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Abstract
The aim was to assess the effectiveness of an aerosol box objectively in several clinical settings with our
experimental model.

Cake flour as an aerosol model was expelled with our experimental cough model. The primary outcomes
were the number of 0.3-10-µm-sized particles. Secondary outcomes were high-resolution videography of
aerosol dispersal during intubation and extubation with an aerosol box in a pressurized or depressurized
room.

On post hoc analysis, counts of all particle sizes at the physician position, medical staff position, and in
the environment were significantly lower in a depressurized room with an aerosol box than in a
pressurized room without an aerosol box during intubation (p<0.05 in all situations and all particle sizes).
Counts of all particle sizes at the physician and medical staff positions were significantly lower in the
depressurized room with an aerosol box than in a pressurized room without an aerosol box during
extubation (p<0.05 in both situations and all particle sizes). Visual assessments supported the results of
the primary outcomes and showed that an aerosol box in a depressurized room could effectively
decrease aerosol exposure of the physician, medical staff, and environment.

In conclusion, an aerosol box decreased aerosol exposure only in a depressurized room.

Introduction
During this SARS-CoV-19 pandemic, physicians must intubate or extubate patients even if they cannot
completely assess whether the patient has any infectious diseases. Because polymerase chain reaction
testing and thoracic computed tomography cannot completely diagnose all cases of SARS-CoV-19
infection,[1] we should prevent aerosol dispersal as much as possible with every patient during aerosol-
generating procedures. Moreover, even when this pandemic subsides, a new and/or unknown infectious
disease that can be transmitted by aerosolized particles is likely to appear. Thus, an effective way to
assess and prevent aerosol dispersal during aerosol-generating procedures is needed.

There has been no clear evidence about aerosol dispersal during aerosol-generating procedures, because
aerosol spread is affected by the kind of aerosol-generating procedure and environmental conditions,
including room air flow, temperature, and humidity, which all differ from hospital to hospital.[2] Since
infectious aerosols are invisible to the naked eye, it is nearly impossible to confidently assert that the
aerosol protection being used is truly effective. It is difficult to assess aerosolized particles individually
because quantitative, temporal, and spatial (three-dimensional) assessment of aerosol dispersal is
essential, but there has been no clear way to do so.

An aerosol box is currently the most well-known and effective aerosol barrier during intubation. Several
studies have shown its effectiveness.[3,4] However, a recent report questioned whether an aerosol box
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could decrease the risk of infection.[5] Because of the difficulty of assessing aerosol dispersal, the
effectiveness of an aerosol box has not been determined conclusively.

The present study was conducted to clarify whether an aerosol box could prevent aerosol spread under
several conditions during intubation and extubation, with particle counting and our novel three-
dimensional particle visualizing method, which could provide quantitative, temporal, and spatial
information regarding aerosol dispersal. In addition, a novel three-dimensional particle visual assessment
method with common items is introduced, which can provide physicians worldwide the ability to assess
aerosol dispersal independently.

Materials And Methods

Cough Model
An Advanced Life Support training mannequin (Laerdal Medical, Tokyo, Japan) was used as a lung and
airway model. The stomach of the mannequin was detached, and the esophagus of the mannequin was
completely closed with vinyl tape to prevent air leakage. Both lungs of the mannequin were massaged
simultaneously, as shown in Supplemental Video 1, and the air in the lungs was expelled out of the
mouth of the mannequin, which was defined as the artificial cough model. The parameters of the artificial
and human coughs in the supine position were measured with a particle image velocimetry system (PIV)
(Kato Koken, Kanagawa, Japan) and spirometry (MICROSPIRO HI-302, NIHON KOHDEN, Tokyo, Japan) in
the preliminary study. (Table 1 and Supplemental Video 1).

Table 1
Environmental factors of the simulation and the artificial cough patterns

Environmental factor  

Air change rate (/h) 35

Fresh air change rate (/h) 3

Room size (length´width´height, m) 5.1´5.1´3

Temperature (°C) 22–27

Humidity (%) 50–55

Perpendicular wind speed (m/s)                                                                                                0.35

Atmospheric pressure in depressurized/ pressurized pressure room (Pa) ≤2.5 />2.5

Parameters of human and artificial coughs in the preliminary study Human Artificial

Maximum speed around the mouth 10 10

Duration (seconds) 0.05 0.1

Volume (ml) <940 410-450
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Tracers
 The diameter of cake flour particles was 2.5–280 mm (D50=25.56 µm), which was measured with a
particle counting device (LA-950, HORIBA, Ltd., Kyoto, Japan). Before each experiment, 2 g of cake flour
were placed into the mannequin’s mouth (Supplemental Video 1).

Particle counting assessment
Aerosolized particles with diameters of 0.3, 0.5, 1.0, 2.5, 5.0, and 10 µm were measured with a particle
counting device (Model P8-306, Airy Technology Japan Ltd., Tokyo, Japan). Particle counting was started
after confirming that the aerosolized particle level was under the set baseline (2.5-µm-diameter particle
count < 1400) and done for one minute before and after the artificial cough to calculate aerosol exposure
as the delta between two values. The device was placed in three locations, around the physician’s face for
the doctor’s aerosol exposure, the medical staff’s face (right side of the mannequin) for the nurse’s
aerosol exposure, and at the foot of the operating bed for the environmental aerosol exposure.

Particle Visualization and Image Capture
A projector (EB-1985WU, Epson, Nagano, Japan) as a strong light source was connected to a PC. EB-
1985WU projects a rectangular light at an intensity of 4800 lumens. The color of the PC monitor is set to
the brightest green fluorescence (R:148 G:241 B:94) so that the projector produces the brightest green
light possible, because 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 is set 200–250 cm caudal to the mannequin (Figure 1A). The green light is directed to a
location for the aerosol spread to be determined (Figure 1B). The scattering of the expelled cake flour is
seen as an aerosol in the bright green light, which is caused by the Tyndall effect.

 Four 4K resolution video cameras (SONY PXW-Z90, SONY, Tokyo, Japan) were used simultaneously to
assess the three-dimensional aerosol dispersal. The video recording settings were gain 18 dB, color
temperature 3800 K, and f-stop 4.4. All videos were taken by professional photographers (Support
Services Bureau of Photography, 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-degree angle from the upper caudal side of the medical staff’s face).

Experimental Settings
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 The experiments were conducted in a standard clinical operating room (Table 1). The medical staff
stood on the patient’s right side.

Intubation and extubation were performed with an 8.0-mm Hi-Contour Oral/Nasal Tracheal Tube Cuffed
(Covidien, Dublin, OH, USA). The neck of the mannequin during intubation and extubation was retroflexed
and in the neutral position, respectively. The artificial cough was expelled when the endotracheal tube
was fixed at 16 cm (the tip of the endotracheal tube reached just the glottis of the mannequin) at the
corner of the mouth during intubation and extubation.

Experimental settings
 The experiments were conducted in our standard operating room (Figure 1a and Table 1).

Primary outcomes
 The primary outcomes were the aerosolized particle counts at the three points for one minute just after a
simulated cough in four settings during intubation or extubation (with an aerosol box during intubation in
a depressurized room (DB) or a pressurized room (PB) and without an aerosol box during intubation in a
depressurized room (DN) or a pressurized room (PN).

Secondary outcomes
The secondary outcomes were particle visualizing images (Figure 1b) and videos during intubation
without paralysis and extubation in depressurized and pressurized rooms with an aerosol box.

The entire simulation, including the removal of an aerosol box, was recorded.

Statistical assessments
 Data are expressed as means (standard deviation [SD]) and medians (interquartile range [IQR]) for
continuous variables and non-continuous variables, respectively, and analysed with the Shapiro-Wilk test.
The data were analysed by analysis of variance or the Kruskal-Wallis test among four groups. Post hoc
analysis was done with Tukey-Kramer’s test or the Steel-Dwass test. P<0.05 was considered significant.
The statistical analysis was performed with GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA).

Sample size analysis
 According to our preliminary study, delta=817 and SD=425 were set as representing a significant
difference. Power analysis, conducted using R. version 3.5.3, with α=0.05, and 1-β=0.9, showed that 6
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samples were required in each group. Considering clinical variations, 20% of the estimated sample size
was added, and it was decided to take 7 samples in each setting.

Results

Aerosol exposure for the physician, medical staff, and
environment
The summary of the primary outcomes during intubation and extubation is shown in Figures 2 and 3, and
Supplemental Tables E1 and E2 in the online data supplement, respectively. On post hoc analysis, particle
counts of all particle sizes at the three places were significantly lower in DB than in PN during intubation.
Particle counts of all particle sizes at the physician and medical staff positions were significantly lower in
DB than in PN during extubation. Particle counts of all particle sizes at the medical staff position were
lower in DB than in PB during intubation.

Visualization of aerosol dispersal
The simulations during intubation and extubation in a depressurized or pressurized room are shown in
Figure 1, Supplemental Table E3, and Supplemental Video 1 in online data supplement.

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

i) Aerosol box in a depressurized room
During intubation, the side whole view showed aerosolized particles spread maximally to 20 cm caudally
and 5 cm upward out of the aerosol box. The vertical whole view showed that aerosol particles spread
maximally to 25 cm sideways and in the direction of the medical staff out of the aerosol box. The nurse’s
view showed that the aerosolized particles reached the medical staff’s forearm, breast, and face shield.
The doctor’s view showed that aerosolized particles moved slowly across the external roof of the aerosol
box and reached the physician’s face.

During extubation, the side whole view showed that aerosolized particles spread maximally to 15 cm
caudally and 5 cm upward out of the aerosol box. The vertical whole view showed that aerosol particles
spread maximally to 15 cm sideways and in the direction of the medical staff out of the aerosol box. The
nurse’s view showed that the aerosolized particles reached the medical staff’s forearm, breast, and face
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shield. The doctor’s view showed that aerosolized 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 intubation, both the physician and the medical staff were exposed to extremely high aerosol
levels.

During extubation, the medical staff was exposed to extremely high aerosol levels, whereas the
physician’s exposure could not be detected. The aerosolized particles spread widely in the whole room
during the extubation phase.

In all conditions, aerosol particles that remained in the aerosol box spread with removal of the box. All of
the doctor’s views showed that the physician got aerosol exposure during removal of the aerosol box. The
end of Supplemental Video 1 focused on aerosol dispersal during box removal.

Discussion
The present results, based on quantitative, temporal, and visual assessments, showed that an aerosol
box in a depressurized room significantly decreased physician, medical staff, and environmental aerosol
exposure compared with and without an aerosol box in a pressurized room during intubation and
extubation. However, an aerosol box in a depressurized room did not completely prevent aerosol dispersal
during intubation and extubation.

Of particular importance, aerosol exposure of the physician was not prevented during aerosol box
removal in a depressurized room and a pressurized room with all settings.

Why an aerosol box did not completely prevent physician
aerosol exposure?
 Particle counting showed that an aerosol box did not completely prevent physician aerosol exposure.
The videography showed that the aerosolized particles spread and moved on the external roof of the
aerosol box to the physician’s face. An aerosol box could change air flow direction and speed and the
cough vector and re-spread the aerosol, which is why an aerosol box did not completely prevent physician
aerosol exposure. The combined particle counting and three-dimensional visual assessment of the
present study could explain this.

Difference in aerosol dispersal between pressurized and
depressurized rooms
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 The differences in aerosol exposure without an aerosol box at three locations between a pressurized
room and a depressurized room during intubation and extubation were not significant. On the other hand,
the aerosol exposures of the physician and medical staff with an aerosol box were significantly lower in a
depressurized room than in a pressurized room. The particle counts (especially for particle diameters >1.0
µm) were decreased at environmental locations 2 m from the mouth of the mannequin with or without an
aerosol box in a depressurized room during intubation and extubation. The results showed that the
depressurized room enhanced the efficacy of the aerosol box, and the medical staff and instruments
must be more than 2 m from the patient’s mouth during intubation and extubation in a depressurized
room. In a pressurized room, a distance of 2 m was insufficient to decrease aerosol exposure even with
an aerosol box.

 In our hospital, the most important difference between a depressurized room and a pressurized room is
whether there is an airflow pathway. The results suggest that the airflow pathway is an important factor
to spread aerosolized particles. The airflow in a depressurized room can pass into the duct immediately
so that the airflow speed can be kept high enough for aerosolized particles (especially >1.0 µm) to drop.
However, the airflow in a pressurized room (in our operating room, the initial airflow speeds in both rooms
are the same) could not maintain enough speed for aerosolized particles to drop, because there is no
airflow exit in a pressurized room. The association between aerosol dispersal and the airflow pathway is
considered important not only in the operating room, but also on patient wards, in emergency rooms, and
in intensive care units.

Difference between the present study and other studies
 Although one study has provided visual evidence of two-dimensional aerosol dispersal of a human
cough with a face mask,[6] the present study is the first to demonstrate visual aerosol dispersal during
intubation and extubation in an operating room under clinical settings. Moreover, the present study
provides the first evidence of three-dimensional visual aerosol dispersal during intubation and extubation.
Some studies used a strong laser sheet to assess aerosol dispersal and droplets, because a strong laser
sheet is useful to dramatically improve the visualization of aerosols compared with other light sources.
[6,7] However, visual assessment of aerosol dispersal with a strong laser sheet is not enough to assess
spatial aerosol dispersal, because a laser sheet can detect particles only along the laser pathway,
providing a two-dimensional assessment of aerosol dispersal. In addition, RIKEN (Kobe, Japan) showed
that a supercomputer (Fugaku, RIKEN, Kobe, Japan) can predict spatial aerosol dispersal after cough.[8]
However, even supercomputers, which are only available in a few countries, cannot include all clinical and
environmental settings and the movements of physicians and medical staff in the prediction. The present
experiment required only an ACLS mannequin, cake flour, a projector, and a PC, which are common items.
The present study showed a method of assessing aerosol dispersal independently with common items,
which is useful.
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 Particle counting during intubation and coughing is useful for objective, numerical assessment of
aerosol dispersal.[4,9] However, particle counters can count only particles that enter the device inlet.
Furthermore, most particle counters cannot measure the full range of aerosol particle sizes
simultaneously.[4,9] Although Simpson et al.[4] showed particle numbers with small variation during
experimental intubation models, their results were measured in a powerfully depressurized room
(pressure -10 Pa, 18 room air changes per hour). Their results apply only under extremely limited
conditions. Most critically ill patients must be intubated not in an operating room or intensive care unit,
but in an emergency room or general ward during a pandemic.

 The present complex assessment that consisted of three-dimensional assessment and particle counting
appears necessary and useful to analyse aerosol dispersal.

Experimental settings/tracers
 The range of aerosol diameters was defined as 0.01-100 µm by the Centers for Disease Control and
Prevention. Cake flour, submicron oil particles, and titanium dioxide have been used as aerosol models in
some studies.[10-12] The size of infective aerosol particles was reported to be >5-10 µm.[13] Airborne
transmission could be attributed to some pathogens, including SARS-CoV-2, with sizes ≤5 µm.[13]
According to the present experiments, cake flour (2.5–280 mm (D50=25.56 µm)) was suitable as a tracer
of aerosolized particles with diameters >2.5 mm. The present results for particles <2.5 µm in size could be
unstable and reference values, because an aerosolized particle is not a perfect sphere.

Pattern of aerosol dispersal during intubation and
extubation
 During both intubation and extubation, the aerosol tended to spread to the right side. This can be
explained by the laryngoscope having been inserted from the right side during intubation, and the
endotracheal tube, which was fixed at the right corner of the mouth, was removed from the right side.
Medical staff should not stand on the patient’s right side during intubation and extubation.

 In the present settings, an aerosol box did not protect physicians and medical staff from aerosol
exposure during intubation and removal of the aerosol box even in a depressurized room. This is
important, because we must intubate infected patients with paralysis during this pandemic. Because full
personal protective equipment (PPE) cannot prevent aerosol transmission completely,[14] neuromuscular
blockade is essential for intubation. Moreover, medical personnel should pay attention to aerosol
dispersal again with the removal of the aerosol box after the procedures.

Efficacy of an aerosol box
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 Unfortunately, the present results did not show the efficacy of an aerosol box at three locations in a
pressurized room. An aerosol box in a depressurized room could decrease most particle counts at three
locations, but not significantly. Combined use of an aerosol box and a depressurized room significantly
decreased particle counts at three locations during intubation and extubation. However, the quantitative
and visual results showed that an aerosol box did not completely prevent aerosol exposure of the
physician and medical staff.

 A recent study showed that an aerosol box effectively prevented aerosol dispersal.[4] However, this study
was conducted in a powerfully depressurized room, but such a powerfully depressurized room is not
usually available for physicians to use. In most clinical settings (pressurized rooms), an aerosol box
cannot be used to prevent aerosol transmission during intubation and extubation.

Environmental settings
 Environmental factors including air change rate,[15] fresh air change rate,[15] room size,[16] temperature,
[2] humidity,[2] airflow and turbulence,[15] atmospheric pressure in a depressurized room or pressurized
pressure room,[15] bed position, patient’s head position during intubation and extubation, and the
position and posture of the physician and medical staff could affect aerosol dispersal. All factors could
differ among countries, hospitals, and rooms. The present particle visualizing method could allow
clinicians to assess aerosol dispersal independently with common items.

Recommendations from the present study to protect from
aerosol exposure during intubation and extubation
i) All aerosol-generating procedures must be done leeward. If necessary, the bed position should be
moved considering the direction of airflow. The physicians and medical staff must stand windward. It is
better to place any instruments windward. Even if airflow speed is high enough to eliminate aerosolized
particles, a duct is necessary and can create an airflow pathway, which is important to eliminate
aerosolized particles.

ii) During intubation, medical staff should stand on the patient’s left side. During extubation, the medical
staff should stand on the patient’s left side if the endotracheal tube was fixed at the right corner of the
mouth.

iii) Intubation must be done with neuromuscular blockade, even in a depressurized room and with full
PPE and an aerosol box.

iv) Extubation could be done alone as well as possible even in a depressurized room. An aerosol box
cannot completely prevent aerosol dispersal during extubation.
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v) Independent assessment of aerosol dispersal is essential to protect patients, medical staff, and
physicians from aerosol exposure. The present particle visualizing method can be used to assess three-
dimensional aerosol dispersal with common items (if video cameras are unavailable, naked eye
observation may be sufficient).

vi) If an aerosol box is used during intubation and extubation, attention to aerosol dispersal is again
needed when removing it.

Limitations
As a limitation, the diameter of the cake flour was 5–100 mm, which results in a somewhat artificial
human coughing pattern because of the aerodynamics (Supplemental Video 1),[17] since differences in
particle diameters and coughing patterns affect aerosol spread.[17] Because cake flour does not include
small aerosolized particles (0.01-1 µm), and even high-resolution cameras cannot detect all sizes of
aerosolized particles, clinical aerosol exposure could be greater than in the current experiment.

Conclusions
The present findings showed that an aerosol box decreased aerosol exposure of physicians, medical
staff, and the environment only in a depressurized room. The three-dimensional particle visual
assessment with common items provides an independent aerosol dispersal assessment that can be used
worldwide and is useful to assess aerosol dispersal under usual clinical conditions.
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Figures
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Figure 1

Preparation and set up of the experiment to simulate aerosol spread during intubation and extubation
with an aerosol box in depressurized and pressurized rooms
Neck position for intubation or extubation in
a depressurized room or a pressurized room can affect the pattern of aerosol spread. (a) The preparation
and set up of the simulation. The red and blue arrows show the wind directions in the depressurized and
pressurized rooms, respectively. A vent can only be used in a depressurized room. (b) The brightest green
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light is directed to a location for the aerosol spread to be determined. (c) Aerosol spread during intubation
without paralysis in a depressurized room. The physician (right) is protected from the expelled
aerosolized particles, which dissipate after exiting the aerosol box, but not the medical staff (left). (d)
Aerosol spread during extubation in a depressurized room. The physician (right) is protected from the
expelled aerosolized particles, which dissipate after exiting the aerosol box, but not the medical staff
(left). (e) Aerosol spread during intubation without paralysis in a pressurized room. The physician (right)
is protected from the expelled aerosolized particles, but the medical staff (left) is highly exposed, as the
expelled aerosolized particles spread widely. (f) Aerosol spread during extubation in a pressurized room.
The physician (right) is protected from the expelled aerosolized particles, but the medical staff (left) is
highly exposed.
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Figure 2

Summary of particle counts during intubation. (I) Physician’s aerosol exposure (II) Medical staff’s aerosol
exposure (III) Environmental aerosol exposure, A 0.3 µm, B 0.5 µm, C 1.0 µm, D 2.5 µm, E 5.0 µm, *-
significant difference between DB and PN, †-significant difference between DB and PB, ‡-significant
difference between DB and DN, #-significant difference between PB and DN, §-significant difference
between PN and DN, PN-in a pressurized room without an aerosol box, PB-in a pressurized room with an
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aerosol box, DN-in a depressurized room without an aerosol box, DB-in a depressurized room with an
aerosol box

Figure 3

Summary of particle counts during extubation. (I) Physician’s aerosol exposure (II) Medical staff’s aerosol
exposure (III) Environmental aerosol exposure, A 0.3 µm, B 0.5 µm, C 1.0 µm, D 2.5 µm, E 5.0 µm, *-
significant difference between DB and PN, †-significant difference between DB and PB, ‡-significant
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difference between DB and DN, #-significant difference between PB and DN, §-significant difference
between PN and DN, PN-in a pressurized room without an aerosol box, PB-in a pressurized room with an
aerosol box, DN-in a depressurized room without an aerosol box, DB-in a depressurized room with an
aerosol box
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