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Hypothesis: Aerosols are generated during mastoidectomy
and mitigation strategies may effectively reduce aerosol
spread.

Background: An objective understanding of aerosol genera-
tion and the effectiveness of mitigation strategies can inform
interventions to reduce aerosol risk from mastoidectomy and
other open surgeries involving drilling.

Methods: Cadaveric and fluorescent three-dimensional
printed temporal bone models were drilled under variable
conditions and mitigation methods. Aerosol production was
measured with a cascade impactor set to detect particle sizes
under 14.1 wm. Field contamination was determined with
examination under UV light.

Results: Drilling of cadaveric bones and three-dimensional
models resulted in strongly positive aerosol production,
measuring positive in all eight impactor stages for the

cadaver trials. This occurred regardless of using coarse or
cutting burs, irrigation, a handheld suction, or an additional
parked suction. The only mitigation factor that led to a
completely negative aerosol result in all eight stages was
placing an additional microscope drape to surround the field.
Bone dust was scattered in all directions from the drill,
including on the microscope, the surgeon, and visually
suspended in the air for all but the drape trial.

Conclusions: Aerosols are generated with drilling the mastoid.
Using an additional microscope drape to cover the surgical field
was an effective mitigation strategy to prevent fine aerosol
dispersion while drilling. Key Words: Aerosol—
Coronavirus—COVID-19—Droplet—Mastoidectomy—
Safety.
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Understanding aerosol production during mastoid sur-
gery and ways to mitigate aerosols and other debris may
reduce the risk of SARS-CoV-2 coronavirus transmis-
sion. Mastoid and middle ear mucosa is in continuity with
nasopharyngeal mucosa and may be a source of viral
particles in an infected patient. Mastoidectomy has been
categorized as an aerosol-generating procedure; how-
ever, there is limited data in the literature regarding
the aerosol risk with mastoid drilling (1,2). Several
studies have investigated the degree of debris scatter
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when performing mastoidectomy (3,4), including one
study that noted scatter as far as 6 feet (4). Chari et al.
(5) recently investigated fine aerosol production using an
optical particle size spectrometer placed at 30 cm and
found significant particle production of aerosols in the
sizes of 1 to 10 pwm. Norris et al. (6) in 2010 investigated
the production of respirable particles during mastoidec-
tomy using PVC filter cassettes set 50 cm from the field
and found no detectible respirable particles; mastoidec-
tomy did not meet requirements for respirator use. Given
the limited data in the literature, there is a need to further
elucidate the production of fine aerosols under 20 pm,
which are those most likely to remain airborne and be
inhaled into the airway (7); aerosols with an aerodynamic
diameter <5um can reach the alveoli and particles
<10 wm can penetrate below the glottis. Additionally,
particles between 10 and 20 pm settle more readily and
particles >20 wm have a ballistic trajectory (7). This
study evaluates aerosol risk with mastoid drilling by
utilizing a cascade impactor to collect fine aerosols of
different acrodynamic sizes; particles are separated based
on the principle of inertial impaction (8). Generated debris
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particles with a smaller aerodynamic diameter have a
lower tendency to be collected until the final impaction
stages. To ensure that the collected aerosols originated
from the specimen, Vitamin B2 was used as a fluorescent
tracer in the irrigation, coating the entire mastoid drilling
surface (9,10). The goals of this study were to objectively
characterize whether aerosols of an aerodynamic diameter
known to enter the airway are generated during mastoid-
ectomy, map the field contamination of visible debris, and
to test acrosol mitigation strategies.

METHODS

Preparation

This study was conducted with approval from the University
of Pittsburgh Committee for Oversight of Research and Clinical
Training Involving Decedents. A drilling station at a temporal
bone laboratory was cleaned and prepared for use. The Anspach
eMax2 drill (Johnson & Johnson, New Brunswick, NJ) was set
for 80,000 revolutions per minute. Several suction ports were
available for use during the trials at maximum wall suction
capacity (150 mm Hg). A solution of 1g/L vitamin B2 (ribo-
flavin) in 0.9% normal saline was prepared as fluorescent
irrigation. This was found to be a better marker for fine aerosols
than fluorescein (10). For trials that included irrigation, the
fluorescent irrigant was applied by an assistant via a squeeze
bottle in a pulsatile fashion of about one pulse per second to
keep the field appropriately moist. The total volume of irrigant
may have varied between trials. For cadaveric trials, a formal-
dehyde preserved adult human cadaveric temporal bone was
used. For three-dimensional (3D) model trials, two 3D temporal
bone models were designed using an adult computed tomogra-
phy scan and printed with the Formlabs 2 printer, via a
previously described process (11). The material used was
Formlabs white resin (Formlabs, Somerville, MA), which is
inherently fluorescent. The 3D model trials were performed as
an adjunct to the cadaveric trials to provide a highly visible,
fluorescent medium to test. This would allow for detection of
debris generated during mastoidectomy and provide a means to
corroborate with the cadaveric and historic results. The material
is not an exact replica of bone but does drill similarly as
evaluated previously (11). Cortical mastoidectomy with exten-
sive saucerization was performed for the trials. The amount of
bone removed was not standardized; however, the time of each
trial was set at 2 minutes. The start point was the stopping point
of the previous trial, using a total one cadaveric bone and two
3D-printed models.

Impactor Trials

A Model 170 Next Generation Impactor (NGI) was used to
filter particles of the following eight aerodynamic diameter
stages (Dsg, cutoff diameter at 50% collection efficiency):
141 pm, 8.6l pm, 5.39pm, 3.30 um, 2.08 um, 1.36pwm,
0.98 wm, and less than 0.98 um (8). Each impactor stage
reflects an average particle aerodynamic diameter given an
input flow rate of 15 L per minute. With this particle size range,
the impactor identifies aerosols that are most likely to settle in
the lung, noted to occur most with particles under 5 pum (12).
The NGI input nozzle was placed 4 cm away from the edge of
the cadaveric specimen or the 3D-printed temporal bone model,
at a 45-degree angle above and to the right of the field (Fig. 1).
This was the closest possible distance that allowed for space for
instrumentation. This distance was selected to maximize the

chance of detecting any produced aerosols before being diluted
by ambient air below the detection limit of the impactor. The
impactor vacuum was suctioning in air at a rate of 15 L per
minute for 2 minutes for each trial and continuously sampling
while the surgeon was drilling. All particles suctioned in would
travel through the collection ports and become trapped if they
were of the designated aerodynamic diameters.

Following each trial, presence or absence of collected par-
ticles was visually assessed under direct visualization with UV
illumination. An impactor stage was read as ‘‘positive’” when
material was seen trapped in a given stage’s filter (Fig. 2). A
baseline trial was performed before any mastoid drilling to
measure the ambient room air. All eight stages were negative,
indicating no detected aerosols for the measured sizes, when
sampling room air. Between each trial, the aluminum foil pieces
lining the collection chambers were replaced and the impactor
was thoroughly cleaned to prevent cross-contamination
between trials. Each trial was performed lasting 2 minutes each
and one trial was performed for each condition.

The first trial was performed drilling cadaveric bone with a
size 6 cutting bur, using B2 irrigation administered onto the
field at one pulse per second, and one size 8 suction irrigator
connected to suction only, finger occluded per discretion of the
surgeon. The second trial involved use of a 4 diamond bur, B2
irrigation, and one size 8 handheld suction. In the third trial, we
used a 6 cutting bur, B2 irrigation, one size 8 handheld suction
and an additional patent suction tube parked adjacent to the
specimen; this was to evaluate the effectiveness of an additional
suction in the field for mitigating aerosol risk. A fourth trial
consisted of using an additional microscope drape to cover the
field. In this scenario, one drape was used to drape the micro-
scope as is standard intraoperatively, but a second drape was
secured with tape at the lens piece after removing just the lens
cover, inverted, and draped over the surgical field (Supplemen-
tal Video, http:/links.lww.com/MAO/B144). The surgeon
operated from under the drape and the assistant applied irriga-
tion through one of the eyepiece ports.

Trials performed on 3D printed models included two of those
performed on cadaveric models as well as additional trials
without irrigation and/or suction. The first trial was using a
6 cutting bur with no irrigation or suction. The second trial was
using a 4 diamond bur with no irrigation or suction. The third
trial was using a 6 cutting bur with an 8 handheld suction but no
irrigation. The fourth trial was using a 6 cutting bur, one size 8
handheld suction, an additional adjacent parked suction, and no
irrigation. The fifth trial was using a 6 cutting bur, B2 irrigation,
and an 8 handheld suction.

Field Contamination Trials

Field contamination trials were performed to visualize the
production and spread of bone dust, irrigation droplets, and
debris when drilling a fluorescent 3D temporal bone model. The
3D models were centered onto a black tarp which was labeled
with 15 cm increment markers using orange tape. The personal
protective equipment (PPE) of the surgeon included a surgical
gown, gloves, and facemask. Both the tarp layout and each
provider’s PPE were checked with UV light to ensure no
baseline debris or fluorescent contamination before the start
of each trial. Each drilling scenario was conducted by a right-
handed surgeon and performed for 2 minutes each. Trials were
designed to test if the following variables affected the degree
and pattern of field contamination on the tarp: drill bur type (6
cutting bur versus 4 diamond bur), use of Vitamin B2 irrigation
(1 g/L solution in 0.9% normal saline), use of rigid suction (8
Fr), and use of an additional parked field suction (open suction
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FIG. 1. Experimental setup for impactor trials and field contamination trials. A—C, Experimental setup of an impactor study with the
impactor inlet positioned at the edge of the temporal bone holder during drilling. The pictured trial is the 3D-printed temporal bone with a 6
cutting bur, a handheld size 8 suction, and an additional parked field suction. D, E, The temporal bone holder is on the top of a tarp with 15cm
distances marked. After each 2-minute trial, the tarp is examined for debris. Note the amount of debris noted after the cortex was removed in

the first 3D model 6 cutting bur trial.

tube adjacent to the specimen). After each 2-minute drilling
trial, each 15 cm square of the tarp was visually examined using
a UV light. The UV light was next shined on the provider’s PPE
and visual observations were noted. For each 15 cm quadrant on
the tarp, a value of field contamination was assigned: 1) no
perceptible particulate matter, 2) low (1-25%) field coverage,
3) intermediate (25—50%) field coverage, 4) major (50—75%)
field coverage, and 5) heavy or excess field coverage (75—
100%) with layer of dust caking.

RESULTS

Aerosol Impactor Survey
Drilling the cadaveric bone and the temporal bone
models yielded notable aerosol production under
14.1 pm (Table 1). When drilling the cadaveric temporal
bone with a 6 cutting bur, a size 8 handheld suction and
B2 irrigation, all eight stages were strongly positive,

Otology & Neurotology, Vol. 42, No. 4, 2021

indicating aerosol production under 14.1 um. All eight
stages were also positive with the 4 diamond bur trial.
When a 6 cutting bur, B2 irrigation, a size eight handheld
suction and a parked suction tube adjacent to the drilling
site were used, again all eight stages were positive
(Fig. 2) Similarly, all trials drilling the 3D temporal bone
model, which include cutting bur, diamond bur, handheld
suction, and parked suction, were positive in stages 1
through 6, and positive in stages 1 through 7 when B2
irrigation was used. Ultimately, using irrigation, a parked
suction, or changing the burr size during the trials did not
eliminate aerosol production in either the cadaveric or 3D
model trials. The only mitigation factor tested that led to
complete elimination of detected aerosol was using a
drape as a field barrier. When the microscope drape was
used to cover the field, the impactor trial yielded negative
findings across all stages showing lack of detectable fine
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FIG. 2. Representative positive impactor trial result. All eight filters were positive in this trial, indicated by visible patterns in each filter.
Aerosol size captured goes from 14 um in the upper left foil to 1 m on the bottom right foil. This trial was the cadaveric bone using a size 6
cutter bur, B2 irrigation, size 8 handheld suction, and parked patent suction tube adjacent to the mastoid cavity. A diffusely positive result was

noted despite two suctions in the field.

TABLE 1. [Impactor stage results for mastoid drilling under different scenarios using 3D-printed models and cadaveric temporal

bone
Trial Aerosol Particle Size (wm) - D50 at 15 L/min
Drill Suction Irrigation 14.1 8.61 5.39 3.30 2.08 1.36 0.98 <0.98
3D Printed Temporal Bone
6 Cutter N/A N/A + + + + + + - —
4 Diamond N/A N/A + + + + + + - _
6 Cutter 8 Suction N/A + + + + + + - —
6 Cutter 8 Suction Parked Suction N/A + + + + + + - -
6 Cutter 8 Suction B2 + + + + + + + —
Cadaveric Temporal Bone
6 Cutter 8 Suction B2 + + + + + + + +
6 Cutter 8 Suction Parked Suction B2 + + + + + + + +
6 Cutter 8 Suction Saline + + + + + + + +
4 Diamond 8 Suction B2 + + + + + + + +
°6 Cutter 8 Suction B2 - - - - - - . .

Aerosol particulate size following simulated mastoidectomy with 3D-printed temporal bone model and cadaveric temporal bone.
Visible aerosol particle matter for 3D-printed temporal bone model appeared blue colored under UV light.

“Cadaver model was soaked overnight in 1 g/L vitamin B2.

bprocedure was covered with a microscope drape, see Figure 5 for experimental setup.

Otology & Neurotology, Vol. 42, No. 4, 2021
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FIG. 3. Representative negative impactor trial result. All eight filters were negative in this trial, indicated by no patterns visualized in any
filter regardless of room or UV light. This was the trial in which a microscope drape covered the field. Full impactor results are summarized in

Table 1.

aerosols (Fig. 3). (Supplemental Video, http://link-
s.lww.com/MAQ/B144). Table 1 summarizes the impac-
tor results. Photos demonstrating the result of every
impactor trial are compiled in supplemental Figures 1
and 2, http:/links.lww.com/MAO/B145; http://link-
s.lww.com/MAO/B146. Supplemental video 1 (http://
links.lww.com/MAO/B144) demonstrates the experi-
mental set up and footage from several trials.

Field Contamination Survey

Drilling of the fluorescent temporal bone model demon-
strated several patterns of bone dust and debris scatter.
Figure 4 demonstrates the field contamination pattern and
density. All scenarios resulted in debris and dust scatter to the
tarp edge or beyond the surgical field. Using a 6 cutting bur
with no irrigation or suction resulted in heavy distribution of
bone dust on the field, the microscope, the surgeon’s gown
and gloves. There was a plume of fine debris and dust
billowing toward the microscope and with the UV light,
suspended particles were seen hanging in the air even beyond
the tarp (Supplemental Video, http:/links.lww.com/MAO/
B144). The 4 diamond bur without irrigation or suction
produced finer particles; there were fewer large particle
debris on the tarp with this scenario. Again, there was a
plume of bone dust streaming up toward the microscope and

Otology & Neurotology, Vol. 42, No. 4, 2021

particles visibly suspended in the air beyond the tarp. With
the 6 cutting bur using a size 8 handheld suction with the
suction aperture continuously occluded, there was still a
plume of debris visualized. The use of an additional suction
parked adjacent to the specimen did not eliminate the aerosol
plumes as there was still suspended debris visualized inter-
mittently. Withuse ofa 6 cutting bur, a handheld suction, and
intermittent application of 1 g/ B2 irrigation, there was a
plume of debris as well as fluorescent droplets visibly
scattered on the tarp, the microscope, and the table beyond
the tarp, primarily anteriorly.

General observations during the field contamination
trials were that the first part of the mastoidectomy, the
removal of the cortex and saucerization, led to the highest
volume of bone debris. The 4 diamond bur appeared to
create finer bone dust relative to the 6 cutting bur.
Increased application of pressure while drilling led to
generating more visible debris in the surgical field. As the
drilling direction was altered, the location of the gener-
ated plume of debris varied. In every trial, there was
contamination of the microscope, the surgeon’s hands
and gloves, and a plume of debris was visualized travel-
ing beyond the tarp. Fine particles visibly suspended in
the air were visible with the blacklight. Having the
suction in the surgical field did not stop the debris scatter
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FIG. 4. Field contamination studies of simulated mastoidectomy in 3D-printed temporal bone model. A, 6 cutting bur, no irrigation, no
suction. B, 4 diamond bur, no irrigation, no suction. C, 6 cutting bur, no irrigation, 1 size 8 handheld suction. D, 6 cutting bur, no irrigation, 1
size 8 handheld suction and 1 parked field suction. E, 6 cutting bur, vitamin B2 irrigation, 1 size 8 handheld suction. Blue arrow indicates
position and direction of right-handed surgeon. Scale: 1 = no particulate matter, 2 = 1-25% coverage, 3 = 25—-50% coverage, 4 = major
coverage of 50-75%, 5 = 75—100% coverage with layer of caking and excess.

into the air, onto the microscope, the surgeon, or beyond
the tarp. Figure 4 demonstrates the density of debris
noted on the tarp at the end of each trial.

DISCUSSION

Understanding aerosol production during mastoid sur-
gery and ways to decrease aerosol production may
lead to safer surgery and reduce risk of transmission
of SARS-CoV-2 coronavirus. Droplets greater than 20
wm typically fall quickly due to gravity and are usually

too large to be picked up by inhalation streams (13).
Particles between 10 and 20 wm may sink to the ground
or remain suspended in air. Those that are 10 pm or
smaller can be airborne for hours and may travel short or
long distances. In one study, the median aerosolized half-
life of SARS-CoV-2 was 1 to 1.2 hours, present up to of 3
hours (12), and in another study, viral SARS-Cov-2 RNA
was detected in the air from the adjacent hallway (14).
Aerosolized particles <5 um can penetrate deeply into
the lower airways and may contribute to an increased
likelihood or severity of infection. This study evaluates

Otology & Neurotology, Vol. 42, No. 4, 2021
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aerosol dispersion during a mastoidectomy by assessing
the aerodynamic diameter of generated fine particles
under 20 pm.

When the cadaveric bone was drilled using the ribo-
flavin (B2) fluorescent irrigation, all eight stages in the
impactor contained particulate (Supplemental Figure 2,
http://links.Iww.com/MAO/B146), indicating significant
aerosol production under 14.1 wm. This remained the
case even when a patent suction was placed immediately
adjacent to the specimen during drilling. Suctions have
recently been shown to be helpful in endonasal surgery to
reduce aerosol risk (15,16); however based on our data, a
single standard suction plus a handheld 8 French suction
did not make a noticeable impact, as evidenced by the
field contamination survey and diffusely positive impac-
tor results (stages 1-8 for cadaveric bone, stages 1—6 for
3D-printed bone). It is possible that with a stronger
suction or larger bore suction tubing could make a
difference and further testing could elucidate this.
Although parking a large suction by the field during
mastoidectomy did not eliminate aerosol detection in this
study, given the benefit of a parked suction previously
demonstrated for endonasal surgery (15) which is more
of a closed system, we think in parking a large suction
under the drape, which may help to evacuate aerosol
particles at risk for escaping during drape manipulation
(such as during removal of hands during instrument
exchange). Adding a suction under the drape was recently
supported by Chari et al. (5).

This study demonstrates that aerosols of sizes known
to enter the airways (17) are generated during mastoid-
ectomy. As the middle ear and mastoid mucosa are in
continuity with the nasopharyngeal mucosa, we would
argue for taking caution during mastoid drilling.
Because this was a cadaveric study and not in patients
with COVID-19, we were not able to test for the
presence of viral particles nor comment on the infectiv-
ity of aerosols and droplets generated during mastoid-
ectomy. The infectious potential of bioaerosols
generated during many procedures is still unclear.
One study using an impactor and hemoglobin testing
demonstrated the presence of blood in respirable sized
aerosols generated with using common surgical power
tools, including a Stryker bone saw, Hall drill, Shea
drill, and Bovie electrocautery (18,19). Other studies
similarly noted evidence of blood in aerosols when
performing powered dental procedures (20—22). Hilal
et al. (23) demonstrated that red food dye representing
blood scattered as far as 50 cm toward the operator
when the drill was at 25,000 RPM, and that fish cornea
placed at the surgeon’s distance were filled with bone
particles after mastoidectomy. Scott et al. (24) demon-
strated evidence of neural tissue in bone dust generated
during mastoidectomy, raising the question of prion
transmission. Despite demonstration of aerosol and
debris generated by drilling, the risk of disease trans-
mission is unclear and may vary for bloodborne and
viral respiratory illnesses. Further work on infectivity
of agents aerosolized during surgery is needed.

Otology & Neurotology, Vol. 42, No. 4, 2021

Until infectivity has been demonstrated otherwise,
it is important to focus on aerosol mitigation to mini-
mize the potential transmission risk of SARS-CoV-2
virus.

The 3D-printed results from this study corroborate
with the cadaveric results. Drilling created significant
acrosolization of material despite modifying variables
such as drill size, suction, and irrigation. A parked
suction did not eliminate the detected aerosol for either
group. The only mitigation factor that led to negative
detection of fine aerosols was using an additional micro-
scope drape as a barrier while drilling. Chen et al. in their
study used image analysis to evaluate field contamination
and found that placing a 1,060 sterile drape was success-
ful at limiting particulate matter dispersion; however, the
authors did not survey fine aerosols below 20 wm?.Our
results support that fine aerosol dispersion is eliminated
with use of an additional barrier drape. The drape trial
had completely negative results in stages 1 to 8, indicat-
ing aerosols under 14.lpmwere no longer detected.
Using an additional drape to cover the surgical field is
a successful mitigation measure to reduce aerosol expo-
sure during mastoidectomy.

Using an additional microscope drape to cover the
field does require an adjustment from regular practice,
but ultimately given that mastoid surgery is performed
under a microscope, this does not result in limited
visualization or performance in our experience. At our
institution, we have begun to use two microscope drapes
with each drilling case. The first drape is applied in
standard fashion over the microscope. The microscope
lens portion is removed from the second drape, leaving a
small hole that is then fit around the lens piece of the first
drape and secured with tape. The second drape is then
flipped inside out to cover the field. The surgeon must lift
the drape whenever he or she is exchanging instruments.
The eyepiece extensions of the drape may be used as an
access port for the surgeon’s arms, or may be left
untouched. Figure 5 shows the microscope drape in
use during a recent surgery.

There are several limitations to this study. Aerosol
and debris dispersion data from 3D-printed models
and cadaveric specimens may not be directly extrapo-
lated to real surgical scenarios as the temporal bone
particles may have a different dispersion pattern in
vivo. The fluorescent irrigation was used as a surrogate
marker for the cadaveric bone mastoid fluid and
mucosa; it is unclear whether using a direct fluorescent
mucosal marker may have yielded a different dis-
persion pattern. Although the cascade impactor is a
highly reliable instrument for evaluating aerosol dis-
persion, larger particles with aerodynamic diameters
>14.1 pm were not collected in the simulations. Since
simulation scenarios were not replicated multiple
times, definitive comparisons between scenarios may
be difficult to establish. Visual inspection was used for
field coverage estimation and for impactor filter scor-
ing, so particles too small or too few to see may
be underreported.
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FIG. 5. Microscope draping method. A, Experimental draping trial with the cadaveric temporal bone and B2 irrigation under UV light. B,
Example of draping used in the operating room. A second microscope drape with the lens cover removed is secured around the existing

drape’s lens cover with tape and flipped inside-out to cover the field.

This study does not quantify the volume or mass of
aerosol generated, which likely can vary based on multi-
ple factors such as the surgeon’s technique and pressure,
the quantity and density of the drilled bone, the time spent
drilling, suction strength, the distance of the sampling
port from the field, and irrigation style. This study was
designed to detect dramatic changes in aerosol detection
and thus discover strong mitigation factors, but more
subtle reductions or increases that may be present from
surgeon factors, patient factors and manipulations such as
adding a parked suction or increasing irrigation are not
quantifiable (such as on a dose—response curve) with this
study. Suction and irrigation were not found to be strong
mitigation factors in this study, but having a drape was a
strong mitigation factor, leading to elimination of
detected aerosol at all eight stages. Although the field
contamination results demonstrated here represent a
specific combination of variables that may not be equiv-
alent for every live case, the potential for significant
debris scatter, including debris that was suspended in the
air and floating off the field, is demonstrated in this study
and supports the need for mitigation factors when
performing mastoidectomy.

This study not only has implications for mastoid
surgery, but also for any surgery in which drilling is
performed in an open field, such as with external
approaches to the skull. Given the diffusely positive
generation of aerosols during open drilling of bone,
strategies for surgeries not amenable to drape use are

needed to mitigate aerosol spread during open drilling for
those cases.

CONCLUSIONS

Fine aerosols are generated with drilling the mastoid.
Using an additional microscope drape to cover the sur-
gical field was an effective mitigation strategy to prevent
fine aerosol dispersion while drilling.
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