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Abstract

Purpose

To investigate the effectiveness of aerosol clearance using an aerosol box, aerosol bag,
wall suction, and a high-efficiency particulate air (HEPA) filter evacuator to prevent aerosol
transmission.

Methods

The flow field was visualized using three protective device settings (an aerosol box, and an
aerosol bag with and without sealed working channels) and four suction settings (no suction,
wall suction, and a HEPA filter evacuator at flow rates of 415 liters per minute [LPM] and
530 LPM). All 12 subgroups were compared with a no intervention group. The primary out-
come, aerosol concentration, was measured at the head, trunk, and foot of a mannequin.

Results

The mean aerosol concentration was reduced at the head (p < 0.001) but increased at the
feet (p = 0.005) with an aerosol box compared with no intervention. Non-sealed aerosol
bags increased exposure at the head and trunk (both, p < 0.001). Sealed aerosol bags
reduced aerosol concentration at the head, trunk, and foot of the mannequin (p < 0.001). A
sealed aerosol bag alone, with wall suction, or with a HEPA filter evacuator reduced the
aerosol concentration at the head by 7.15%, 36.61%, and 84.70%, respectively (99.9% con-
fidence interval [Cl]: -4.51-18.81, 27.48-45.73, and 78.99-90.40); trunk by 70.95%,
73.99%, and 91.59%, respectively (99.9% Cl: 59.83-82.07, 52.64-95.33, and 87.51—
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95.66); and feet by 69.16%, 75.57%, and 92.30%, respectively (99.9% CI: 63.18-75.15,
69.76-81.37, and 88.18-96.42), compared with an aerosol box alone.

Conclusions

As aerosols spread, an airtight container with sealed working channels is effective when
combined with suction devices.

Introduction

The highest concentrations of severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-
2) are found in the saliva, sputum, and upper airway secretions [1]. Coronavirus disease
(COVID-19) may spread through small droplets or aerosols [2-8]. Compared with droplets,
aerosols spread more easily and also remain in the air for a longer period of time. Aerosols can
be generated through coughing, talking, sneezing, breathing, during oxygenation using a high-
flow facility, before or during the intubation process, and when managing a deteriorated air-
way in patients with COVID-19 [2,4-10]. To date, there have been no clinical experiments
regarding SARS-CoV-2 aerosol transmission; however, animal models have provided direct
evidence that aerosols are an important means of transmission [11].

Several guidelines have recommended the routine use of personal protective equipment
(PPE) during high-risk procedures, such as tracheal intubation [6,7,12,13]. Furthermore, novel
barrier equipment, such as aerosol boxes (AB) and disposable plastic aerosol bags, have been
developed to reduce droplet spillage and transmission risk [14-20]. AB (Taiwan box) is a pio-
neer public-shared barrier design for effectively preventing droplet spillage [18,21]. Another
novel method involves a disposable plastic aerosol bag clipped by strings attached to the surgi-
cal lamp in the resuscitation room. This creates a negative-pressure barrier with the wall suc-
tion and can be used to reduce the risk of fomite transmission when considering the
possibility of inadequate disinfection [19].

To accelerate viral concentration clearance in the air, wall suction is an easily accessible
method that can be used to create negative pressure, and this may be useful in combination
with protective barriers [19,22]. The high-efficiency particulate air (HEPA) filtering evacuator
is another accessible device that is widely used in dermatological interventions such as cryo-
therapy of pathological lesions infected with human papillomavirus. Furthermore, the HEPA
filtering evacuator has been used for pathogens smaller than SARS-CoV-2.

Daily human activity also leads to the production of bioaerosols: breathing (<0.8-2um),
speaking (<0.8-7um, 16-125um), shouting (0.5-10um), coughing (0.62-15.9um, 40-125um),
and sneezing (7-125um) [9]. This study aimed to investigate three different devices (an AB
and an aerosol bag with and without sealed working channels) in combination with or without
suction systems for aerosol protection via flow field visualization. We also aimed to investigate
the detection of aerosol exposure during tracheal intubation in order to identify the best nega-
tive-pressure barrier system for the protection of healthcare workers from aerosol-generating
procedures.

Methods
Study design and setting

This in situ study was performed in a negative-pressure resuscitation room, with 12 air
changes per hour, located at Taipei City Hospital, Zhong-Xing branch, a metropolitan teach-
ing and designated COVID-19 treatment hospital in Taiwan.
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The background flow of the resuscitation room runs from the top of the space to four vents
at the bottom of each corner and occurs in a downward direction. A simulated mannequin
(Laerdal® Airway Management Trainer, Laerdal, New York, USA) was positioned in an
inclined head-up 30° position, and the trachea was connected to a three-dimensional printed
ventilator (Massachusetts Institute of Technology Emergency Ventilator, Massachusetts, USA
[23]) and a smoke particle generator (MPL-1003, Tong-Da, Tainan, Taiwan) to create visible
smoke (atomized glycerol) from the mouth of the mannequin (Fig 1A). The breathing cycle
was set to a fixed rate of 25 times per minute and created a minute ventilation of approximately
10 liters per minute (LPM) to simulate a tachypneic patient. Large-area particle image veloci-
metry (PIV) was applied to analyze the dynamic flow field of the air during the breathing
cycle. A high-sensitivity camera (ORCA-Flash 4.0 v2 digital CMOS camera, Hamamatsu Co.,
Hamamatsu, Japan) was set in a vertical direction 2 m away from the head of the mannequin
to record the light source scattered by the tracer gas of glycerol after being irradiated by the
green laser.

To investigate the concentration of the contaminated aerosol, the glycerol tracer gas was
then replaced with polyalphaolefin (PAO) (with a diameter of 0.5-0.7 um). Three spots around
the mannequin (head, trunk, and foot) were assessed with a light-scattering photometer with a
sampling rate of 28.3 LPM in 180 s intervals (Fig 1B and 1D) to evaluate the aerosol exposure
of healthcare workers. Between each setting, detection only started after the concentration of
PAO dropped to less than 0.005% (background level).

Interventions

Two novel protective devices were investigated, an AB and a plastic disposable aerosol bag
(PDAB) with and without two sealed working channels (three protective device settings). The
AB was a box-like shield with dimensions of 50 cm x 35 cm x 55 cm with no rear plane; two
working channels on the front and one working channel was attached on each side of the lat-
eral plane for airway management (Fig 1C and 1D). A PDAB (60 cm x 70 cm) was attached to
the surgical light in the resuscitation room and was sufficient to cover the head, shoulder, and
the upper chest of the mannequin (Fig 1E).

The following two suction devices were evaluated during the study: a wall suction
(3-Stages Analogue Vacuum Regulator, maximum flow rate 36 LPM, Pacific Hospital Sup-
ply Co., Taipei, Taiwan) and an evacuator with a HEPA filter (Surgifresh Mini TURBO
Smoke Evacuators, with a minimum flow rate of 415 LPM, and a maximum of 530 LPM,
Dynamic Medical Technologies, Taipei, Taiwan). The suction devices were placed on the
chin of the mannequin.

Two protective devices with three settings (AB, non-sealed working channels PDAB, sealed
working channels PDAB) and two suction devices with four settings (no suction device, wall
suction at a flow rate of 36 LPM, and HEPA filter evacuator at flow rates of 415 LPM and 530
LPM) created 12 (3 x 4) possible conditions, all of which were compared with the no interven-
tion condition (total 13 subgroups).

Measurements

The flow field visualization was recorded by a high-sensitivity camera in both sagittal and
coronal views. The background flow field was recorded first. A total of 13 different settings
were recorded: no intervention, AB, AB with wall suction at a flow rate of 36 LPM, and AB
with HEPA filter evacuator (HE) at a flow rate of 415 LPM and 530 LPM; DPAB without
sealed working channels (DPAB-NS), DPAB-NS with wall suction, and DPAB-NS with
HE at 415 LPM and 530 LPM; DPAB with seal (DPAB-S) and DPAB-S with wall suction;

PLOS ONE | https://doi.org/10.1371/journal.pone.0250213  April 21, 2021 3/12


https://doi.org/10.1371/journal.pone.0250213

PLOS ONE

Airtight container with HEPA evacuator to reduce aerosol exposure

.

S noke
Generator -

. —
@) @)
Air Smoke
compre ssor Generator
o
o 'O )
Upstrean Dovmstrean
photom eter

Fig 1. Two novel protective devices: A. Experimental setting. The ventilator was connected to a smoke generator and air supplement system; then, the ventilator was set
to 25 breathing cycles per minute (10 L/min) and attached to the mannequin. A green laser was ejected from the foot and trunk of the mannequin to demonstrate the
aerosol in two vertical dimensions. B. Aerosol concentration experimental setting. The ventilator was connected with the smoke generator and the mannequin, and the
particles were pumped out during the breathing cycle, simulating aerosols. The upstream detector of the aerosol photometer was placed by the mouth of the mannequin,
while the downstream detector was placed in the three spots (head, trunk, and foot of the mannequin). C. Aerosol box (side view), a shield-like device, covers the front,
top, and two lateral sides; the rear side is left open for equipment transfer. There were two working channels in the front of the box, and two at each lateral side of the
box for airway management. D. The wall suction was attached at the chin of the mannequin using an elastic adhesive tape. E. The high-efficiency particulate air (HEPA)
evacuator was equipped with a metal stand that can clip and fix the suction tube upright just above the chin of the mannequin. F. Disposable transparent plastic bag

(aerosol bag).

https://doi.org/10.1371/journal.pone.0250213.9001

and DPAB-S with HE at 415 LPM and 530 LPM. The primary outcome was PAO concen-

tration at the head, trunk, and foot of the mannequin at an interval of 180 s among 13

subgroups.
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Statistical analysis

Student t-tests were used to evaluate the percentage differences between each protective equip-
ment setting. SAS statistical package version 9.4 (SAS Institute, Inc., North Carolina, USA)
and STATA version 15.1 (StataCorp, Texas, USA) were used for all data analysis.

Two-tailed p-values <0.001 were considered to be statistically significant.

The sample size calculation for this experiment was based on an initial pilot experiment
showing that an average concentration of 600 ppm was detected at the head side when no pro-
tective equipment was used. To detect a mean percentage difference of 20% from the baseline
level, a two-sided significance level of 0.1%, and power of 80%, an estimated 394 participants
were needed per device tested. We have accounted for multiple testing issues using Bonferroni
correction method. There was a control group; further, 12 groups with 3 different detecting
positions for estimation were also present, bringing the total to 36 comparisons. We adjusted
the p-value of significance to 0.001 because of the large number of pairwise comparisons. As
this was a simulated mannequin study and involved no human participants, ethical approval
was not required.

Results

Particle visualization images from the sagittal and coronal views showed that aerosol particles
can escape from the working channels of AB and DPAB-NS. The aerosols moved along the top
of the AB to the foot of the mannequin (Fig 2A). However, DPAB-S had a better ability to con-
fine the aerosol particles without visible aerosol escape.

With regard to suction devices, wall suction decreased the escape of the aerosol particles
when used in combination with AB and DPAB-NS. However, aerosol escape was still observed

Fig 2. Particle visualization images in both the sagittal and coronal views. A. Sagittal view of the aerosol box containing aerosols; aerosol movement is visualized with
green vector arrows in the visualized flow field. The white arrows indicate the aerosols moving to the foot of the mannequin. The white arrowheads indicate leakage of
aerosols from the front non-sealed working channels. B. Coronal view of the visualized flow field. The white arrowheads indicate aerosol escape from the side non-sealed
working channels.

https://doi.org/10.1371/journal.pone.0250213.9002
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in the coronal view of AB. The minimum (415 LPM) or maximum (530 LPM) HE flow rate
decreased the dispersion of the aerosols, and there was no visualized escape. DPAB-S showed
no visualized aerosol escape with and without all suction systems.

Compared to baseline concentrations without intervention, AB decreased the aerosol expo-
sure at the head of the mannequin, but this was increased at the foot of the mannequin
(p =0.05). DPAB-NS decreased exposure at the foot of the mannequin; however, exposure at
the head and trunk of the mannequin markedly increased. DPAB-S had lowest exposure
among the barriers at all detection sites of all the cases without suction devices (Table 1).

In combination with wall suction at a flow rate of 36 LPM, aerosol exposure decreased sig-
nificantly (p<0.001) with AB, DPAB-NS, and DPAB-S. However, AB still showed the highest
exposure of all the barriers at the foot of the mannequin; the highest aerosol concentration at
the trunk of the mannequin was found with DPAB-NS. Of all the barrier devices, DPAB-S
showed the lowest aerosol concentration at all three detection sites (Table 1).

In combination with HE at a flow rate of 415 and 530 LPM, aerosol exposure was very low
with all three barrier devices. Overall, the DPAB-S subgroup showed the lowest concentration
compared with other subgroups (Table 1).

With suction, AB was found to be more protective for workers at the head and the trunk of
the mannequin but worse for those at the foot of the mannequin, compared with the protective
effect of DPAB-NS (Table 1). However, without the suction system, DPAB-S was the best bar-
rier device at all three detection sites (all, p < 0.001).

Comparing the three devices (AB, DPAB-NS, and DPAB-S) in combination with the three
suction settings (wall suction at 36 LPM, HE at 415 LPM, and HE at 530 LPM), DPAB-S
showed a better protective effect from the aerosols than AB (Table 2) at all three detection sites
(head, trunk, and foot) of the mannequin (p < 0.001). For non-sealed barriers, AB with wall
suction was protective at the trunk of the mannequin but not at the foot of the mannequin, as
compared to DPAB-NS (p < 0.001). With HE, there were no differences between DPAB-NS
and AB at any of the three detection sites (Table 2).

Discussion

The COVID-19 pandemic has driven clinicians to develop devices that protect healthcare
workers from nosocomial infections during tracheal intubation [14-21]. The Taiwan box is a
pioneering public-shared design [21]. Canelli et al. found that such an AB can prevent droplet
spillage and splashes while a patient is coughing [18]. We also fabricated a device with a single-
use plastic bag to create a negative-pressure barrier with the wall suction (published on April
1%, 2020). Any other such sufficiently large transparent plastic bag can be used for this negative
barrier system (Figs 1E and 3A-3D) [19]. However, the effectiveness of these protective devices
is controversial; Begley et al. found that the AB may increase intubation time and decrease the
first-pass success [15].

Flow visualization using the laser PIV technique [24,25], found that the aerosol flowed
upward and then followed the top curve of AB to the foot of the mannequin, which could be a
health hazard if the health workers at the foot wore insufficient PPE (Fig 2A, S1 Video). Fur-
thermore, the flow can escape significantly from the non-sealed working channels with time,
thus being even more dangerous (Fig 4A-4F). When the plastic aerosol bag was sealed with a
working channel to form an airtight container, the aerosols were confined better, without sig-
nificant leakage. Sealing of the working channels can improve aerosol entrapment efficiency.
When using a wall suction at 36 LPM, the clearance of aerosols was insufficient; clearance
improved with time if this was combined with the AB (Fig 4D-4F blue line) and DPAB-NS
(Fig 4D-4F pink line). With HE at flow rates of 415 and 530 LPM, aerosol clearance was fast,

PLOS ONE | https://doi.org/10.1371/journal.pone.0250213  April 21, 2021 6/12


https://doi.org/10.1371/journal.pone.0250213

PLOS ONE

Airtight container with HEPA evacuator to reduce aerosol exposure

Table 1. Aerosol concentration of the control group and 12 different subgroup settings at the head, trunk, and foot of the mannequin.

N Group Suction Device (LPM) Mean (ppm) p-value 99.9% CI
499 No intervention 662.03 565.83 ~ 758.24
495 Aerosol Box 483.80 <0.001 450.36 ~ 517.24
________ 490 | Aerosol Box Wall suction 36 277.36 <0.001 256.63 | ~ 298.08
________ 473 Aerosol Box HEPA evacuator 415 47.27 <0.001 44.74 ~ 49.80
_E | 487 Aerosol Box HEPA evacuator 530 26.07 <0.001 24.88 ~ 27.27
________ 498 | Non-sealed aerosol bag 1214.25 <0.001 92.36 ~ 1500.14
________ 510 Non-sealed aerosol bag Wall suction 36 266.40 <0.001 224.00 ~ 308.80
A |4 Non-sealed aerosol bag HEPA evacuator 415 47.27 <0.001 44.73 ~ 49.80
________ 488 Non-sealed aerosol bag HEPA evacuator 530 26.01 <0.001 24.82 ~ 27.21
________ 489 Sealed Aerosol bag 449.20 <0.001 403.41 ~ 494.99
D | 488 Sealed Aerosol bag Wall suction 36 175.83 <0.001 161.22 ~ 190.44
________ 480 Sealed Aerosol bag HEPA evacuator 415 7.23 <0.001 6.23 ~ 8.23
486 | Sealed Aerosol bag HEPA evacuator 530 5.19 <0.001 4.57 ~ 5.82
T 493 No intervention 345.83 321.76 ~ 369.89
508 Aerosol Box 410.21 <0.001 366.91 ~ 453.51
R 494 Aerosol Box Wall suction 36 241.08 <0.001 190.26 ~ 291.90
478 Aerosol Box HEPA evacuator 415 38.91 <0.001 37.39 ~ 40.42
477 Aerosol Box HEPA evacuator 530 23.56 <0.001 22.43 ~ 24.68
U 504 Non-sealed aerosol bag 7705.68 <0.001 5651.59 ~ 9759.76
499 Non-sealed aerosol bag Wall suction 36 855.73 <0.001 513.26 ~ 1198.20
474 Non-sealed aerosol bag HEPA evacuator 415 38.79 <0.001 37.34 ~ 40.23
N 475 Non-sealed aerosol bag HEPA evacuator 530 23.53 <0.001 2241 ~ 24.66
484 Sealed Aerosol bag 119.17 <0.001 107.69 ~ 130.66
483 Sealed Aerosol bag Wall suction 36 62.71 <0.001 57.91 ~ 67.52
K 494 | Sealed Aerosol bag HEPA evacuator 415 3.27 <0.001 2.73 ~ 3.81
495 | Sealed Aerosol bag HEPA evacuator 530 2.83 <0.001 2.16 ~ 3.51
494 | No intervention 693.07 642.78 ~ 743.36
F 504 Aerosol Box 748.31 0.005 707.93 ~ 788.69
499 | Aerosol Box + Wall suction 36 450.01 <0.001 425.50 ~ 474.52
472 Aerosol Box HEPA evacuator 415 26.78 <0.001 25.71 ~ 27.85
(6] 487 Aerosol Box + HEPA evacuator 530 28.17 <0.001 27.10 ~ 29.23
500 Non-sealed aerosol bag 462.41 <0.001 391.65 ~ 533.18
506 Non-sealed aerosol bag Wall suction 36 144.23 <0.001 130.72 ~ 157.73
(0] 470 Non-sealed aerosol bag HEPA evacuator 415 26.74 <0.001 25.67 ~ 27.81
477 Non-sealed aerosol bag HEPA evacuator 530 28.24 <0.001 27.16 ~ 29.31
487 Sealed Aerosol bag 230.74 <0.001 212.20 ~ 249.29
T 486 | Sealed Aerosol bag + Wall suction 36 109.95 <0.001 101.53 ~ 118.37
495 | Sealed Aerosol bag HEPA evacuator 415 2.06 <0.001 1.70 ~ 2.42
495 | Sealed Aerosol bag HEPA evacuator 530 1.77 <0.001 1.45 ~ 2.09

HEPA, high-efficiency particulate air; LPM, liters per minute.

https://doi.org/10.1371/journal.pone.0250213.t001

without visible aerosol flow escaping from the rear end and working channels of AB; the plastic
aerosol bag also showed similar results.

Simpson et al. investigated the function of four protective devices using aerosols (AB, sealed
box, and vertical and horizontal drapes) and found that AB and horizontal and vertical plastic
drapes were of no use and might increase the aerosol contamination in the intubator [22]. To

PLOS ONE | https://doi.org/10.1371/journal.pone.0250213  April 21, 2021 7/12


https://doi.org/10.1371/journal.pone.0250213.t001
https://doi.org/10.1371/journal.pone.0250213

PLOS ONE

Airtight container with HEPA evacuator to reduce aerosol exposure

Table 2. Non-sealed and sealed aerosol bags versus aerosol boxes in combination with or without suction devices.

Settings Suction Device Mean Percentage Difference(%)* | 99.9% Confidence Interval(%) | p-value
___| Aerosol Box | vs. | Non-sealed Aerosol Bag | None -150.98 -210.47 to -91.49 <0.001
H | Aerosol Box | vs. | Sealed Aerosol Bag None 7.15 -4.51~18.81 0.044
E | Aerosol Box |vs. | Non-sealed Aerosol Bag | Wall Suction 3.95 -13.23~21.13 0.424
A | Aerosol Box | vs. | Sealed Aerosol Bag Wall Suction 36.61 27.48~ 45.73 <0.001
D Aerosol Box | vs. | Non-sealed Aerosol Bag | HEPA Evacuator (415 LPM) 0.01 -7.55~7.57 0.996
Aerosol Box | vs. | Sealed Aerosol Bag HEPA Evacuator (415 LPM) 84.70 78.99~ 90.40 <0.001
__ | Aerosol Box |vs. | Non-sealed Aerosol Bag | None -1778.48 -2275.88 to -1281.08 <0.001
T | Aerosol Box | vs. | Sealed Aerosol Bag None 70.95 59.83~ 82.07 <0.001
R | Aerosol Box |vs. | Non-sealed Aerosol Bag | Wall Suction -254.96 -398.84 to -111.08 <0.001
U | Aerosol Box | vs. | Sealed Aerosol Bag Wall Suction 73.99 52.64~ 95.33 <0.001
N | Aerosol Box | vs. | Non-sealed Aerosol Bag | HEPA Evacuator (415 LPM) 0.30 -5.07 to 5.67 0.854
K | Aerosol Box |vs. | Sealed Aerosol Bag HEPA Evacuator (415 LPM) 91.59 87.51~ 95.66 <0.001
___| Aerosol Box | vs. | Non-sealed Aerosol Bag | None 38.21 27.37~ 49.04 <0.001
F_ | Aerosol Box |vs. | Sealed Aerosol Bag None 69.16 63.18~ 75.15 <0.001
O | Aerosol Box | vs. | Non-sealed Aerosol Bag | Wall Suction 67.95 61.77~ 74.13 <0.001
O | Aerosol Box | vs. | Sealed Aerosol Bag Wall Suction 75.57 69.76~ 81.37 <0.001
T | Aerosol Box |vs. | Non-sealed Aerosol Bag | HEPA Evacuator (415 LPM) 0.15 -5.47 t0 5.78 0.928
Aerosol Box | vs. | Sealed Aerosol Bag HEPA Evacuator (415 LPM) 92.30 88.18~ 96.42 <0.001

HEPA, high-efficiency particulate air; LPM, liters per minute.

https://doi.org/10.1371/journal.pone.0250213.t002

further investigate aerosol exposure, we chose three sites to record aerosol concentration: the
intubator (head), first assistant (trunk), and second assistant (foot). We found that the use of
AB can lead to reduction in intubator exposure. However, the aerosol concentration at the
foot of the mannequin was even higher than that at the head of the mannequin (Fig 2A, white
arrows, Fig 4A-4C, blue line). With DPAB-NS, a significant amount of aerosol escaped from
the working channels near the head and trunk, thus posing a hazard to both the intubator and
first assistant (Fig 4A-4E pink line, Table 1). Wall suction with AB significantly reduced aero-
sols at the head of the mannequin; however, aerosol concentration was markedly higher on the
foot side, compared to no intervention; DPAB-NS with wall suction markedly increased the
head and trunk-side exposure, only reducing the exposure at the foot, compared to the no

Fig 3. A-D. The drill performed with a disposable plastic aerosol bag with sealed working channels (DPAB-S). White arrows indicate the elastic adhesive bandages used
to seal the working channels; white arrowheads indicate the suction tube located on the chin of the mannequin. E. When managing patients with a thick beard, a plastic
wrap can help fix the suction tube to the patient’s chin.

https://doi.org/10.1371/journal.pone.0250213.g003
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Fig 4. The aerosol concentration of the 13 different subgroups during a 180 s interval (vertical axis: Concentration, 0-0.2%; horizontal axis: Time, 0-180 s). Black
line: No intervention; blue line: aerosol box; pink line: Non-sealed aerosol bag; green line: Sealed aerosol bag. A, B, and C (upper row) are head, trunk, and foot, with no
suction. D, E, and F (middle row) are head, trunk, and foot, with wall suction. G, H, and I (bottom row) are the head, trunk, and foot, with high-efficiency particulate air
(HEPA) filter evacuator at 415 liters per minute (LPM) and 530 LPM. Aerosol box (blue line) showed increasing aerosol concentration at the foot of the mannequin with
time. Non-sealed aerosol bag (pink line) was hazardous for the healthcare workers at the head and trunk. A sealed aerosol bag (green line) showed better protective
effect. With the HEPA filter evacuator, the aerosol concentrations were stable and low constantly (bottom row).

https://doi.org/10.1371/journal.pone.0250213.g004

intervention group (Table 1). HE showed sufficient ability for aerosol clearance without leak-
age with AB and DPAB at all times (Fig 4G-4I).

The working channels of AB and DPAB enable intubation to be performed; however, aero-
sols were found to escape from these channels, as assessed through flow field visualization and
quantification of aerosol concentration (Fig 2, white arrowhead; Fig 4A—4F blue and pink
line). Thus, sealing of these channels is crucial for preventing the spread of aerosols and for the
protection of healthcare workers; this should, therefore, be recommended. DPAB-S signifi-
cantly reduced the aerosols at all areas where measurement was performed, with and without
suction systems (Table 1). Without the suction system, DPAB-S still reduced aerosol concen-
trations at the head, trunk, and foot of the mannequin, and this was done to a greater degree
than that of AB (Table 2). With the wall suction at a flow rate of 36 LPM at the mouth of the
mannequin, DPAB-S reduced aerosol concentrations at the head, trunk, and foot of the man-
nequin to a greater degree than that of AB. If used with HE at a flow rate of 415 and 530 LPM,
DPAB-S reduced the aerosols at the head, trunk, and foot of the mannequin, and to a greater
degree than that of AB (Table 2). However, a team-based practice or a drill should be per-
formed to become familiar with the process before using these barriers with sealed working
channels during negative-pressure barrier airway management. During our drills, we attached
elastic adhesive bandages to seal the working channels with the intubator’s forearms (Fig 3A-
3D). The flexible nature of DPAB-S allowed the intubator to manage the airway. The assistants
need to seal the working channels and activate the suction devices. However, exaggerated
movement of the intubator needs to be avoided to minimize the aerosol dispersion. As shown
in Fig 3E, a plastic wrap should be applied to fix the wall suction tube to the patient’s chin if
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managing a patient with a thick beard. A stepwise airway management plan should be
practiced.

Wall suction is readily available in different units of hospitals and in ambulances and is eas-
ier to use in combination with PPE and a barrier to create a negative-pressure environment.
Simpson et al. found that a sealed AB along with wall suction was the only effective setting to
reduce aerosol concentration compared to AB without seal and the use of vertical and horizon-
tal drapes [22]. In our study, the wall suction located on the chin of the mannequin (Fig 1D)
reduced the concentration of aerosols to some extent; the aerosols were also observed to
slightly accumulate and escape from the protective devices over time if the working channels
were not sealed (Fig 4D-4F). However, the trend of aerosol concentration was flat and reduced
compared to that in the no-suction system subgroups (Fig 4A-4C). In this current study, HE
provided sufficient clearance ability, prevented aerosol escape, and increased the safety of pro-
tective devices (Table 1). AB is a firm shield that cannot confine aerosols in the same way as
DPAB or drapes. However, it is easier to form a closed system and confine the aerosols if the
channels are sealed (Tables 1 and 2, Fig 3). The entrapment ability of the protective device and
clearing efficiency of the suction system create the best combination of negative-pressure bar-
riers for use during aerosol-generating procedures.

This study has some limitations. First, this was a simulation study and may not represent
actual clinical conditions. Minute ventilation was simulated at a fixed rate of 10 LPM, which may
not be comparable with human lung physiology. A patient with respiratory failure may present
with larger minute ventilation that may be as high as 40-120 LPM. However, the result was still
significant, even with a relatively small minute ventilation. Furthermore, intubating patients
with COVID-19 in respiratory failure while wearing PPE and using a negative-pressure barrier
system requires practice. If untrained, 100-180 s may not be sufficient for the intubation process.
The study was also conducted in a negative-pressure room with 12 air changes per hour, and
this only meets the minimum requirement of the American Society of Anesthesiologists guide-
lines for caring for COVID-19 patients. The aerosol concentration may be reduced in a room
that has higher air changes per hour. Finally, before applying sealed working channel barriers,
team-based practice sessions should be performed to ensure that the fully PPE-equipped intuba-
tor and the assistants can cooperate well while working to avoid delays in airway management.

Conclusions

To facilitate the elimination of the aerosols, wall suction can, to some extent, provide clearing
ability; however, the aerosols will still increase within 180 s. HE, at a flow rate of >415 LPM,
forms a safe negative protective system with both AB and DPAB, and this will be suitable for
healthcare workers performing aerosol-generating procedures, especially during pandemics, such
as the current COVID-19 outbreak. A negative-pressure barrier consisting of an airtight con-
tainer and suction devices with sufficient aerosol elimination is effective for aerosol protection.

Supporting information

S1 Video. The video demonstrates the aerosol movement to the foot and escape from the
working channels of the aerosol box without suction systems.
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