Journal of Anesthesia
https://doi.org/10.1007/500540-021-02997-7

SPECIAL FEATURE: ORIGINAL ARTICLE q

Check for
updates

Anesthesia in the Time of COVID-19

Aerosol boxes decrease aerosol exposure only in depressurized rooms
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Abstract

Purpose The aim of this study was to compare aerosol exposure with or without an aerosol box in a pressurized/depressur-
ized room during aerosol-generating procedures using an experimental model.

Methods Cake flour (aerosol model) was expelled from an advanced life support training mannequin. The primary outcome
measure was the number of 0.3—10 pm-sized particles at three locations corresponding to the physician, medical staff, and
environmental aerosol exposure levels. The aerosol dispersion was visualized using a high-resolution video. The number of
expelled particles was measured after artificial coughing during simulated tracheal intubation and extubation in four situa-
tions, with or without an aerosol box in a pressurized or depressurized room (<2.5 Pa).

Results The particles arising from tracheal intubation at the three positions in the four groups differed significantly in size
(p <0.05). The sizes of particles arising from extubation at the physicians’ and medical staff’s faces in the four groups dif-
fered significantly in size (p <0.05). Post hoc analysis showed that the counts of all particles at the three positions were
significantly lower in the depressurized room with an aerosol box than in the pressurized room without an aerosol box during
tracheal intubation (p <0.05 at three positions) and extubation (p <0.05) at the physician’s and medical staff’s positions).
Visual assessments supported these results.

Conclusion The aerosol box decreased the exposure of the aerosol to the physician, medical staff, and environment during
aerosol-generating procedures in the depressurized room only.

Keywords Aerosol dispersion - Visualization assessment - Aerosol box - COVID-19

Introduction

Prevention of infectious transmission to healthcare providers
is a public health priority, which has become especially evi-
dent during the SARS-CoV-19 pandemic. Polymerase chain
reaction testing and thoracic computed tomography cannot
completely diagnose all cases of SARS-CoV-19 infection
[1]. Aerosol dispersion should be prevented as much as pos-
sible with every patient during aerosol-generating proce-
dures (AGPs), such as tracheal intubation and extubation,
as exposure to aerosols can be highly infectious. Further
novel or currently unknown infectious diseases that can be
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transmitted through aerosolized particles are likely to appear
in the future. Thus, an effective method to prevent aerosol
dispersion during AGPs is required.

At the present stage, we need evidence of the barrier
effect of aerosol boxes in AGPs. Aerosol boxes are cur-
rently the most well-known aerosol barrier during tracheal
intubation. However, the protective effect against aerosol
exposure of aerosol boxes during tracheal intubation is con-
troversial [2—4]. Aerosol boxes are also commonly used
during tracheal intubation and extubation to prevent aerosol
exposure. Generally, tracheal intubation is performed at the
sniffing position, but extubation is performed at the neutral
head position. In addition, a patients’ cough creates aerosols
and enhances the flow driving force during extubation, and
because of the difference in the direction of aerosol disper-
sion between tracheal intubation and extubation, the effi-
cacy of an aerosol box in extubation is not clear. Thus, the
efficacy of aerosol boxes in extubation is not clear because
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of these differences in the direction of aerosol dispersion
between tracheal intubation and extubation.

It is necessary to evaluate the preventive effects of aero-
sol boxes in various situations. The pattern of aerosol dis-
persion is affected by environmental conditions, including
room airflow, which is different between pressurized and
depressurized rooms [5]. The effectiveness of an aerosol
box during AGPs, considering environmental factors, has
not yet been determined [6, 7]. In the current preventive
strategy, patients that are at risk of infectious transmission
are usually managed in a depressurized room; however, in
the pandemic period, these patients may be managed in a
pressurized or non-pressurized room due to lack of medical
resources. Furthermore, no studies have visually or quanti-
tatively evaluated how aerosol flow changes during AGPs
under pressurized and depressurized situations.

The present study was conducted to compare the aerosol
exposure levels with or without an aerosol box in a pressur-
ized or depressurized room during AGPs, assuming tracheal
intubation without a neuromuscular blockade and extubation
procedures, by particle counting and our particle visualiza-
tion method in a cough simulation model.

Materials and methods
Cough model

An advanced life support training mannequin (Laerdal Medi-
cal, Tokyo, Japan) was used as the lung and airway model.
The stomach of the mannequin was detached, and the esoph-
agus of the mannequin was completely closed with vinyl
tape to prevent air leakage. Both lungs of the mannequin
were massaged simultaneously, as shown in Supplemen-
tal Video 1, and the air in the lungs was expelled from the

mouth of the mannequin, which was defined as the artificial
cough model. The operator was trained to create the same
pressure to generate an artificial cough with a particle image
velocimetry system (PIV) (Kato Koken, Kanagawa, Japan)
and a spirometry system (MICROSPIRO HI-302, NTHON
KOHDEN, Tokyo, Japan). We confirmed that the param-
eters of the simulated cough model were similar to those of
a human cough, as in our preliminary study (Supplemen-
tal Table E1). The parameters of the artificial and human
coughs in the supine position were measured using a PIV
(Kato Koken, Kanagawa, Japan) and a spirometry system
(MICROSPIRO HI-302, NIHON KOHDEN, Tokyo, Japan)
in a preliminary study (Table 1 and Supplemental Video 1).

Tracers

In this experimental study, cake flour was used as a tracer
because it has been reported to effectively simulate human
coughs [8]. We measured the particle size of cake flour using
two particle counting devices (LA-0950, HORIBA, Ltd.,
Kyoto, Japan and Model P8-306, Airy Technology Japan
Ltd., Tokyo, Japan), which indicated that cake flour con-
tained particles with sizes in the range of 0.3-280 um, cor-
responding to aerosols and droplets. Before each experiment,
2 g of cake flour was placed in the mouth of the mannequin
(Supplemental Video 1).

Particle counting assessment

Aerosolized particles with diameters of 0.3, 0.5, 1.0, 2.5,
5.0, and 10 um were measured using a particle counting
device (Model P8-306, Airy Technology Japan Ltd., Tokyo,
Japan). The measurement accuracy of this device is 0.2 par-
ticle count/min according to the manufacturer’s instructions,
which is a small error rate. Particle counting started after the

Table 1 Environmental factors of the simulation and artificial cough patterns

Environmental factor

Air change rate (/h) 35

Fresh air change rate (/h) 3

Room size (length X width X height, m) 5.1x5.1%x3
Temperature (°C) 22-27
Humidity (%) 50-55
Perpendicular wind speed (m/s) 0.35
Atmospheric pressure in depressurized room (Pa) <25
Atmospheric pressure in pressurized room (Pa) >2.5
Parameters of human and artificial coughs in the preliminary study Human Artificial
Maximum speed around the mouth (m/s) 10 10
Duration (s) 0.05 0.1
Volume (mL) <940 410450
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aerosolized particle level was below the set baseline (num-
ber of 2.5 um-diameter particles < 1400 count/min).Particle
counting was conducted for 1 min before and after the arti-
ficial cough to calculate the aerosol exposure level, which
is taken as the difference between particle counts before and
after the artificial cough. The devices were placed at a height
of 170 cm at three locations (Fig. 1E). At the physician’s
face, the physician intubated the mannequin’s trachea to
measure the physician’s aerosol exposure level, at the medi-
cal staff’s face while the nurse assists with tracheal intuba-
tion (right side of the mannequin) to measure the nurse’s
aerosol exposure level, and at the foot of the operating bed
(2 m caudally from the mannequin’s mouth) to measure the
environmental aerosol exposure level.

Particle visualization and image capture

A projector (EB-1985WU, Epson, Nagano, Japan) was con-
nected to a PC to serve as a strong light source. The EB-
1985WU projects rectangular light at an intensity of 4800
lumens. The color of the PC monitor was set to the bright-
est green fluorescence (R:148 G:241 B:94), so the projector
produced the brightest green light possible, as both human
eyes and cameras are most sensitive to green light, according
to a professional optics company (Kato Koken, Kanagawa,
Japan) (Supplemental Video 1).

The projector was placed 200-250 cm caudal to the
mannequin (Fig. 1A). Green light was directed to a location
for the determination of aerosol spreading (Fig. 1B). The
scattering of the expelled cake flour, caused by the Tyndall
effect, was observed as an aerosol in bright green light.

Four 4 K resolution video cameras (SONY PXW-Z90,
SONY, Tokyo, Japan) were used simultaneously to assess
three-dimensional aerosol dispersion. The video recording
settings were as follows: gain of 18 dB, color temperature of
3800 K, and f-stop of 4.4. All videos were taken by profes-
sional photographers (Support Services Bureau of Photog-
raphy, Sapporo Medical University of Medicine, Sapporo,
Japan). Each video camera was placed at a different location
(side and front of the mannequin, side of the physician’s
face, and at a 45° angle from the upper caudal side of the
medical staff’s face).

Experimental settings

The experiments were conducted in a standard clinical oper-
ating room (Fig. 1a—d and Table 1). The medical staff stood
on the patient’s right side.

Tracheal intubation and extubation were performed using
an 8.0 mm Hi-Contour Oral/Nasal Tracheal Tube Cuffed
(Covidien, Dublin, OH, USA). The neck of the mannequin
during tracheal intubation and extubation was extended (45°)
and in the neutral position, respectively. The artificial cough

was expelled when the tracheal tube was fixed at 16 cm (the
tip of the tracheal tube just reached the glottis of the man-
nequin) at the corner of the mouth during tracheal intuba-
tion and extubation to decrease the variation in the artificial
cough.

Primary outcomes

The primary outcomes were the aerosolized particle counts
at the three points measured for 1 min immediately after a
simulated cough in the four settings during tracheal intu-
bation or extubation (with an aerosol box during tracheal
intubation in a depressurized room (DB; 2.5 Pa or less) or
the pressurized room (PB; more than 2.5 Pa) and without
an aerosol box during tracheal intubation in a depressur-
ized room (DN) or a pressurized room (PN). The defini-
tion of a pressurized and depressurized room was based on
the Healthcare Engineering Association of Japan Standard
(HEAS-02-2013).

Visualization images of the particles

Particle visualization images (Fig. 1b) and videos during
tracheal intubation without paralysis and extubation in the
depressurized and pressurized rooms with an aerosol box
were recorded. The entire simulation was recorded, includ-
ing the removal of an aerosol box.

Statistical assessments

The data were expressed as means [standard deviation (SD)]
and medians [interquartile range (IQR)] for continuous and
non-continuous variables, respectively, and analyzed using
the Shapiro—Wilk test. The data were also examined by
analyzing the variance among the four groups or using the
Kruskal-Wallis test. If there were statistically significant
differences among the four groups, post hoc analysis was
conducted using the Tukey—Kramer test or the Steel-Dwass
test to detect this difference. Statistical significance was set
at p <0.05. Statistical analysis was performed using Graph-
Pad Prism 8.0 (GraphPad Software, La Jolla, CA).

Sample size analysis

According to our preliminary study, a significant difference
occurred when the difference =817 and SD =425 for the
2.5 um-sized particle counts in the DN and DB. The sample
size calculation was conducted using the software R (ver-
sion 3.5.3) with =0.05, and 1-f=0.8, which showed that
six samples were required in each group. Considering the
experimental variations, 10% of the estimated sample size
was added, and seven samples were taken in each setting.
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«Fig. 1 Preparation and setup of the experiment to simulate aerosol
spreading during tracheal intubation and extubation with an aerosol
box in the depressurized and pressurized rooms. The neck position
for tracheal intubation and extubation in the depressurized and pres-
surized rooms can affect the pattern of aerosol spreading. a Prepara-
tion and setup of the simulation. The red and blue arrows indicate the
wind direction in the depressurized and pressurized rooms, respec-
tively. The vent was operational only in the depressurized room. b
The brightest green light was directed to a location where aerosol
spreading was determined. ¢ Air direction in the pressurized room.
The vent was inoperative in the pressurized room. Red arrow: air
flow; yellow circle: air conditioner; brown box: mannequin; a: physi-
cian; b: medical staff. d Air direction in the depressurized room. The
vent was operational in the depressurized room. Blue arrow: air flow,
yellow circle: air conditioner, brown box: mannequin, a: physician,
b: medical staff. e Aerosol spread during tracheal intubation without
paralysis in the depressurized room. The physician (right) was pro-
tected from the expelled aerosolized particles, which dissipated after
exiting the aerosol box, but the medical staff (left) was not protected.
f Aerosol spread during extubation in the depressurized room. The
physician (right) was protected from the expelled aerosolized parti-
cles, which dissipated after exiting the aerosol box, but the medical
staff (left) was not protected. g Aerosol spread during tracheal intuba-
tion without paralysis in the pressurized room. The physician (right)
was protected from the expelled aerosolized particles, but the medical
staff (left) was highly exposed because the expelled aerosolized par-
ticles spread widely. h Aerosol spread during extubation in the pres-
surized room. The physician (right) was protected from the expelled
aerosolized particles, but the medical staff (left) was highly exposed

Results

Aerosol exposure levels for the physician, medical
staff, and environment

The sizes of the particles arising from tracheal intubation at
all positions in the four groups were significantly different
(p <0.05). The sizes of the particles arising from extubation
at the physicians’ and medical staff’s faces in the four groups
were significantly different (p <0.05). A summary of the
primary outcomes during tracheal intubation and extubation
is shown in Figs. 2 and 3 and Supplemental Tables E2 and
E3, respectively. In the post hoc analysis, the counts of all
different-sized particles from tracheal intubation at the three
locations were significantly lower in DB than in PN. The
counts of all the different-sized particles from extubation at
the physician and medical staff positions were significantly
lower in DB than in PN. The counts of all the different-sized
particles from tracheal intubation at the medical staft’s posi-
tion were lower in DB than in PB.

Visualization of aerosol dispersion

The results of the simulations conducted during tracheal
intubation and extubation in the depressurized and pres-
surized rooms are shown in Fig. 1, Supplemental Table E4,
and Supplemental Video 1. High-resolution videography
detected droplets and aerosolized particles. Two of the

whole-view videos showed that the cough vector was to
the right and upward, and the cough hit the ceiling of
the aerosol box diagonally in all settings. Four videos
of tracheal intubation and extubation conducted in the
depressurized room showed that the particles dissipated
immediately after exiting the aerosol box, whereas, in the
pressurized room, the particles remained suspended in air
for 15 s and spread widely around the bed.

i) Aerosol box in the depressurized room

During tracheal intubation, the side whole-view images
showed that the particles spread maximally to 20 cm
caudally and 5 cm upward upon exiting the aerosol box.
The vertical whole-view images showed that the particles
spread maximally to 25 cm sideways and in the direc-
tion of the medical staff upon exiting the aerosol box.
The images from the nurse’s view showed that the parti-
cles reached the medical staff’s forearm, breast, and face
shield. The images from the physician’s view showed that
the particles moved slowly across the external roof of the
aerosol box and reached the physician’s face.

During extubation, the side whole-view images showed
that the particles spread to a maximum of 15 cm caudally
and 5 cm upward upon exiting the aerosol box. The verti-
cal whole-view images showed that the particles spread
to a maximum of 15 cm sideways and in the direction of
the medical staff upon exiting the aerosol box. The images
from the nurse’s view showed that the particles reached
the medical staff’s forearm, breast, and face shield. From
the physician’s view, the images showed that the particles
moved slowly across the external roof of the aerosol box
and reached the physician’s face.

ii) Aerosol box in a pressurized room

During tracheal intubation, both the physician and medical
staff were exposed to extremely high aerosol and droplet
levels.

During extubation, the medical staff was exposed to
extremely high aerosol and droplet levels, whereas the
physician’s exposure level could not be detected. The parti-
cles spread widely throughout the room during extubation.

Under all conditions, the aerosol and droplet particles
that remained in the aerosol box spread when the box
was removed. All the images from the physician’s views
showed that the physician was exposed to aerosols and
droplets as the aerosol box was removed. The end of Sup-
plemental Video 1 focuses on aerosol and droplet disper-
sion as the box is removed.
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Fig.2 (continued)

Discussion

Quantitative, temporal, and visual assessments showed that
the aerosol exposure levels of the physician, medical staff,
and environment were significantly lower in the depressur-
ized room (with an aerosol box) than in the pressurized room
(with and without an aerosol box) during the AGPs. How-
ever, the aerosol box in the depressurized room did not com-
pletely prevent aerosol dispersion during these procedures. It
is of particular importance that the aerosol exposure of the
physician was not prevented as the aerosol box was removed
in the depressurized and pressurized rooms in all settings.

Difference in aerosol dispersion
between pressurized room and depressurized room

Almost all of the aerosolized particles at the three positions
during tracheal intubation and extubation in the depressur-
ized room tended to be smaller than those in the pressur-
ized room with or without an aerosol box. Videography
also revealed the difference in aerosol dispersion between
pressurized and depressurized rooms. In the depressurized
room, aerosols and droplets were immediately eliminated.
The main reason for the recommendation that AGPs be per-
formed in a depressurized room rather than in a pressurized
room is to limit the spread of viral aerosols outside the room

[9]. However, Qian et al. showed that a depressurized room
could not decrease the aerosol exposure [10]. Our depres-
surized room contained a one-way airflow pathway from the
air conditioner to the vent, improving the rate of aerosol and
droplet removal [11].

Aerosol dispersal patterns during intubation
and extubation

There were no major differences in the particle counting out-
comes between tracheal intubation and extubation because
our particle counter could only detect aerosol particles
within a size range of 0.3—10 pm. On the other hand, differ-
ent aerosol and droplet dispersal patterns between tracheal
intubation and extubation could be detected using high-res-
olution videography. Aerosol and droplet dispersions could
spread more caudally in a pressurized room during extuba-
tion than during tracheal intubation. Differences in the neck
position between tracheal intubation and extubation could
lead to different cough vectors and result in variations in
spreading patterns.

Efficacy of an aerosol box

The results did not demonstrate the efficacy of an aerosol
box at the three locations in a pressurized room. Only the
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Fig.3 (continued)

combined use of an aerosol box and a depressurized situa-
tion significantly decreased the particle counts at the three
locations during tracheal intubation and extubation. How-
ever, the quantitative and visual results showed that the
aerosol box did not completely prevent aerosol exposure
of the physician and medical staff. Even in a depressurized
room, the removal of the aerosol box could spread aero-
sol dispersal, and medical personnel should pay attention
to aerosol dispersion until the aerosol box is completely
removed after the procedures.

Several studies have shown that an aerosol box can
effectively prevent aerosol dispersion [2, 3], whereas other
studies have not [4]. Azhar et al. showed that an aerosol
box significantly reduced the contaminant exposure level
but increased tracheal intubation time and reduced opera-
tor mobility and visibility in a simulation study [3]. One
review article showed that enclosure barriers for airway
management should be avoided until adequate evidence
is gathered [4]. Several studies have questioned whether
an aerosol box can decrease the risk of infection [6, 7].
Simpson et al. counted aerosolized particles of human
coughs in a simulation study and showed that the protec-
tive effectiveness of an aerosol box against aerosol expo-
sure was limited [6]. An aerosol box is commonly used
as an aerosol barrier during extubation. Unfortunately, in

these studies, no protective effects of an aerosol box were
observed during extubation.

Environmental factors

Environmental factors, including air and fresh air change
rates, room size, temperature, humidity, airflow and tur-
bulence, atmospheric pressure in depressurized and pres-
surized rooms, bed position, patient’s head position during
AGPs, and the position and posture of the physician and
medical staff, could affect aerosol dispersion [5, 12—-14]. All
these factors could differ between countries, hospitals, and
rooms. The particle visualization method developed in this
study allows clinicians to independently assess aerosol dis-
persion using common items.

Limitations

As a limitation, the diameter of the cake flour particles was
in the range 0.3-280 pm, which resulted in a somewhat
artificial human cough pattern because of the aerodynamics
(Supplemental Video 1) of particles with different diam-
eters, which affected aerosol spread [14]. Because cake flour
does not include small, aerosolized particles (0.01-0.3 um)
and even high-resolution cameras cannot detect aerosolized
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particles of all sizes, clinical aerosol exposure is likely
greater than that determined in the current experiment.

Conclusion

The results presented herein revealed that an aerosol box
during AGPs decreased the aerosol exposure levels of the
physician, medical staff, and environment only in the depres-
surized room, but not in the pressurized room.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00540-021-02997-7.
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