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Abstract
Purpose To determine the particle size, concentration, airborne duration and spread during endoscopic endonasal pituitary 
surgery in actual patients in a theatre setting.
Methods This observational study recruited a convenience sample of three patients. Procedures were performed in a positive 
pressure operating room. Particle image velocimetry and spectrometry with air sampling were used for aerosol detection.
Results Intubation and extubation generated small particles (< 5 µm) in mean concentrations 12 times greater than back-
ground noise (p < 0.001). The mean particle concentrations during endonasal access were 4.5 times greater than background 
(p = 0.01). Particles were typically large (> 75 µm), remained airborne for up to 10 s and travelled up to 1.1 m. Use of a 
microdebrider generated mean aerosol concentrations 18 times above baseline (p = 0.005). High-speed drilling did not 
produce aerosols greater than baseline. Pituitary tumour resection generated mean aerosol concentrations less than back-
ground (p = 0.18). Surgical drape removal generated small and large particles in mean concentrations 6.4 times greater than 
background (p < 0.001).
Conclusion Intubation and extubation generate large amounts of small particles that remain suspended in air for long dura-
tions and disperse through theatre. Endonasal access and pituitary tumour resection generate smaller concentrations of larger 
particles which are airborne for shorter periods and travel shorter distances.

Keywords Aerosol-generating procedure · Aerosols · COVID-19 · Endonasal endoscopic pituitary surgery · Occupational 
exposure

Introduction

In March 2020, infection of healthcare workers during an 
endonasal pituitary surgery in a patient with coronavirus dis-
ease (COVID-19) was reported in mainstream media and in 
rapid online publications [1–4]. Peak bodies in neurosurgery 
and otolaryngology recommended that all non-urgent endo-
nasal surgery be suspended, believing that high speed drill-
ing near the sinonasal mucosa aerosolised a high viral load 
in theatre [5]. In April 2020, Zhu and colleagues published 
the facts of the case which suggested that intra-operative 
transmission did not in fact occur [6]. Endonasal surgery 
has since recommenced with safeguards, but the concerns 
surrounding aerosolisation remain [7–11].

Cadaveric studies have provided useful data but these do 
not replicate the temperature, humidity and mucosal surface 
characteristics of live humans [12–15]. Furthermore, oper-
ating theatres undergo multiple air exchanges which affects 
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how suspended particles behave [16, 17]. In this paper, we 
define ‘aerosol’ as particles suspended in air, ‘small’ par-
ticles as ≤ 5 µm and ‘large’ particles as > 5 µm [18]. This 
study aims to determine which stages of endonasal endo-
scopic pituitary surgery generate aerosols, and to character-
ise the aerosols produced.

Methods

Study design and population

We performed a prospective, single-centre observational 
study of three patients. Institutional Review Board approval 
was obtained in accordance with state and federal guide-
lines (Ref: LRR 099/20, ID: 64592). Informed consent was 
obtained from all participants. A convenience sample was 
taken from a waiting list of patients awaiting elective endo-
nasal endoscopic pituitary surgery. Exclusion criteria were 
patients who were under the age of 18, unable to consent, 
pregnant or demonstrating symptoms of COVID-19.

Procedural conditions

All procedures took place in an operating theatre of size 
6 × 7 × 3 m, of volume 126  m3, under 20 Pa of positive pres-
sure relative to the setup area, at a temperature of 20 °C, 
and humidity of 48.2%. Air entered the room at velocities 
of 0.97 to 1.04 m/s via four ceiling air diffusers with HEPA 
530 mm filters and was extracted via four wall air intakes. 
Air was exchanged at 65 m3 per minute equating to 26 room 
volume air exchanges per hour. All theatre entrants wore n95 
masks to prevent contamination with staff-generated aerosol. 
Patients were intubated on the operating table by a consult-
ant anaesthetist. The endonasal approach to the pituitary 
fossa was performed endoscopically by a consultant otolar-
yngologist, and a consultant neurosurgeon performed pitui-
tary tumour removal. The patient was then extubated on the 
operating table. Two non-invasive methods that involved no 
modifications to standard of care were used to detect aerosol: 
particle image velocimetry (PIV) to detect large particles 
and air sampling with spectrometry to detect small particles.

Particle image velocimetry

PIV involved illuminating a target area with a light sheet 
generated by a class IIIb 50 mW 532 nm wavelength green 
laser. The PIV target areas were immediately superior to the 
patient’s nasal aperture, 300 mm caudal to the nasal aper-
ture, and 1100 mm caudal to the nasal aperture. Clinical 
laser safety precautions were followed. Disturbances in the 
light sheet were captured with low- and high-speed cameras. 
The low-speed system was a Nikon D810 camera (Nikon 

Australia, Pty Ltd) focussed on a field of view of 80 × 20 cm, 
running continuously at 60 frames per second with a digital 
resolution of 110 µm/pixel. The high-speed system was a 
PCO dimax HS4 camera (PCO AG, Germany) focussed on a 
15 × 15 cm field of view, running at 1000 frames per second 
for 10-s bursts with a digital resolution of 75 µm/pixel.

Air sampling

An Aerodynamic Particle Sizer Spectrometer (APS model 
3320, TSI Incorporated, Shoreview, Minnesota, USA) meas-
ured the time-of-flight of particles between two laser beams 
as they move within an accelerating sheath flow, resulting 
in aerosol counts binned by aerodynamic diameter. The size 
resolution was 32 bins per decade, spaced logarithmically. A 
Mini Wide Range Aerosol Spectrometer (MiniWRAS model 
1371, GRIMM Aerosol Technik Ainring GmbH, Germany) 
measured continuously the size distribution of aerosol across 
the range 0.01 to 35 µm, The MiniWRAS used electrical 
mobility spectrometry to measure the mobility diameter 
of ultrafine particles between 0.01 and 0.2 µm in diameter, 
and optical light scattering to measure particle diameters 
between 0.25 and 35 µm. The temporal sampling rate of the 
MiniWRAS was 1 sample per minute. The size resolution 
was lower than the APS, with 10 size bins between 0.01 and 
0.193 µm.

Air was sampled at a rate of 5.3 L/min through an inlet 
positioned 50 mm superior and distal to the patient’s nasal 
aperture. The aerosol sample was transported to the two 
instruments via a 2500 mm long, 1.3 cm diameter conduc-
tive silicon tube. Other than transportation losses through 
the tube, the aerosol matrix was not altered. The opening of 
the inlet was positioned 500 mm superior and 500 mm cau-
dal to the target area and represents the micro-environment 
surrounding the proceduralist’s head.

Calculating particle counts and trajectory using PIV

High-intensity peaks in each image were used to calculate 
particle counts. An in-house particle tracking velocime-
try algorithm detected particles with a specified intensity 
threshold in one frame, then searched for the pair of that 
particle in subsequent frames. For particles travelling faster 
than the recording rate of the low-speed imaging system, tra-
jectory lines were produced and these were used to calculate 
the landing distance and time.

Calculating detection limits

Air sampling was performed in the empty operating theatre 
from 3:00 p.m. the previous day to 7:30 a.m. the morning 
of surgery. The detection limit for each instrument was cal-
culated as the mean plus three standard deviations during 
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this overnight clean period (counts 0.04 cm−3 and 60 cm−3 
for APS and MiniWRAS, respectively). A similar process 
was also undertaken as described above, but in an occupied 
theatre in the absence of an active procedure, to establish the 
background noise created by normal theatre traffic (counts 
0.09 cm−3 and 60 cm−3, respectively). Detection limits for 
PIV were established using low-speed images obtained in 
the same conditions.

Statistical analysis

Continuous variables were described using mean and median 
values. Independent samples t-test was used to assess for dif-
ferences between groups and a value of p < 0.05 was defined 
as significant. Analyses were performed using open source 
SciPy v1.5.2 (Scientific computing in Python). Values were 
expressed as multiples above baseline concentrations.

Results

Intubation and extubation

The mean particle concentrations observed on APS data dur-
ing intubation and extubation were up to 12 times greater 
than baseline values (p < 0.001). These mean particle con-
centrations were significantly greater than endonasal access 
(p < 0.001) and pituitary tumour resection (p < 0.001). Bag 

and mask ventilation during intubation produced spikes in 
particle concentration up to 300 times greater than back-
ground. The particle sizes observed during intubation were 
generally < 5 µm (Fig. 1). During extubation, bag and mask 
ventilation, throat pack removal and patient coughing were 
associated with aerosol production of small particles < 4 µm 
(Fig. 1).

Endonasal access

The mean particle concentrations on APS during endona-
sal access were up to 4.5 times greater than baseline value 
(p = 0.01). Turbinectomy and sphenoidotomy using a micro-
debrider was the only procedural step of endonasal access 
associated with a mean particle concentration above baseline 
(18 times greater, p = 0.005). Mostly large particles > 75 µm 
were produced (Fig. 2). This was supported by PIV data. 
Three steps produced non-significant increases in mean 
particle concentration: use of a backbiting rongeur (up to 
3 times baseline, p = 0.83), use of a Kerrison rongeur (up 
to 3 times baseline, p = 0.53) and monopolar diathermy (up 
to 4.7 times baseline, p = 0.20). High speed drilling of the 
sphenoid keel, sphenoid septum or sella turcica floor; rais-
ing of a nasoseptal flap; and scissors did not produce mean 
aerosol greater than background values in either PIV or air 
sampling systems. Though not statistically significant, spikes 
in particle concentration were evident on APS measurements 
during manipulation of sphenoid mucosa using Blakesley 

Fig. 1  Timeline series of particle concentrations and diameter meas-
ured by aerodynamic particle sizer (APS) during intubation, endona-
sal access, pituitary tumour removal and extubation. a Total particle 
number concentrations with linear and log scales shown in dark and 
light blue, respectively. Dashed lines represent the detection limit 

(mean + 3 standard deviations) during an empty theatre (green) and 
during theatre setup (red). b Aerosol size distribution with colours 
showing the number concentration in each size bin. The integrated 
size distributions correspond to total concentrations
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nasal forceps (7.9 times baseline, p = 0.13), bulb irrigation 
of the nose (6.7 times baseline, p = 0.40) and use of a freer 
suction elevator to perform a pedicle sparing posterior sep-
tectomy (3.9 times baseline, p = 0.66) (Fig. 2).

Pituitary tumour resection

The mean particle concentrations measured by APS during 
pituitary tumour resection were less than baseline values 
but this difference was not significant (p = 0.18). Use of a 
curved spatula, curettes, or suction within the sella were not 
associated with increases in aerosol above baseline in either 
air sampling (Fig. 3) or PIV measurements.

Surgical drape removal

The mean particle concentrations observed on APS data dur-
ing drape removal were 6.4 times greater than background 
(p < 0.001). Both small and large particles were produced 
ranging from 1 to > 5 µm (Fig. 4).

Dispersion medium

The dispersion medium of particles was calculated from PIV 
data. The procedural step that generated the largest parti-
cle count was used for each procedure. For intubation and 

extubation, this was bag and mask ventilation. For endona-
sal access and pituitary tumour resection, that step was use 
of a microdebrider. Particles generated by intubation and 
extubation were relatively small, remaining suspended in 
airflows at 1100 mm from the patient’s nose with a tendency 
to travel craniocaudally. Based on the observed trajectories, 
these particles were calculated to spread within the confines 
of theatre and to persist for at least 110 s, a time determined 
by the rate of air exchange. Particles generated by endona-
sal access settled at a distance of 1.1 m from the nose and 
remained airborne for a duration of 10 s. A summary of the 
landing distance and airborne duration of particles in each 
procedure is listed in Table 1 and shown schematically in 
Fig. 5.

Discussion

Our data demonstrate that intubation and extubation gen-
erate significantly greater mean concentrations of smaller 
particles compared to endonasal access and pituitary tumour 
resection (Fig. 1). Certain steps such as manipulation of 
endonasal mucosa with Blakesley forceps during endonasal 
access or bulb irrigation during pituitary tumour resection 
were associated with large spikes in particle number concen-
tration compared to baseline as captured in Figs. 2 and 3. 

Fig. 2  Timeline series of particle concentrations and diameter measured by aerodynamic particle sizer during endonasal access. a, b are as for 
Fig. 1
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However these steps did not produce statistically significant 
mean particle concentrations above baseline.

The likely cause of this mismatch is the variable fre-
quency of spikes in peak particle concentration. As our sta-
tistical test considered mean concentrations, a procedural 
step containing infrequent spikes in particle concentration 

but overall low particle counts may be deemed statistically 
insignificant. However these peak particle concentrations 
may be clinically significant to healthcare workers’ aerosol 
exposure risk.

It is useful to dichotomise particles as either small 
(≤ 5 µm) or large (> 5 µm) to understand their dispersion 

Fig. 3  Timeline series of particle concentrations and diameters measured by aerodynamic particle sizer during tumour resection. a, b are as for 
Fig. 1

Fig. 4  Timeline series of particle concentrations and diameters measured by aerodynamic particle sizer during drape removal. a, b are as for 
Fig. 1
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characteristics [18]. Small particles remain suspended in air 
flows resulting in long airborne durations and the tendency 
to travel farther [19]. Large particles behave ballistically 
resulting in shorter airborne durations and the tendency to 
settle on surfaces that are close to the source [20]. Rela-
tive humidity is also an important consideration and recent 
modelling suggests that moist micro-environments around 
small particles may lead to greater airborne durations [21]. 

The change in behaviour with particle size can inform ‘safe 
distances’ and ‘safe times’ to protect healthcare workers in 
operating theatres. Particles were observed to travel from 
the patient’s nose in a caudal direction. It is unclear whether 
this is because only caudally travelling particles are released 
through the nasal aperture, or because of prevailing air cur-
rents in the operating theatre. This suggests that as a general 
principle, areas close to the procedural aperture and areas 
towards the patient’s feet are best avoided.

The current literature on whether key steps of endonasal 
surgery should be considered aerosol-generating proce-
dures is based on pre-clinical modelling. Workman and 
colleagues have performed two cadaveric studies to assess 
aerosol generation during drilling and microdebridement, 
the first using fluorescein and visual inspection, the second 
using an optical particle sizer [13, 14]. Both of these stud-
ies found that drilling generated aerosol. Subsequently, 
Dharmarajan and colleagues utilised a cascade impactor 

Table 1  Particle landing distance and time in different procedures

Procedure Landing radius of parti-
cles generated (m)

Airborne duration 
of particles gener-
ated (s)

Intubation Suspended in air > 138
Endonasal access 1.1 ~ 10
Extubation Suspended in air > 110

Fig. 5  Schematic diagram showing the distance travelled by particles 
generated during steps of endonasal surgery. Distance A represents 
use of a microdebrider during endonasal access. Distance B repre-

sents bag mask ventilation in a paralysed patient during intubation 
and extubation, with distance limited by the confines of the theatre



505Pituitary (2021) 24:499–506 

1 3

to demonstrate the aerosol produced during endonasal 
drilling of cadaver and manikin models can be completely 
mitigated with placement of a suction instrument in the 
nasal cavity or nasal pharynx [15].

In contrast to these studies, we found high-speed drill-
ing of bone did not generate more aerosol than background 
noise, regardless of whether suction was used. This was an 
unexpected finding; those familiar with endoscopic pitui-
tary surgery are also familiar with the white plume that 
obscures vision during drilling which is often thought to 
represent aerosol. One possible explanation is that drilling 
produces large particles which settle quickly within the 
nose and do not contribute to the plume of smaller parti-
cles outside the nose. Pre-clinical models do not replicate 
the humidity or mucosal characteristics of live humans 
[22]. These variables affect the characteristics of the aer-
osol produced [23]. Furthermore, these previous studies 
do not replicate the environmental conditions unique to 
operating theatres in terms of staff movement, currents, 
air exchange and atmospheric pressures. These variables 
affect the flow in which the aerosol resides [16, 17].

Our results also demonstrate that the methods used were 
sufficiently sensitive to avoid false negatives. Firstly, parti-
cle sizes down to 0.01 µm were detectable. Secondly, very 
low concentrations of particles were detectable. This was 
shown by the fact that background noise quantifications 
were consistent with background counts performed as part 
of operating theatre accreditation which were measured 
over much longer time periods.

We recommend that during endonasal access, health-
care workers not directly involved in the operation main-
tain a distance of at least 1.1 m from the patient’s nose 
and avoid the region caudal to the patient’s nose (Fig. 5). 
Endonasal access produced mostly large particles but some 
small particles were observed too. Therefore, personal pro-
tective equipment (PPE) needs to protect against both large 
and small particles which includes tight fitting eye protec-
tion and n95 masks to prevent plumes of small particles 
entering gaps between PPE and the wearer’s face. We also 
recommend that surgical drape removal be treated as an 
aerosol-generating procedure. This is often done without 
great care, but our findings suggest that particles have 
likely settled on the drapes during the procedure and their 
removal stirs up a plume.

Limitations of this study include a small sample size and 
a lack of assessment of the biological activity of the aerosols 
generated. However, there is data to suggest that the virus 
remains biologically active when aerosolised in a similar 
manner [24, 25]. Lastly, PIV requires a clean line of sight 
for the laser light sheet which at times was obscured by the 
proceduralist’s hands and the APS and miniWRAS are point 
measurement techniques which can underestimate a three-
dimensional plume.

Conclusion

This study provides data on aerosol generation from actual 
patients in an operating theatre setting. It demonstrates that 
endonasal endoscopic pituitary surgery is not as high risk as 
previously thought. Intubation and extubation generate large 
concentrations of small particles, that remain suspended 
in air and spread throughout theatre. Endonasal access 
and pituitary tumour resection on the other hand generate 
smaller concentrations of larger particles which are airborne 
for shorter periods and travel shorter distances. Importantly, 
there are key steps that are particularly aerosol generating 
such as bag and mask ventilation during intubation and use 
of a microdebrider during endonasal access. PPE choice 
should protect against both small and large particles, and 
surgical drape removal should be treated as an aerosol-gen-
erating procedure.
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