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Background: Physicians have had to perform numerous extubation procedures during the
prolonged coronavirus disease 2019 (COVID 19) pandemic. Future pandemics caused by
unknown pathogen may also present a risk of exposure to infectious droplets and aerosols.
Aim: This study evaluated the ability of a newly developed aerosol barrier, “Extubation-
Aerosol (EA)-Shield” to provide maximum protection from aerosol exposure during extu-
bation via an aerosolised particle count and high-quality visualisation assessments.
Methods: We employed a cough model having parameters similar to humans and used
micron oil aerosol as well as titanium dioxide as aerosol tracers. Aerosol barrier techniques
employing a face mask (group M) and EA-Shield (group H) were compared.
Findings: The primary outcome was the difference in the number of particles contacting
the physician’s face before and after extubation. The maximum distances of aerosol
dispersal after extubation were measured as the secondary outcomes. All aerosolised
particles of the two tracers were significantly smaller in group H than in group M (p <

0.05). In addition, the sagittal and axial maximum distances and sagittal areas of aerosol
dispersal for 3, 5, and 10 s after extubation were significantly smaller in group H than in
group M (p < 0.05).
Conclusion: This model indicates that EA-Shield could be highly effective in reducing
aerosol exposure during extubation. Therefore, we recommend using it as an aerosol
barrier when an infectious aerosol risk is suspected.
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Introduction

Physicians must pay attention to droplet and aerosol expo-
sure not only during intubation but also during extubation,
which is a droplet and aerosol-generating procedure [1]. During
a prolonged pandemic, such as that caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus,
Healthcare Infection Society. This is an open access article
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physicians have to perform numerous extubation procedures
that have a risk of infectious droplet and aerosol exposure.
SARS-CoV-2 can be transmitted even by asymptomatic people
through droplets and aerosols, and personal protective equip-
ment (PPE) cannot completely protect against their spread
[2,3]. Anaesthetists and intensivists are at low risk of SARS-
CoV-2 infection, possibly due to well-ventilated working envi-
ronment and the use of high-performance PPE [4]. However, in
reality, aerosol procedures must be performed without suffi-
cient air conditioning and PPE, when the distance between
hospital beds is insufficient. Protection against viral infections
during intubation, outside of a well-equipped environment has
not yet been established. Pathogens including SARS-CoV-2,
SARS-CoV, and influenza virus can be transmitted during
aerosol-generating procedures [5]. Mass-producible and single-
use aerosol barriers are needed during aerosol-generating
procedures when there is a shortage of protective equip-
ment. Several guidelines do not provide clear evidence of using
aerosol barriers to protect against droplet infections during
extubation [6e8]. Although several aerosol barriers have been
developed for use, during these procedures [9e13], they have
not been fully tested to check the dispersal of aerosol particles
of a size that would allow them to remain infectious. Although
one guideline has recommended using a face mask as an aer-
osol barrier during extubation [14], its effectiveness against
aerosol protection is unclear. However, the dispersal of aero-
sols cannot be perceived visually by the naked eye. Protective
methods need to be based on evidence of aerosol dispersal.
Moreover, it is necessary to establish a safer method of extu-
bation that can be performed under adverse conditions,
including inadequate air conditioning and insufficient PPE.

We have developed an aerosol barrier termed “Extubation-
Aerosol (EA)-Shield” (Figure 1) to protect physicians and
medical staff against aerosol exposure during extubation. The
barrier is mass-producible at a low cost and can be manufac-
tured and used in developing countries. With the EA-Shield,
emergency airway management after extubation, including
mask ventilation and oral suctioning, can be performed without
modification.

This study assessed the ability of EA-Shield to provide
effective protection against aerosol exposure during extuba-
tion that was performed using aerosolised particle counting
and high-quality visualisation techniques.
Materials and methods

Study design

This study did not involve human subjects as well as patient
consent or the approval of internal review boards. This was an
analytical and observational in vitro study.
EA-Shield

The EA-Shield can be made from a common 120-l plastic bag
(1 m� 1.2 m), with all edges closed (Figure 1A, CeF, Video S1).
The EA-Shield has one large elliptical hole on the lower layer
(patient’s side) and four small holes with double-sided tape on
the upper layer for each face mask, endotracheal tube, oral
suction tube, and nasogastric tube. It was designed such that
after extubation, the airway can be secured with a face mask
through the slit in the shield, and suction can be performed
with a suction tube.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.infpip.2021.100193.

Environment and procedures

All experiments and calculations were performed after
confirming adequate ventilation in the laboratory. Before each
experiment, the number of atmospheric particles was deter-
mined using an airborne particle counter (P8-306, Airy Tech-
nology Japan Ltd, Kanagawa, Japan) and checked within the
acceptable range of standard values according to our prelimi-
nary data (Table SI).

A high-fidelity AirSim Patient Simulator (Trucorp, Belfast,
Northern Ireland), generated from the computed tomography
scan of a human subject (65-year-old Caucasian, weight 62 kg),
was used (Figure 1B). In addition, an air blower (Air blower,
Kato Koken, Isehara, Japan) was used as a cough simulator, and
the vinyl chloride pipe connecting the trachea of the man-
nequin to this air blower was surrounded by clay to prevent air
leakage, thereby strengthening it against the jet pressure of
the cough simulator. The air blower was adjusted to create
cough patterns resembling those of humans (Table SI).

We used titanium dioxide (Tree of Life, Tokyo, Japan) and
micron oil aerosol (Kato Koken) as the aerosol model and
tracer, respectively. Titanium dioxide as an aerosol has a wide
range of particle sizes (0.07e11 mm, D50 ¼ 3.92 mm), that were
measured with a particle counting device (LA-950, Horiba,
Kyoto, Japan). Micron oil aerosol (D50 ¼ 10 mm), generated by
PS-2006 (Dainichi, Niigata, Japan), has been used for visual-
isation experiments in the field of fluid mechanics owing to its
ability to track airflow. In each experiment, titanium dioxide
(0.25 g) and micron oil aerosol (300 ml) were placed into the
mouth of the patient simulator without leakage, before firing
the air blower. Before each procedure, the mannequin was
cleaned from inside with an air blower to remove any remaining
tracers.

The intake port of an airborne particle counter (P8-306) was
positioned just beside the head of the physician at head height
(75 cm above the head of the simulated patient). This device
counts airborne particles with sizes of 0.3, 0.5, 1.0, 2.5, 5.0,
and 10 mm, for 1 min. The flow rate of our airborne particle
counter was 2.83 l/min, with detection of ambient air occur-
ring in 1 s sweeps.

We used two types of light sources: white LED light (wave-
length, 430e700 nm; 90 W) (Kato Koken) to assess the spatial
aerosol spread and a thin green laser light sheet generated by a
YVO4 laser (wavelength, 532 nm; 2,000 mW) (Kato Koken) to
assess the sagittal and transverse aerosol spread from the
mannequin’s mouth and to measure the hydrodynamic out-
comes. All coughing jet plume images were captured by a
camera specialised for visualising fine particles (PV2, Kato
Koken) with an optical resolution of 2,048 � 1,536 pixels per
video frame. The maximum speed was 120 fps. All particle
image velocimetry system images were captured using a high-
speed camera (Kato Koken) with an optical resolution of
640 � 480 pixels per video frame. The maximum video frame
speed was 8,000 fps.

The white LED light was placed 2 m caudal to the mouth of
the mannequin. Video cameras were placed on the side and 45�

diagonally upwards. The green slit-sheet light and video
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Figure 1. Experimental methods and the method for constructing the Extubation-Aerosol (EA)-Shield. (A) EA-Shield and method for
constructing an EA-Shield from a 120-L plastic bag. The opening of the plastic bag is closed with tape. The numeric units of the figure are
in mm. (B) The airway and cough simulator. (C) Holes are made for each endotracheal tube, face mask (D), suction (E), and nasogastric
tube (F) and are closed with a double-sided tape. Clear layer, upper layer of the plastic bag; blue layer, lower layer of the plastic bag;
purple lines, double-sided tape; red circle, patient’s mouth. (U) upper layer, (L) lower layer, (a) upper slit for nasogastric tube, (b) left
slit for suction, (c) right slit for endotracheal tube, (d) lower slit for a face mask; R right side, L left side.
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camera were placed orthogonally. To prevent reflection of light
that could lead to errors in the video graphic measurements,
the physician dressed completely in black, and the mannequin
was painted black by a professional painting company (Ihara
Paint, Hokkaido, Japan). The image analysis was based on the
principle that the intensity of the scattered light is propor-
tional to the particle concentration. The area of scattered
particles illuminated with the green slit-sheet light was
recorded and analysed using image software (Particle Viewer,
Kato Koken, Japan). The reference area was set at 2,048 �
1,536 pixels to 136.7 � 102.4 cm.

We placed an 8.0-mm tube (Hi-Contour Oral/Nasal Tracheal
Tube Cuffed; Covidien, Dublin, OH) into the trachea of the
mannequin and fixed it at a depth of 22 cm in the right corner of
the mouth. The timing of extubation was defined as the with-
drawal of the endotracheal tube from the corner of the mouth
to a depth of 16 cm and the position of the glottis. The firing
from the air blower was synchronised with the moment of
extubation, to ensure a constant timing of the simulated cough
during all experiments.

Aerosol barrier during extubation

Two different aerosol barrier techniques were used during
extubation:

i) Mask-over-tube extubation technique (face mask
method: group M) [10].

In this method, the tracheal tube was extubated while
using the face mask to prevent aerosol dispersal caused by
the patient’s cough. This technique is recommended in
published guidelines as an effective aerosol barrier method
[14].
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ii) Extubation with EA-Shield (Hasegawa method: Group H)

The Hasegawa method requires only an EA-Shield. The
details of the Hasegawa method are presented in Table SI.
Study outcomes

The primary outcome was the difference in the number of
particles before and after extubation as aerosol exposure to
the physician. The baseline values are listed in Table SII. In
Figure 2. Summary of particle counting for micron oil aerosol and tit

were significantly smaller in group H than in groupM. (I) Results of partic
titanium dioxide. Particles with diameters of (a) 0.3 mm, (b) 0.5 mm, (c
addition, the following secondary outcomes were verified using
high-quality video images during extubation.

i) Sagittal and axial distances of aerosol spread in videog-
raphy taken from the mannequin’s side with the green laser
sheet for 3, 5, and 10 s after the air blower fired. ii) Sagittal
area of aerosol spread in videography taken from in front of the
mannequin with the green laser sheet, for 3, 5, and 10 s after
the air blower fired. iii) Vectors of aerosol spread in videog-
raphy were taken from themannequin’s side using a green laser
sheet. Titanium dioxide was used as a tracer to measure sec-
ondary outcomes.
anium dioxide. All micron oil aerosol and titanium dioxide particles
le counting formicron oil aerosol. (II) Results of particle counting for
) 1.0 mm, (d) 2.5 mm, (e) 5.0 mm, and (f) 10 mm. *p < 0.05.
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Statistical analysis

The Shapiro-Wilk test was used to determine whether the
data were normally distributed. Normally distributed variables
are shown as the mean (SD), and non-normally distributed data
are shown as median and interquartile range (IQR). Data were
analysed using the unpaired t-test or Mann-Whitney U test.
Statistical significance was set at p < 0.05. All statistical
analyses for this study were performed using GraphPad Prism
8.0 (GraphPad Software, La Jolla, CA). Vector analysis was
performed using software FlowExpert2D2C (Kato Koken, Ise-
hara, Japan).

According to our preliminary study of total particle counts,
delta ¼ 3,658,720 and SD ¼ 1,946,610 represented significant
differences (Table SIII). Sample sizes were calculated using R.
version 3.5.3, with a ¼ 0.05, and 1eb ¼ 0.8, revealing that five
samples were required in each group.

Results

All aerosolised particles of micron oil aerosol and titanium
dioxide were significantly smaller in group H than in group M.
The sizes of all aerosolised particles of both tracers in group H
were within the baseline range. A summary of the primary
outcomes is shown in Figure 2 and Tables SIV and SV.

Sagittal maximum distances of aerosol dispersal at 3, 5, and
10 s after the cough simulation were significantly smaller in
group H than in group M. The axial maximum distances of
aerosol dispersal for 3, 5, and 10 s after the cough simulation
were also smaller in group H than in group M. The results of the
sagittal and axial maximum distances of aerosol dispersal are
presented in Table I.
Table I

Results of particle imaging velocimetry

Time after the cough Group M (n¼5) Group H

Sagittal Maximum Distance
3 s (mm) 472 [445 to 488] 0 [0 to 0]
5 s (mm) 527 [521 to 620] 0 [0 to 0]
10 s (mm) 888 [744 to 895] 0 [0 to 0]
Axial Maximum Distance
3 s (mm) 418 [415 to 438] 0 [0 to 0]
5 s (mm) 430 [408 to 486] 0 [0 to 0]
10 s (mm) 572 [507 to 637] 0 [0 to 0]
Sagittal Maximum Area
3 s (mm2) 9170 [4388 to 9568] 0.894 [0.894
5 s (mm2) 12772 [7431 to 13638] 1.788 [1.788
10 s (mm2) 22080 [6894 to 22244] 1.788 [1.788

Maximum velocity of aerosol dispersal during extubation

Group M (n¼5) Group H (n¼
Maximum velocity (m/s) 12.7 (1.72) NA

Sagittal and axial maximal distances and sagittal maximum areas 3, 5, and 1
the face of the mannequin were determined using a particle imaging velocim
zero, but the maximum area in this group was not zero because some a
experimental room. The sagittal and axial maximum distances and sagittal m
M. The axial maximum area could not be assessed because of the light r
mannequin; therefore, maximum velocity could not be detected using the pa
face of the mannequin was higher than the cough speed (10 m/s) around the
the space between the face mask and the face of the mannequin.
The sagittal maximum areas of aerosol dispersal for 3, 5, and
10 s after the cough simulation were significantly smaller in
group H than in group M. All results for the area of aerosol
dispersal in group H were within the baseline range. The results
are presented in Table I.

In the sagittal and axial videography with the green laser
sheet (two-dimensional assessment from two directions), in
group H, aerosolised particles were not observed after the
cough simulation. In group M, aerosolised particles were
expelled to the right of the mannequin, and they travelled a
distance of 40 cm, 1 s after the cough simulation. The particles
then moved in the left direction owing to the weak airflow in
the experimental room. At 4 s after the cough simulation, the
aerosolised particles travelled a distance of 50 cm in the caudal
direction. Ten seconds after the cough simulation, the aero-
solised particles covered the area around the physician and
reached the roof of the experimental room. The results are
summarised in Figures 3 and 4, as well as Video S2.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.infpip.2021.100193.

On videography using white LED light (three-dimensional
assessment), in group H, aerosolised particles were not
observed after the cough simulation. In group M, aerosolised
particles were expelled to the right of the mannequin, and they
initially spread to the right side. At 4 s after the cough simu-
lation, the particles surrounded the physician and reached the
roof of the experimental room. A summary of the results is
provided in Figures 3 and 4, as well as Video S2.

Themaximumwind speed around the face of the mannequin
determined by particle image velocimetry was 12.7 �1.72 m/s
in group M. In group H, wind was not recorded during extuba-
tion. In group M, videography showed that the turbulent wind
(n¼5) Hodges-Lehmann

estimator

95% confidence

interval

P-value

472 228 to 494 0.008
527 192 to 652 0.008
888 570 to 964 0.008

418 353 to 443 0.008
430 307 to 511 0.008
572 506 to 648 0.008

to 2.235] 9567 4387 to 149695 0.011
to 5.812] 13633 7429 to 22129 0.012
to 1.789] 22078 4712 to 55419 0.011

5)

0 s after the cough simulation and the maximum velocity of wind around
etry system. In group H, all sagittal and axial maximum distances were
erosolised particles were observed within the baseline range in the
aximum areas in group H were significantly smaller than those in group
eflection. In group H, wind was not observed around the face of the
rticle image velocimetry system. In group M, the wind speed around the
mouth of the mannequin because of the acceleration of wind speed in

https://doi.org/10.1016/j.infpip.2021.100193


Figure 3. Photography of aerosol dispersal at 3, 5, and 10 s after the cough simulation with white LED light and green slit-sheet light

in group M. (I) Photography with white LED light (three-dimensional assessments), (II) photography with green slit-sheet light in a sagittal
view, and (III) photography with green slit-sheet light in an axial view (two-dimensional assessment from two directions). (a) Aerosol
dispersal is shown at 3 s, (b) 5 s, and (c) 10 s after the cough simulation. Aerosol dispersal started from the right side of the mannequin
and reached the physician’s face. At 10 s after extubation, aerosolised particles had surrounded the physician’s face.
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emerged from the space between the face mask and the face of
the mannequin in the straight right direction. A summary of the
results is presented in Figure 5 and Table I.
Discussion

The results of particle counting and the distance and area of
aerosol dispersal in group H were all within the baseline range,
indicating that EA-Shield could significantly prevent exposure
of the physician to the aerosol particles (0.3e10 mm in size).
These important results were supported by high-quality vid-
eography. The results of particle image velocimetry revealed
that EA-Shield could also prevent wind generation as a result of
coughing, during extubation. The present findings suggest that
EA-Shield could prevent the exposure of aerosol to physicians
and medical staff.

An infection barrier must be cheap, mass-producible, and
single-use. EA-Shield has all these characteristics because it
can be made using a 120-l clear plastic bag and double-sided
tape. Our experiment was performed even in a non-negative
pressurised room, and the results revealed that EA-Shield
could provide protection against aerosols in non-negative
pressurised rooms, including patient wards, operating
rooms, and intensive care units. By using the EA-Shield,
emergency airway management after extubation, including
mask ventilation and oral suctioning, can be performed
without modification. In clinical practice, it can be adapted to
the patient’s body movements. Moreover, this shield was
designed to allow effective ventilation inside using a fixed
suction tube that creates a continuous negative pressure
during the procedure (Video S1). After the patient’s cough had
subsided, he was made to wear a mask before the shield was
removed. However, we believe that it is better to wear PPE
because the Hasegawa method needs to be validated in clin-
ical practice and has not been tested for exposure during
discarding.

Although particle counting can provide numerical and
objective assessment, it provides fixed-point observations,
because spatial assessment is not sufficient [15e17]. The vol-
ume aspirated during the measurement is small compared to
space or ventilation, and particle counting is inevitably influ-
enced by the direction of the inlet. Although visualisation
assessments can easily determine the spatial and temporal
dispersal of aerosols, it is difficult to obtain numerical and
objective assessments from videography [18e20]. To provide a
thorough evaluation of aerosol dispersal, we combined particle
counting with these assessments.

In addition, we used two types of tracers. Titanium
dioxide particles have a wide range of diameters [21,22],
whereas micron oil has good flowability for air movement
[18e20]. The aerosol particles have a wide range of diame-
ters (0.01e100 mm); therefore, it is difficult to assess the
dispersal of these particles of all sizes, at once. Therefore,
we measured the wind vector with micron oil, which has good
tracking of air movement [23e25]. Measurement of the wind



Figure 4. Photography of aerosol dispersal for 3, 5, and 10 s after the cough simulation with white LED light and green slit-sheet light

in group H. (I) Photography with white LED light (three-dimensional assessment), (II) photography with green slit-sheet light in a sagittal
view, and (III) photography with green slit-sheet light in an axial view (two-dimensional assessment from two directions). Aerosol dis-
persal is shown at (a) 3 s, (b) 5 s, and (c) 10 s after the cough simulation. In group H, there was no aerosol dispersal at 3, 5, or 10 s after
extubation.
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vector provided information regarding the dispersal of aer-
osol particles having small diameters (<0.3 mm, which are
invisible with a CCD camera) [26]. Particles 0.3 mm in diam-
eter or larger could be assessed using titanium dioxide,
particle counting, and visualisation assessments. Therefore,
the combination of titanium dioxide and micron oil provides
information regarding the dispersal of aerosol particles of all
sizes.

Our videography showed that EA-Shield could completely
prevent aerosol exposure to the physician as well as in the
surrounding area. It could protect the medical staff who stand
by the patient as well as the instruments from aerosol exposure
during extubation.

We used two-dimensional and three-dimensional high-
quality videography for visualisation assessments. Our results
revealed that EA-Shield completely prevented aerosol dis-
persal. Although small particles (>0.3 mm) can be detected
using two-dimensional videography with the green slit-sheet
light detects, spatial assessment is not sufficient because the
laser-sheet light scatters only the particles on the laser line
[18e20]. In addition, videography using a green slit-sheet laser
has better quality than videography using other light sources
because it is not easily affected by reflection. We used a green
slit-sheet laser from two directions and assessed sagittal and
axial aerosol dispersal. Measurement of the maximum distance
and area of aerosol dispersal for 3, 5, and 10 s after cough
simulation using green slit-sheet light could provide numerical
and objective assessments [18e20].

This is the first study that assesses three-dimensional
aerosol dispersal using white LED light. Three-dimensional
visualisation assessment using white LED light enables more
detection of spatial and temporal aerosol dispersal than two-
dimensional visualisation assessment. However, because
white LED light is a wide-angle strong light source, reflection
must occur, and numerical assessment may be difficult. The
combination of two-dimensional and three-dimensional vis-
ualisation assessments can provide numerical, spatial, and
temporal information on aerosol dispersal. According to the
results obtained using a particle image velocimetry system,
EA-Shield could prevent the generation of wind after extu-
bation. It is therefore possible that EA-Shield can prevent
transmission of aerosols and droplets as well as particles
smaller than aerosols. A particle image velocimetry system
has been used to assess aerosol dispersal from cough and
cough parameters in several studies [23e25]. One study
showed that the wind parameter determined by using a
particle image velocimetry system enabled the assessment of
the dispersal of aerosol particles with particles of small
diameters [27]. The present results showed that using a face
mask could not prevent exposure of the physician to aerosol



Figure 5. Wind vectors determined using the particle imaging velocimetry system. The movement of scattered particles illuminated
by the green laser sheet was recorded automatically just before extubation to 15 s after extubation using image processing software
(FlowExpert2D2C, Kato Koken) with a particle image velocimetry system, to which the successive abandonment method was applied for
improvement. The movement of particles was changed to vectors with colour graduation based on their velocity levels via this software.
The reference area was set as 640 � 480 pixels to 18.7 � 14.0 cm. The maximum error in the measurement of the velocity vector was
estimated to be 0.23 m/s in our model. There was no wind at 0.3, 0.5, or 1 s after extubation in group H. In contrast, in group M, the wind
was emitted from the space between the face mask and the mannequin’s mouth after extubation, and the wind vectors were mainly to
the right of the mannequin. (I) Group H and (II) group M. Wind vectors are shown at (a) 3 s, (b) 5 s, and (c) 10 s after the cough simulation.
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particles, during extubation. Therefore, using this method
could be a mistake. The Hasegawa method is highly repro-
ducible and can be used by anyone. The results of the vector
analysis revealed that this method accelerated the wind
speed of the cough. This acceleration was caused by the
narrow space between the face of the mannequin and the
face mask compared to the mannequin’s mouth, that could
increase aerosol dispersal during extubation. Large aerosol
particles (60e100 mm in diameter) have been found to be > 2
m with a velocity of 10 m/s recorded at the exit point
[28,29]. Using a face mask could generate dispersal of the
aerosols at more than 10 m/s during extubation; therefore,
the medical staff must maintain a distance of at least 2 m
from the patient.

In addition, an assistant is required for the physician during
extubation; therefore, the face mask method increases the
number of persons who could be exposed to aerosols, which
does not obey the principle of aerosol protection. Moreover,
the results obtained using the present particle image veloc-
imetry system showed that the face mask method could gen-
erate turbulence. Turbulence is buoyant, increasing the
aerosol dispersal and allowing the aerosolised particles to float
in the air for a long time [30]. In contrast, the EA-Shield is an
aerosol barrier that does not generate turbulence during
extubation.

Although we used two tracers in our experiment, the aerosol
dispersal determined by our tracers would not be the same as
the actual aerosol dispersal after extubation. In addition, in a
clinical situation, the patient can move during extubation, and
the direction of the cough and aerosol dispersal can be altered.
Moreover, aerosol dispersal can be changed by environmental
factors including atmospheric pressure, room wind, temper-
ature, humidity, and room size, as well as by movement fac-
tors, including those of medical staff around the patient
[31e34]. We conducted our experiment with a trained
physician in a quiet room. Therefore, clinicians must consider
how they can utilise the present results to obtain individual
protection from aerosol dispersal.

Conclusions

EA-Shield, which can be crafted with common items, pro-
tects the physician against aerosol exposure during extubation.
Therefore, we recommend using EA-Shield during extubation as
an aerosol barrier when the risk of infectious aerosols is
suspected.
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