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ABSTRACT
Background: Intubation, laryngoscopy, and extubation are considered highly aerosol- 
generating procedures, and additional safety protocols are used during COVID- 19 pan-
demic in these procedures. However, previous studies are mainly experimental and 
have neither analyzed staff exposure to aerosol generation in the real- life operating 
room environment nor compared the exposure to aerosol concentrations generated 
during normal patient care. To assess operational staff exposure to potentially infec-
tious particle generation during general anesthesia, we measured particle concentra-
tion and size distribution with patients undergoing surgery with Optical Particle Sizer.
Methods: A single- center observative multidisciplinary clinical study in Helsinki 
University Hospital with 39 adult patients who underwent general anesthesia with 
tracheal intubation. Mean particle concentrations during different anesthesia proce-
dures were statistically compared with cough control data collected from 37 volun-
teers to assess the differences in particle generation.
Results: This study measured 25 preoxygenations, 30 mask ventilations, 28 intuba-
tions, and 24 extubations. The highest total aerosol concentration of 1153 particles 
(p)/cm³ was observed during mask ventilation. Preoxygenations, mask ventilations, 
and extubations as well as uncomplicated intubations generated mean aerosol con-
centrations statistically comparable to coughing. It is noteworthy that difficult intu-
bation generated significantly fewer aerosols than either uncomplicated intubation 
(p = .007) or coughing (p = 0.006).
Conclusions: Anesthesia induction generates mainly small (<1 µm) aerosol particles. 
Based on our results, general anesthesia procedures are not highly aerosol- generating 
compared with coughing. Thus, their definition as high- risk aerosol- generating proce-
dures should be re- evaluated due to comparable exposures during normal patient care.
Implication Statement: The list of aerosol- generating procedures guides the use of 
protective equipments in hospitals. Intubation is listed as a high- risk aerosol- generating 
procedure, however, aerosol generation has not been measured thoroughly. We 
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1  |  INTRODUC TION

Airborne transmission of infectious viruses has been intensively 
researched during the COVID- 19 pandemic. Currently, there is a 
raising awareness of aerosol transmission as an important, even pre-
dominant route over both long and short distances.1– 5 Breathing and 
talking produce fine aerosols that have been shown to carry SARS- 
CoV- 2 RNA copies in the absence of aerosol- generating procedures 
(AGPs).6,7 However, use of the personal protective equipment (PPE) 
that protects from airborne infection has been recommended mainly 
during assumed AGPs in anesthesia and surgery.8,9 AGPs are medi-
cal procedures that are thought to generate high number of aero-
sols causing an increased risk for respiratory pathogen transmission. 
However, there is no consensus of which procedures are signifi-
cantly aerosol generating and currently Centers for Disease Control 
and Prevention (CDC) states: “There is neither expert consensus, nor 
sufficient supporting data, to create a definitive and comprehensive list 
of AGPs for healthcare settings.”10

The list of AGPs varies by country, organization and even by 
medical specialty. World Health Organization (WHO) lists currently 
the following procedures as AGPs: tracheal intubation, non- invasive 
ventilation, manual ventilation before intubation, tracheotomy, 
bronchoscopy, cardiopulmonary resuscitation, sputum induction, 
autopsy, and dentistry procedures.11 Procedures have been raised 
to AGP- listings based on mainly case- control and retrospective co-
hort studies.12– 17 In a systematic review, the quality of the existing 
evidence regarding AGPs was estimated to be low.18 It is necessary 
to determine the level of significant aerosol generation to define an 
AGP. To date, there is no exact quantified definition of an AGP. In 
general, AGPs are considered to produce more aerosol than cough-
ing, which has been regarded as a reference for AGP in earlier stud-
ies.19– 21 A paradigm shift is currently under discussion: to justify 
the use of a higher level of PPE in AGP classified medical proce-
dure compared to normal patient contact, the AGP should generate 
aerosol concentrations that are higher than in normal patient care 
where caregivers are constantly exposed for the particles gener-
ated by breathing, speaking, and coughing.22 As coughing is known 
to generate higher aerosol amounts than other regular respiratory 

activities,23 we considered it similarly to previous statements as a 
justified benchmark that generates an upperlimit for everyday clini-
cal aerosol exposure.

Currently, multiple countermeasures have been adopted for the 
surgeries due to the expected aerosol generation during general 
anesthesia and especially intubation. The number of staff members 
working in the operating room (OR) has been minimized, and aero-
sol boxes and other novel devices have been developed to improve 
healthcare workers’ (HCWs) safety.24,25 However, these counter-
measures have led to negative effects on interactions of the operat-
ing team and the quality of surgery.26 Thus, there is a clear need to 
define if they are necessary. To the best of our knowledge, only two 
prospective studies on aerosol production in tracheal intubation and 
extubation with a small number of patients have been published.19,27 
Results with larger numbers of patients, clear particle size distribu-
tions during different anesthesia procedures and comparisons with 
reference data collected from multiple persons are still needed.

This study aims to analyze the operational staff’s exposure to oc-
currence and amount of aerosol generation in the OR environment 
during all steps in general anesthesia: preoxygenation, non- invasive 
mask ventilation, intubation, and extubation. Real- time quantitative 
measurements of the generation of aerosol particles during airway 
managing procedures are critical to understanding the level of risk 
during surgeries, guiding PPE usage, and minimizing unnecessary 
changes in operating protocols while ensuring the safety of HCWs.

2  |  METHODS

2.1  |  Ethical considerations

All procedures involving human participants were conducted 
in accordance with the ethical standards of the institutional re-
search committee and the 1964 Declaration of Helsinki and its 
later amendments. The Ethics Committee of Helsinki University 
Hospital (PL 705, 00029 HUS Biomedicum Helsinki 2 C 7th 
floor, Tukholmankatu 8 C, Helsinki. Chairperson Markus Perola) 
approved the study protocol 29 May 2020 (HUS/1701/2020). 

measured aerosol generation during general anesthesia. None of the general anesthe-
sia procedures generated statistically more aerosols than coughing and thus should 
not be considered as higher risk compared to normal respiratory activities.

K E Y W O R D S
aerosol, airborne transmission, anesthesia, COVID- 19, extubation, intubation, mask ventilation

Editorial Comment

Induction of general anesthesia, with positive pressure delivery of gas to the lungs and intu-
bation, has been considered a high- risk procedure for aerosol generation with relevance for 
aerosol- transmitted disease. How much aerosol generation that occurs in this context is com-
pared in this study with simple coughing. Anesthesia airway and noninvasive ventilation does 
not appear to generate more aerosol than usual respiratory activities.



    |  465OKSANEN Et Al.

All patients provided written informed consent prior to their 
participation.

2.2  |  Patients

Aerosol monitoring was conducted in Helsinki University Hospital 
(HUS) between August and October 2020 during general anesthe-
sia ENT operations in ORs. Thirty- nine adult patients scheduled for 
surgery under general anesthesia with endotracheal intubation were 
included in the study. Patients with tracheostomy, airway anomaly, 
or acute COVID- 19 infection were excluded.

Reference coughing data were collected from 37 healthy volunteers 
from a total of 252 coughs between December 2020 and February 
2021 in HUS. Exactly similar collection methodology and same Ors 
with the same ventilation systems were used in both this study and 
for reference data. No additional collection methods, for example, fun-
nels, were used as we wanted to measure the exposure for the aerosol 
particles in a certain spot to reflect the exposure for the staff member 
during the operation instead of overall particle generation. Coughing 
data were published in our other study.28 Volunteers did not have any 
signs of an acute respiratory infection during measurement.

No previous data to perform a valid power- calculation exist for 
the studied anesthesia procedures, as similar measurements on 
these are very scarce. Thus, we measured as many anesthesia in-
ductions as possible within the limits of the availability of the optical 
particle sizer and the feasibility to obtain data during the studied 
period. Because there were limitations in the availability of the OPS 
we were not able to measure all anesthesia procedures from all stud-
ied patients causing smaller n for studied categories than overall n.

2.3  |  Particle measurement

All measurements were conducted in ORs with laminar flow and 
high air change rate per hour (ACH) prospectively, in cooperation 
with the operating staff without any change to the arrangements of 
the room ventilation, instruments, personnel, or equipment.

Particle number and size distributions in the size range from 
0.3 to 10 µm were measured with an Optical Particle Sizer (OPS) 
(TSI model 3330). The OPS is based on the principle of optical light 
scattering from single particles. While the number of pulses directly 
yields the concentration of particles, the OPS reports the optical 
size of these particles in 16 size bins every 10 s. These size bins 
have been factory- calibrated with polystyrene latex (PSL) particles 
having a refractive index of 1.59. The OPS measures continuously 
single particle detection. Thus, catching the actual particles of short- 
lived events like coughs are not dependent on the resolution used 
by the instrument. However, a choice has to be made considering 
the smearing in (1) temporal resolution and (2) counting statistics, 
as a shorter resolution increases random noise in the data. 10 s was 
found to be a good compromise. The OPS data were used without 
any further corrections to size.

To assure data quality, the OPS was factory- calibrated before the 
measurements. The nominal flow rate of 1 l/min of the instrument 
was checked regularly with a mass flow meter (TSI model 4143). The 
flow rate varied by ±2% during the whole measurement period. In 
addition, the sizing of the instrument was checked periodically with 
900 nm PSL particles, and the concentration was compared against 
another OPS unit.

The study intended to measure particles that remain airborne but 
are large enough to carry pathogens. Previous studies have shown 
that pathogens predominate in aerosol particles <5 µm.29– 31 In our 
study, the measured particles were categorized as <1 µm, 1– 5 µm and 
>5 µm for data analyses. The OPS collects particles actively at the 
point of the inlet. Therefore it describes the particle concentration at 
that point location of the particle field. Thus it simulates well the ex-
posure of the operating staff, who can also be considered to “collect 
aerosols” at a given point location. The OPS was placed on the side of 
the bed adjacent to the patient’s head to reflect the distance of oper-
ation staff; preferably imitating the distance of the anesthesiologist’s 
airways from the patient’s airways (Table 1). However, in a real- life 
situation, the position of the OPS is highly dependent on the feasibil-
ity to conduct the measurement without intervening with an operator 
or operating equipment, thus the OPS was placed as close as possible 
within these limits. The cough measurements used in the comparison 
were also measured from several distances, respectively.

2.4  |  Measurement protocol

Airway management during anesthesia inductions followed the 
same schema: preoxygenation (from the start of oxygen supply to 
start of mask ventilation), non- invasive mask ventilation (from the 
start of mask ventilation to removal of the mask from patient’s face), 
direct laryngoscopy and tracheal intubation (including inflation of 
intubation tube cuff/s and securing of intubation tube by taping). 
Extubation was defined to start when the cuff was emptied and to 
end when the tube was removed. No aerosolized lidocaine was used 
during intubations. Pharma Systems mini port 6120PS, which filters 
>99.99% of particles and pathogens, was used to filter exhaled air. A 
similar filter was used in the ventilator.

A research nurse followed all operations in the OR. She regis-
tered beginnings and ends of procedures, used equipment, staff 

TA B L E  1  Distance of OPS from patient during studied 
procedures

Mean (cm)
Range 
(cm)

Preoxygenation with mask (n = 24) 136 40– 210

Mask ventilation (n = 29) 131 40– 210

Intubation (n = 28) 116 40– 210

Extubation (n = 24) 116 40– 180

Note: Missing values in preoxygenation with mask (n = 1) and mask 
ventilation (n = 1).
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movement, number of intubation attempts and patients’ reactions 
(cough, movement, etc.) during both intubation and extubation. 
Possible disturbances in the OR that could affect the data, for ex-
ample use of other instruments simultaneously, different posture 
for intubation or door opening, were marked and these measure-
ment points were excluded. Also, intubations and extubations in 
which the exact end- point was not clear in the data markings were 
excluded (n = 6 intubations, n = 1 extubation). All staff used RII 
surgical masks, which markedly reduce aerosol release, as seen in 
many earlier studies.32,33 Intubations were categorized as normal 
(one attempt) and difficult (more than one attempt). Extubations 
were categorized for coughing and non- coughing and regarding the 
tube used (normal vs. laser). Additionally, the relations of age and 
BMI were evaluated as explaining factors for differences in mask 
fitting.

2.5  |  Measured references

All procedures were compared with coughing data of 37 healthy vol-
unteers to determine whether aerosol generation was higher than 
expectable exposures during normal patient care.28 All reference 
measurements were done using an identical methodology and the 
same particle sizer in the same Ors. Exact particle numbers from 
measured references are seen in Table S1.

2.6  |  Ventilation information in operating rooms

The background aerosol size distributions were measured separately 
for each OR. The air change rate varied in the different Ors between 
30.23 and 60.67 ACH, which is above the American Institute of 
Architects (AIA) and UK guidelines of a minimum of 25 ACH.34,35 
The operating rooms had Recair 4C or INPO- 1.5 ventilation systems 
with HEPA- 14 filtration, and ultra- clean ventilation in the laminar 
area in the central area of the OR of 1176 l/s– 1478 l/s generating 
363.35– 572.83 ACH to the laminar area. The relative humidity var-
ied between 25.1% and 75.3%. OR humidity was highest in August 
2020 and decreased as the outside temperature decreased. During 
operations, 80% of air was re- circulated.

2.7  |  Data analysis

To present the data, concentrations of aerosol particles in discrete 
size ranges, NDp1- Dp2 [p/cm3], were determined. In addition, particle 
size distributions were normalized by dividing the concentrations in 
each measurement size bin with the logarithm of the respective bin 
width, dN/dlogDp [p/cm3]. This enables presenting particle size dis-
tributions independent of the bin widths. For individual procedures, 
mean concentrations and size distributions with standard deviations 
were calculated. The mean was chosen as a statistical representa-
tive parameter, as it describes the average exposure dose during an 

individual procedure, therefore reflecting the associated infection 
risk.36

Statistical calculations were performed by using Microsoft Excel 
2016 (Microsoft Corporation, Redmont, WA, USA), GraphPad Prism 
version 9.0.2 for Mac (GraphPad Software, San Diego, CA, USA) and 
R- Studio version 1.3.959 (R Foundation for Statistical Computing, 
Vienna, Austria). Particle concentrations between individual proce-
dures were observed to be log- normally distributed, as previously re-
ported.19 Parametric tests were used after logarithmic transformation. 
Measured particle concentrations generated during general anesthe-
sia were compared with background data using paired (OR specific) 
one- tailed t- test and with cough data using unpaired two- tailed t- test 
in each discreet size range separately with Bonferroni correction of 
four consecutive procedures. A one- tailed t- test was used when com-
pared with background data since all particle generation is expected 
to exceed low background particle concentration. Intubation types 
(normal vs. difficult), intubation tubes (normal vs. laser), and extu-
bation types (cough vs. no cough) were tested with unpaired t- test. 
Bivariate correlations were tested with Pearson’s correlation test. p- 
values < .05 were considered significant, except for p < .0125 after 
Bonferroni correction of four consecutive procedures. The manuscript 
was written in accordance with the STROBE principles.

3  |  RESULTS

3.1  |  Patients

Anesthesia procedures were measured for 39 patients (56% men, 
44% women). The median age of all measured patients was 55 (range 
19– 85) years, and the mean BMI was 26.7 (range 15.6– 44.9) kg/m².

3.2  |  Background aerosol concentration

Very low background concentrations (maximum mean concentra-
tion 0.017 particles/cm³) allowed accurate evaluation of the particles 
generated during the procedures. The total particle concentration 
for the background was 0.005 ± 0.018 and measured a maximum 
0.228 particles/cm3. Notably, the lower limit of standard deviation in 
all measured procedures was 0.000 particles/cm³, as the very clean 
measurement environment and laminar ventilation produced mul-
tiple measure points with zero detectable particles. All procedures 
were statistically aerosol- generating compared to the background 
and produced significantly particles in all size categories (p ≤ .001).

3.3  |  Particle concentrations and size distributions

Measured parts can be divided into four main procedures: preoxy-
genation, mask ventilation, intubation, and extubation. The me-
dian duration of the procedures was 1 min 50 s (IQR ±1 min 20 s) 
min for preoxygenation, 2 min 40 s (IQR ±1 min 10 s) min for mask 
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ventilation, 3.00 min (IQR ±1 min 40 s) min for intubation and 20 s 
(IQR ±35 s) min for extubation. Particle generation compared with 
coughing is described in detail in Table S1.

All procedures were comparable statistically to concentrations 
seen in coughing in total particle concentration (p = .224– .870) 
and in all discreet size ranges (<1 µm: p = .220– 0.883; 1– 5 µm 
p = .051–  .225; >5 µm: p = .020– .319) after Bonferroni correction. 
Mask ventilation generated the highest measured individual total 
particle concentration of 1154 particles/cm³. Aerosol generation 
during mask ventilation varied greatly (range of the total particle 
concentration means during mask ventilation was 0.000– 94.919 par-
ticles/cm³). We evaluated the possible relations of age and BMI with 
mask fitting. Correlations were not statistically significant between 
total particle concentration means and age (rₛ = 0.041, p = .828) or 
BMI (rₛ = −0.047, p = .801).

Figure 1 shows particle concentrations (A) and particle size dis-
tributions (B) in different anesthesia procedures.

Intubation and extubation were further divided into subcatego-
ries. Difficult intubation produced significantly less particles than 
normal intubation (p ≤ .01) or coughing (p = .006). Mean detected 
particle concentration during normal intubation was thus over 500 
times higher than during difficult intubation (mean 7.080 vs. 0.013 
particles/cm³). Particle concentration differences between normal 
and difficult intubations are seen in Figure 2. Potential mask venti-
lation between difficult intubation attempts was excluded from the 
analysis to assess the particle generation caused by the intubation.

Extubations were further analyzed by intubation tube type used 
(normal or laser) and by whether patients were coughing or not 
coughing during extubation. No statistical differences emerged be-
tween these subgroups. Coughing occurred in 40% of extubations 
with a laser tube and in 47% of extubations with a normal tube. 
Detailed information is presented in Figure 3 and Table S2.

An example of measured particle generation during anesthesia 
induction is provided in Figure 4.

4  |  DISCUSSION

We measured aerosol generation and size distributions in differ-
ent phases of general anesthesia, including preoxygenation, mask 
ventilation, intubation and extubation and their different variations 
under real- life situations. None of the general anesthesia procedures 
generated a statistically significant higher amount of aerosols than 
coughing, and thus their definition as high- risk AGPs should be re- 
considered. Contrary to the previous assumption, difficult intuba-
tions generated significantly fewer aerosols than coughing and can 
rather be regarded as low- risk AGP.

4.1  |  Preoxygenation and mask ventilation

Mean particle generation during preoxygenation and mask venti-
lation did not statistically exceed the mean aerosol generation of 

coughing, and thus listing these procedures as high- risk AGPs is 
problematic. Still, aerosol generation was not significantly lower 
than coughing, either. The maximum concentrations were higher 
during preoxygenation and mask ventilation than ones measured 
during coughing, which may partly be explained by particles origi-
nating directly from the oxygen source.

This study observed that aerosol generation during bag- valve- 
mask ventilation varied greatly, from no detectable particles to the 
highest detected number of particles. Since all exhaust air was fil-
tered and no leakage was detected from the bag- valve- mask, it is 
reasonable to expect that the particles observed during mask venti-
lation were released due to face- mask seal leakage which has shown 
to be the most common leakage.37 Because of the many variants 
related to the fitting of the mask, small leakages quite often occur, as 
reflected by the results. In line with this, Dhillon et al.27 found that 
mask ventilation produced 200– 300 times higher particle concen-
trations than the background. Furthermore, in small cohort- studies, 
mask ventilation was associated with increased risk of SARS- CoV- 1 
transmission in health care workers.14– 16 Thus, it is important to (1) 
use exhale valve filters to protect HCWs from airborne infections 
and (2) ensure as a tight fit as possible in the face- mask interface. 
If ensuring tight fit is not possible, a higher aerosol exposure is ex-
pected and can be clinically significant especially when mask venti-
lation continues for several minutes.

In preoxygenation, most of the particles likely originate from 
the oxygen source and are potentially nonpathogenic. During mask 
ventilation, by contrast, air is directed into the patient’s airways by 
positive pressure. Air moistures as relative humidity rises and warms 
in the patient’s airways and aerosol particles will swell accordingly, 
growing in size and possibly collecting pathogens.38,39 Particles that 
arise from the airways are more likely to be infective.

4.2  |  Intubation and extubation

During intubations, the mean particle generation did not exceed 
coughing statistically. Interestingly, difficult intubation produced 
significantly fewer aerosols than uncomplicated intubation. The 
higher amounts seen in normal intubations are possibly caused due 
to staff movement right after successful intubation often seen dur-
ing taping. This potentially results in increased detection of particles 
not originating from the patient.

During difficult intubations, where the time spent for laryn-
goscopy and tube insertion increases, significantly fewer aerosols 
were generated than during coughing. This supports that intubation 
should be considered as low- risk AGP. During intubation, the patient 
does not breathe and the movement of the tube is towards the lower 
airways. Thus, it is not surprising that intubation itself did not pro-
duce aerosols. The use of videolaryngoscopy can be regarded even 
safer procedure as it offers to the physician the possibility to stay 
further away from patients airway. However, there should not be 
other differences that should affect to aerosol generation between 
direct laryngoscopy and videolaryngoscopy.
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Brown et al.19 observed similarly a negligible amount of aerosol 
production during intubation. By contrast, according to a system-
atic review including case- control and cohort studies, tracheal in-
tubation may be a risk factor for SARS- CoV- 1 infection.18 Although 
intubation is associated with an increased risk of infections, other 
reasons than the actual laryngoscopy may be more significant for 
infection risk. We agree with Klompas et al.40 that the paradox that 
intubation is associated with higher infection risk is probably due to 
close range, for example, patients coughing and breathing heavily 
before intubation and given oxygen support, instead of intubation 
itself. We also agree with Wilson et al.41 that respiratory activities, 
such as coughing, can generate a higher risk for aerosol exposure 
than procedures classically classified as AGPs, as seen in our data 
during difficult intubations. Similarly, the exposure time during dif-
ferent respiratory activities and medical procedures should be con-
sidered as an important part when assessing the overall risk. Despite 
high aerosol amounts seen while coughing or in the peaks during 
mask ventilation, the overall cumulative exposure, and thus infective 
dose, may be considerably higher during for example long discussion 
with the patient.

In our study, extubation generated aerosol concentrations com-
parable to coughing. Instead, in Brown et al's. work extubation 

generated smaller amounts of aerosol than coughing.19 This differ-
ence potentially arrives from our larger cough data and thus vari-
ability seen between aerosol generation in different people who 
coughed. Extubation with coughing produced four times more par-
ticles (total mean 2.875 vs. 0.945 p/cm³) than non- coughing even 
there was no statistically significant difference. This trend is similar 
than observed by Dhillon et al. who noted the highest peak increase 
during extubation when patient was coughing.27

4.3  |  Variability in aerosol generation

High variability is seen regarding both aerosol generation between 
different persons during coughing and in our measurements dur-
ing general anesthesia procedures. This variability is consistent 
with previous studies and further research to explain the reasons is 
needed.19,27,42 This variation seen in respiratory activities including 
speaking and breathing has been speculated to explain also super-
spreading events.43 The precautionary principle should be applied 
to consider all patients to be potentially highly aerosol- generating 
ones. This also results that high- risk AGPs should exceed this natural 
variation to justify the use of better PPE. Regarding highly transmis-
sible airborne pathogens the aerosol precautions should be adopted 
already in the regular patient care. Our results indicate rather that 
the mean aerosol concentrations in analyzed procedures are at the 
comparable level with coughing and upgrading PPE for these pro-
cedures alone is questionable considering the overall infection risk. 
However, an exception may be a situation where poorly sealed and 
possibly prolonged mask ventilation is expected in a potentially in-
fectious patient.

In addition to the exposure threshold, determining the number 
of viral copies per average aerosol particle is essential for risk as-
sessment regarding exposure to airborne pathogens. The size dis-
tribution of particles is important. SARS- CoV- 2 has been found in 
multiple size ranges, but mainly detected viral copies have been in 
particles <5 µm.6,7,44 Overall, respiratory pathogens are found es-
pecially in particles <5 µm.29– 31,45 Most of the particles in our study 
were <1 µm of size. These small aerosols can remain in the air for 
long periods,46 and can be inhaled to the alveolar level,47 thus being 
a challenge in infection prevention. Still, it is not fully known whether 
aerosol concentration or the aerosol mass is more important regard-
ing the infection risk. This research field is still in its infancy and 
more investigations are needed.

F I G U R E  1  Particle concentration (A) and size distribution (B) of preoxygenation, mask ventilation, intubation and extubation compared 
to cough controls and operation room background. (A) Total particle concentration (A), particles < 1 μm (B), particles 1– 5 μm (C) and 
particles > 5 μm. (D) during consecutive procedures: Preoxygenation (preox), mask ventilation (mask), intubation (intub) and extubation 
(extub) in black dots. Cough controls as grey dots and operation room background (OR) as circles. OR background was statistically 
significantly lower than any anesthesia procedure in all particle sizes (all p ≤ .001). Note the logarithmic scale on the y- axis. To be depicted, 
the zero values have been replaced with the lowest value of the y- axis. (B) Average size distribution of observed aerosols and average 
fractions of these aerosols in different size ranges compared with background and coughing data in four main cathegories (preoxygenation, 
yellow; mask ventilation, red; intubation, blue; and extubation, green) expressed as mean ± standard deviation. Dp refers to diameters of  
the observed particles and dN/dlogDp is the concentration expressed as particles per cubic centimetre

F I G U R E  2  Particle concentration with normal and difficult 
intubation. Total particle concentration and particle concentrations 
in discreet size ranges during intubation in patients with normal 
(black dots, N = 24) and difficult (circles, N = 4) intubation. Potential 
mask ventilation between intubation attempts was excluded from 
the analysis. *p ≤ .001, normal vs. difficult intubation. Note the 
logarithmic scale on the y- axis. To be depicted, the zero values have 
been replaced with the lowest value of the y- axis
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4.4  |  Strengths and weaknesses

This study analyzed aerosol generation during general anesthesia in 
normal OR environment assessing all main phases of airway man-
agement of anesthesia induction and extubation and explored the 
particle exposure that OR staff confronts during these procedures. 
We evaluated the results with similarly collected cough data, a gen-
erally accepted prerequisite to estimate the level of aerosol produc-
tion compared to aerosol spikes seen in normal patien care. These 
results provide much- needed information on currently listed AGPs 
in anesthesia and their measured particle generation.

Real- time measurements in a clinical operating context are both 
a strength and a weakness of this study. The movement of the staff 
possibly increased the number of detected particles not originating 
from the patient. The movement was recorded by a research nurse, 
which helped the interpretation of the data. All raw data were qual-
ity controlled before analysis so that all measurement points outside 
the procedures being examined were removed from the analysis as 
well as points with possible interfering factors in the OR. This study 
method measures the particle exposure of OR staff members, it 
does not measure a complete number of all produced particles. The 
real life OR circumstances caused variation in the measurement dis-
tances, although still reflecting the exposure of the staff, this might 
underestimate the aerosol exposure in very near distance during 
studied procedures. However, as aerosols follow air flows, the aero-
sol concentration do not always follow linear decrease in the outside 
laboratory measurements. For studies to come, multiple similar mea-
surement points from different distances at the same time is recom-
mended to further understand the correlation between distance and 
environmental factors in ORs. It should be kept in mind that these 
measurements were conducted in highly ventilated ORs and if par-
ticles are seen in the OR it is expected that the cumulative number 
of particles is much higher in a conventional indoor environment and 
the clearance slower. However, the aerosol generation ratio is not 
affected by the change of the environment, thus enabling the ex-
pectation that the comparison between aerosol generation during 
coughing and studied procedures is generalizable to other environ-
ments. The interpretation of results becomes easier when we start 
to better understand the infectivity and spread of viruses, indicating 
that more multidisciplinary research is needed. Because of the quan-
titative nature of our data, we hope that these results can be further 
analyzed as general knowledge in this scientific field increases.

5  |  CONCLUSION

All procedures during general anesthesia generate mainly small, <1 
µm, aerosol particles. These small aerosols can remain suspended 
in the air for long periods and can be inhaled to the alveolar level. 
According to our findings, the listing of preoxygenation, mask ven-
tilation, intubation, and extubation as high- risk AGPs should be re- 
considered. Still, aerosol generation was comparable to coughing. 

F I G U R E  3  Particle concentration during intubation (A) and 
extubation (B) with normal and laser tube, and during extubation 
(C) with and without coughing. (A) Total particle concentration and 
particle concentrations in discreet size ranges during intubation 
in patients with normal (black dots) and laser (circles) intubation 
tube. (B) Total particle concentration and particle concentrations 
in discreet size ranges during extubation in patients with normal 
(black dots) and laser (circles) intubation tube. (C) Total particle 
concentration and particle concentrations in discreet size ranges 
during extubation in patients with (black dots) and without (circles) 
cough. Note the logarithmic scale on the y- axis. To be depicted, 
the zero values have been replaced with the lowest value of the 
y- axis
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Furthermore, due to the vast inter- individual differences, with some 
patients high amounts of aerosol were observed. These results can 
be applied to the risk assessment of airborne infection in ORs.

ACKNOWLEDG EMENTS
The authors thank Ms. Catharina Pomoel and Mr. Sampo Oksanen 
for their help and contributions to the study. The Academy of 
Finland COVID- 19 funding No 335681 is gratefully acknowledged 
as well as Helsinki University Hospital research grant M7100COVID. 
None of the authors declares any conflicts of interest. Preliminary 
data for this study were presented as a digital oral presentation at 
the 13th Congress of the European Laryngological Society 2021, 28 
May 2021 and as a digital oral poster presentation at the European 
Aerosol Conference 2021, 30 August 2021. The data that support 
the findings of this study are available from the corresponding au-
thor upon reasonable request.

AUTHOR CONTRIBUTION
L- MO and ES: Conceptualization, methodology, validation, for-
mal analysis, investigation, resources, writing original draft, ed-
iting, project administration, funding. SS: Methodology, formal 
analysis, writing— original draft. NR: Formal analysis, visualization. 
ML: Methodology, formal analysis, visualization, writing— review & 
editing. V- JA: Conceptualization, methodology, resources, writing— 
review & editing LL: Conceptualization, methodology, resources, 
writing— review & editing, funding. NA: Writing— review and edit-
ing, funding acquisition. EP: Methodology, formal analysis, visu-
alization, writing— review & editing. AG: Project administration, 
conceptualization, writing— review & editing, supervision. A- PH: 
Conceptualization, methodology, formal analysis, validation, writing 
original draft, editing.

ORCID
Lotta- Maria Oksanen  https://orcid.org/0000-0002-0344-5078 

R E FE R E N C E S
 1. Tang JW, Bahnfleth WP, Bluyssen PM, et al. Dismantling myths on 

the airborne transmission of severe acute respiratory syndrome 
coronavirus (SARS- CoV- 2). J Hosp Infect. 2021;110:89– 96.

 2. Zhang R, Li Y, Zhang AL, Wang Y, Molina MJ. Identifying airborne 
transmission as the dominant route for the spread of COVID- 19. 
Proc Natl Acad Sci USA. 2020;117:14857– 14863.

 3. Wilson N, Corbett S, Tovey E. Airborne transmission of covid- 19. 
BMJ. 2020;370:m3206.

 4. Morawska L, Milton DK. It is time to address airborne transmis-
sion of coronavirus disease 2019 (COVID- 19). Clin Infect Dis. 
2020;71:2311– 2313.

 5. Greenhalgh T, Jimenez JL, Prather KA, et al. Ten scientific rea-
sons in support of airborne transmission of SARS- CoV- 2. Lancet. 
2021;397(10285):1603– 1605.

 6. Coleman KK, Tay DJW, Tan KS, et al. Viral load of severe acute respi-
ratory syndrome coronavirus 2 (SARS- CoV- 2) in respiratory aero-
sols emitted by patients with coronavirus disease 2019 (COVID- 19) 
while breathing, talking, and singing. Clin Infect Dis. 2021. 10.1093/
CID/CIAB691

 7. Oksanen L- M, Virtanen J, Sanmark E, et al. SARS- CoV- 2 Air and 
Surface Contamination on a COVID- 19 Ward and at Home; 2021. 
10.21203/ RS.3.RS- 10025 47/V1

 8. Infection Control: Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS- CoV- 2). CDC. https://www.cdc.gov/coron aviru s/2019- ncov/
hcp/infec tion- contr ol- recom menda tions.html

 9. WHO. Infection Prevention and Control of Epidemic-  and Pandemic- 
Prone Acute Respiratory Diseases in Health Care. WHO; 2010.

 10. Clinical Questions about COVID- 19: Questions and Answers. CDC. 
https://www.cdc.gov/coron aviru s/2019- ncov/hcp/faq.htm-
l?CDC_AA_refVa l=https %3A%2F%2Fwww.cdc.gov%2Fcor onavi 
rus%2F201 9- ncov%2Fhcp %2Finf ectio n- contr ol- faq.html

 11. World Health Organization. Infection Prevention and Control 
During Healths Care When Coronavirus Disease (COVID- 19) is 

F I G U R E  4  An example of total particle generation during anesthesia induction. Total particle generation during anaesthesia induction. 
An example from a difficult intubation. Particle concentration measured at 10- s intervals. Periods of preoxygenation, mask ventilation, 
intubation and taping are colour- coded, and starting points for the procedures are marked under the x- axis. Operating room information: 
58.5 m2, 140 m3, temp. 20.5°C, RH 37.5 %, room air exchanges 30 times/h. Particle generation is seen during mask ventilation due to face 
leakage. No aerosol generation is seen in any intubation tube insertion attempts. C- MAC scope, videolaryngoscope. Green: preoxygenation 
with oxygen mask. Peach: mask ventilation. Red: insertion of the Gluedel airway tube. Blue: intubation (including direct/video laryngoscopy 
and tracheal intubation, inflation of intubation tube cuff/s and securing of intubation tube by taping). Pink: preparing for the operation

https://orcid.org/0000-0002-0344-5078
https://orcid.org/0000-0002-0344-5078
https://doi.org/10.1093/CID/CIAB691
https://doi.org/10.1093/CID/CIAB691
https://doi.org/10.21203/RS.3.RS-1002547/V1
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/faq.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fcoronavirus%2F2019-ncov%2Fhcp%2Finfection-control-faq.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/faq.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fcoronavirus%2F2019-ncov%2Fhcp%2Finfection-control-faq.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/faq.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fcoronavirus%2F2019-ncov%2Fhcp%2Finfection-control-faq.html


472  |    OKSANEN Et Al.

Suspected or Confirmed; 2021. https://apps.who.int/iris/bitst 
ream/handl e/10665/ 34262 0/WHO- 2019- nCoV- IPC- 2021.1- eng.
pdf?seque nce=1&isAll owed=y

 12. Kowalski LP, Sanabria A, Ridge JA, et al. COVID- 19 pandemic: 
effects and evidence- based recommendations for otolaryngol-
ogy and head and neck surgery practice. Head Neck. 2020;42: 
1259– 1267.

 13. Ti LK, Ang LS, Foong TW, Ng BSW. What we do when a COVID- 19 
patient needs an operation: operating room preparation and guid-
ance. Can J Anesth. 2020;67:756– 758.

 14. Fowler RA, Guest CB, Lapinsky SE, et al. Transmission of severe 
acute respiratory syndrome during intubation and mechanical ven-
tilation. Am J Respir Crit Care Med. 2004;169:1198– 1202.

 15. Raboud J, Shigayeva A, McGeer A, et al. Risk factors for SARS 
transmission from patients requiring intubation: a multicentre in-
vestigation in Toronto, Canada. PLoS One. 2010;5:e10717.

 16. Loeb M, McGeer A, Henry B, et al. SARS among critical care nurses, 
Toronto. Emerg Infect Dis. 2004;10:251– 255.

 17. Scales DC, Green K, Chan AK, et al. Illness in intensive care staff 
after brief exposure to severe acute respiratory syndrome. Emerg 
Infect Dis. 2003;9:1205– 1210.

 18. Tran K, Cimon K, Severn M, Pessoa- Silva CL, Conly J. Aerosol gen-
erating procedures and risk of transmission of acute respiratory 
infections to healthcare workers: a systematic review. PLoS One. 
2012;7:35797.

 19. Brown J, Gregson FKA, Shrimpton A, et al. A quantitative evalua-
tion of aerosol generation during tracheal intubation and extuba-
tion. Anaesthesia. 2021;76:174– 181.

 20. Public Health England, W. H. Infection Control Precautions to 
Minimise Transmission of Acute Respiratory Tract Infections in 
Healthcare Settings; 2016.

 21. Jackson T, Deibert D, Wyatt G, et al. Classification of aerosol- 
generating procedures: a rapid systematic review. BMJ Open Respir 
Res. 2020;7:e000730.

 22. Independent High Risk AGP Panel Summary of Recommendations 
Arising from Evidence Reviews to Date— GOV.UK. https://www.
gov.uk/gover nment/ publi catio ns/indep enden t- high- risk- agp- panel -   
summa ry- of- recom menda tions/ indep enden t- high- risk- agp- panel -   
summa ry- of- recom menda tions - arisi ng- from- evide nce- revie 
ws- to- date

 23. Hamilton FW, Gregson FKA, Arnold DT, et al. Aerosol emis-
sion from the respiratory tract: an analysis of aerosol genera-
tion from oxygen delivery systems. Thorax. 2021. 10.1136/thora 
xjnl-  2021- 217577

 24. Begley JL, Lavery KE, Nickson CP, Brewster DJ. The aerosol box for 
intubation in coronavirus disease 2019 patients: an in- situ simula-
tion crossover study. Anaesthesia. 2020;75:1014– 1021.

 25. Azhar MN, Bustam A, Poh K, et al. COVID- 19 aerosol box as protec-
tion from droplet and aerosol contaminations in healthcare workers 
performing airway intubation: a randomised cross- over simulation 
study. Emerg Med J. 2021;38:111– 117.

 26. St Pierre M. Safe patient care— safety culture and risk management 
in otorhinolaryngology. GMS Curr Top Otorhinolaryngol Head Neck 
Surg. 2013;12:Doc09.

 27. Dhillon RS, Rowin WA, Humphries RS, et al. Aerosolisation during 
tracheal intubation and extubation in an operating theatre setting. 
Anaesthesia. 2021;76:182– 188.

 28. Sanmark E, Oksanen L- M, Rantanen N, et al. Aerosol generation 
during coughing— quantitative definition for aerosol generat-
ing procedures: observational study. Medrxiv. 2021. 10.1101/ 
2021.08.24.21262520

 29. Fennelly KP, Jones- López EC, Ayakaka I, et al. Variability of infec-
tious aerosols produced during coughing by patients with pulmo-
nary tuberculosis. Am J Respir Crit Care Med. 2012;186:450– 457.

 30. Lindsley WG, Blachere FM, Thewlis RE, et al. Measurements of air-
borne influenza virus in aerosol particles from human coughs. PLoS 
One. 2010;5:e15100.

 31. Fennelly KP. Particle sizes of infectious aerosols: implications for 
infection control. Lancet Respir Med. 2020;8:914– 924.

 32. Asadi S, Cappa CD, Barreda S, et al. Efficacy of masks and face cov-
erings in controlling outward aerosol particle emission from expira-
tory activities. Sci Rep. 2020;10:1– 13.

 33. Verma S, Dhanak M, Frankenfield J. Visualizing the effective-
ness of face masks in obstructing respiratory jets. Phys Fluids. 
2020;32:061708.

 34. AIA Ventilation Requirements Hospitals and Outpatient Facilities. 
2006. https://www.berri man- usa.com/pdf_broch ures/aia- guide lines - 
 const ructi on- 2006- 1.pdf

 35. NHS England and NHS Improvement Health Technical 
Memorandum 03- 01: Specialised Ventilation for Healthcare 
Premises. Part A 2021. https://www.engla nd.nhs.uk/wp- conte nt/
uploa ds/2021/05/HTM03 01- PartA - acces sible - F6.pdf

 36. Sze To GN, Chao CYH. Review and comparison between the Wells- 
Riley and dose- response approaches to risk assessment of infec-
tious respiratory diseases. Indoor Air. 2010;20:2– 16.

 37. Chan MTV, Chow BK, Lo T, et al. Exhaled air dispersion during bag- 
mask ventilation and sputum suctioning- Implications for infection 
control. Sci Rep. 2018;8.

 38. Walker JEC, Wells RE. Heat and water exchange in the respiratory 
tract. Am J Med. 1961;30:259– 267.

 39. Orr C, Hurd FK, Corbett WJ. Aerosol size and relative humidity.  
J Colloid Sci. 1958;13:472– 482.

 40. Klompas M, Baker M, Rhee C. What is an aerosol- generating proce-
dure? JAMA Surg. 2021;156:113– 114.

 41. Wilson NM, Marks GB, Eckhardt A, et al. The effect of respira-
tory activity, non- invasive respiratory support and facemasks on 
aerosol generation and its relevance to COVID- 19. Anaesthesia. 
2021;76(11):1465– 1474. 10.1111/anae.15475

 42. Lee J, Yoo D, Ryu S, et al. Quantity, size distribution, and characteris-
tics of cough- generated aerosol produced by patients with an upper 
respiratory tract infection. Aerosol Air Qual. Res. 2019;19:840– 853.

 43. Asadi S, Wexler AS, Cappa CD, et al. Aerosol emission and super-
emission during human speech increase with voice loudness. Sci 
Rep. 2019;9:1– 10.

 44. Liu Y, Ning Z, Chen YU, et al. Aerodynamic analysis of SARS- CoV- 2 
in two Wuhan hospitals. Nature. 2020;582:557– 560.

 45. Patterson B, Morrow C, Singh V, et al. Detection of Mycobacterium 
tuberculosis bacilli in bio- aerosols from untreated TB patients. 
Gates Open Res. 2017;1:11.

 46. Hinds WC. Aerosol Technology: Properties, Behavior, and Measurement 
of Airborne Particles. Wiley; 1999.

 47. Morawska L, Buonanno G. The physics of particle formation and 
deposition during breathing. Nat Rev Phys. 2021;3:300– 301.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Oksanen L- M, Sanmark E, Sofieva S, 
et al. Aerosol generation during general anesthesia is 
comparable to coughing: An observational clinical study. Acta 
Anaesthesiol Scand. 2022;66:463– 472. doi:10.1111/aas.14022

https://apps.who.int/iris/bitstream/handle/10665/342620/WHO-2019-nCoV-IPC-2021.1-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/342620/WHO-2019-nCoV-IPC-2021.1-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/342620/WHO-2019-nCoV-IPC-2021.1-eng.pdf?sequence=1&isAllowed=y
https://www.gov.uk/government/publications/independent-high-risk-agp-panel-summary-of-recommendations/independent-high-risk-agp-panel-summary-of-recommendations-arising-from-evidence-reviews-to-date
https://www.gov.uk/government/publications/independent-high-risk-agp-panel-summary-of-recommendations/independent-high-risk-agp-panel-summary-of-recommendations-arising-from-evidence-reviews-to-date
https://www.gov.uk/government/publications/independent-high-risk-agp-panel-summary-of-recommendations/independent-high-risk-agp-panel-summary-of-recommendations-arising-from-evidence-reviews-to-date
https://www.gov.uk/government/publications/independent-high-risk-agp-panel-summary-of-recommendations/independent-high-risk-agp-panel-summary-of-recommendations-arising-from-evidence-reviews-to-date
https://www.gov.uk/government/publications/independent-high-risk-agp-panel-summary-of-recommendations/independent-high-risk-agp-panel-summary-of-recommendations-arising-from-evidence-reviews-to-date
https://doi.org/10.1136/thoraxjnl-2021-217577
https://doi.org/10.1136/thoraxjnl-2021-217577
https://doi.org/10.1101/2021.08.24.21262520
https://doi.org/10.1101/2021.08.24.21262520
https://www.berriman-usa.com/pdf_brochures/aia-guidelines-construction-2006-1.pdf
https://www.berriman-usa.com/pdf_brochures/aia-guidelines-construction-2006-1.pdf
https://www.england.nhs.uk/wp-content/uploads/2021/05/HTM0301-PartA-accessible-F6.pdf
https://www.england.nhs.uk/wp-content/uploads/2021/05/HTM0301-PartA-accessible-F6.pdf
https://doi.org/10.1111/anae.15475
https://doi.org/10.1111/aas.14022

