of our totals—at most 30%. Therefore, changes in total PM

counts actually reflect a muted overall change of subject-derived PM,

which are much more substantial than we could delineate. Lastly, we

studied the spatial distribution and air convection pattern of a single

room. The spatial distributionwas designed tomirror aHCWin awork-

ing position close to the head of a patient. However, the room and the

subject were quite still during the process, and the investigator gen-

erally stood further away from the bedside. In a true clinical setting,

a great deal of activity would lead to a more complex pattern of air

convection and PM production and movement. Methods to delineate

patient-derived versus other PM in clinical settings would be exceed-

ingly challenging.
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F IGURE 3 Relative changes in aerosols (150–300 nm) and droplets (0.5–2.0 µm) during various oxygenation strategies. (A) The effects of flow
rate on 150–300 nm aerosol formation from a high-flow nasal cannula (HFNC), while wearing a procedural mask. (B) The effects of flow rate on
aerosols in the range of 0.5–2.0 µm from aHFNC, while wearing a procedural mask. (C) At 30 liters perminute (LPM) for HFNC, the comparisons of
particulate matter (PM) generation with andwithout a procedural mask in place for 150–300 nm particulates. (D) At 30 LPM for HFNC, the
comparisons of PM generation with andwithout a procedural mask in place for 0.5–2.0m µmparticulates. Data shown aremean± SEM. Asterisks
indicate significant difference from 15 LPM trial at specific time points by a 2-way repeatedmeasures analysis of variance (*P< 0.05, **P< 0.01,
***P< 0.001)

4 DISCUSSION

Research into the generation, dispersion, and duration of aerosols is

essential for optimal clinical guidance to protect HCWs from infec-

tious diseases during respiratory procedures. The present study adds

to the literature by (1) considering real-time PM counts obtained

from a position approximating an actively engaged HCWs; (2) using

healthy subjects breathing normally; (3) assessing small and larger

aerosols; (4) determining the impact of a range of HFNC flow rates;

and (5) considering the impact of procedural mask or filter. Our gen-

eral conclusions are that, for the conditions studied, HFNC flow rates

of 30–60 LPM led to substantially greater generation of aerosols,

whereas the procedural mask modestly helped to limit the gener-

ation of aerosols with 30 LMP (5%–20% reduction, depending on

conditions). At 60 LPM, PM was substantially increased despite

the use of the procedural mask. The self-contained CPAP circuit

appeared to lower the levels of PM in the vicinity of a bedside

HCW.

HCWs are among the groups at the highest risk of both contract-

ing the SARS-CoV-2 virus and developing severe COVID-19.4 Using

healthy subjects, our study suggests that lower flow HFNC, a NRB,

CPAP, and patient mask usage can modestly reduce the generation of

smaller-sized aerosols. Our study further suggests that aerosol-sized

PM may be generated even in healthy subjects, without coughing or

increased sputum, because of airway shear stress, vibration, and spo-

radic collapse/reopening of terminal bronchioles.3 Coughing, sneezing,

and increased upper airway mucous production, which are all compo-

nentsof severeCOVID-19,mayamplify thegenerationof aerosol-sized

PM.3

Aerosol transmission of infectious diseases, especially in a closed

setting, is an essential means of viral spread.12 Humans can produce

a wide range of particle size range during breathing, coughing, and

sneezing. Although the SARS-CoV-2 virus ranges in size from 75 to

160 nm, 5 patients can produce particles ranging from 0.05 to >100

µm.6 Our results in healthy human subjects were consistent with an in

silico transmission modeling study13 and a recent study of a simulated
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F IGURE 4 Absolute value of particulate counts per minute for the 2 size fractions (150–300 nm) and (0.5–2.0 µm) during various oxygenation
strategies. (A) The effects of procedural mask usage on 150–300 nm aerosol formation from a non-rebreather mask (NRB) at 15 liters per minute
(LPM). (B) The effects of procedural mask usage on 0.5–2.0 µmaerosol formation from aNRB at 15 LPM. (C) The effects of internal filtration of a
continuous positive airway pressure (CPAP) device on subject-derived 150–300 nm aerosol formation. (D) The effects of internal filtration of a
CPAP device on subject-derived 0.5–2 µmaerosol formation. Data shown aremean± SEM. PM, particulate matter

patient, wherein droplet spread was higher with greater HFNC flow

rates.14 In that study, investigators also modeled aerosol spread for

patients with moderate and severe lung disease, which ultimately

dampened flow and led to reduced aerosol distribution. A general

gap for these studies, as well as the present report, is the absence of

information on whether measured droplets had the potential to carry

pathogens.

In summary, we modeled the position of HCWs directly working

with a patient in an ED bed and found that, with healthy subjects, spe-

cific oxygenation procedures can increase or decrease the PM bur-

den in the room. The contribution to background PM counts, however,

was relatively low. Based upon our findings and until additional stud-

ies are conducted, it may be advisable to restrict HFNC to 30 LPM

or less when HCWs’ respiratory protection cannot be assured. Plac-

ing a procedure mask over oxygen-delivery masks and cannulas also

seems prudent to limit the potential for viral transmission. The impact

of any of these changes may be modest, however, and HCW should

continue to practice optimal PPE donning and doffing to optimize

protection.
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F IGURE 5 Relative changes in aerosols (150–300 nm) and droplets (0.5-02.0 µm) during various oxygenation strategies. (A) The effects of
procedural mask usage on 150–300 nm aerosol formation from a non-rebreather mask (NRB) at 15 LPM. (B) The effects of procedural mask usage
on 0.5–2.0 µmaerosol formation from aNRB at 15 LPM. (C) The effects of internal filtration of a continuous positive airway pressure (CPAP)
device on subject-derived 150–300 nm aerosol formation. (D) The effects of internal filtration of a CPAP device on subject-derived 0.5–2 µm
aerosol formation. Data shown aremean± SEM. Asterisks indicate significant difference for mask usage at specific time points by a 2-way
repeatedmeasures analysis of variance (*P< 0.05, **P< 0.01). For CPAP, no significant differences for filtration were noted, but the overall
reduction in 150–300 nm particulates during the 10-minute procedure was highly significant (P< 0.0001) compared to preprocedure for both
arms of the experiment
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