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IMPORTANCE During respiratory disease outbreaks such as the COVID-19 pandemic,

aerosol-generating procedures, including tracheostomy, are associated with the risk of viral

transmission to health care workers.

OBJECTIVE To quantify particle aerosolization during tracheostomy surgery and tracheostomy

care and to evaluate interventions that minimize the risk of viral particle exposure.

DESIGN, SETTING, AND PARTICIPANTS This comparative effectiveness studywas conducted

from August 2020 to January 2021 at a tertiary care academic institution. Aerosol generation

wasmeasured in real time with an optical particle counter during simulated (manikin)

tracheostomy surgical and clinical conditions, including cough, airway nebulization, open

suctioning, and electrocautery. Aerosol sampling was also performed during in vivo swine

tracheostomy procedures (n = 4), with or without electrocautery. Fluorescent dye was used

to visualize cough spread onto the surgical field during swine tracheostomy. Finally, 6

tracheostomy coverings were compared with no tracheostomy covering to quantify

reduction in particle aerosolization.

MAIN OUTCOMES ANDMEASURES Respirable aerosolized particle concentration.

RESULTS Cough, airway humidification, open suctioning, and electrocautery produced

aerosol particles substantially above baseline. Compared with uncovered tracheostomy,

decreased aerosolization was found with the use of tracheostomy coverings, including a

cottonmask (73.8% [(95% CI, 63.0%-84.5%]; d = 3.8), polyester gaiter 79.5% [95% CI,

68.7%-90.3%]; d = 7.2), humidificationmask (82.8% [95% CI, 72.0%-93.7%]; d = 8.6), heat

moisture exchanger (HME) (91.0% [95% CI, 80.2%-101.7%]; d = 19.0), and surgical mask

(89.9% [95% CI, 79.3%-100.6%]; d = 12.8). Simultaneous use of a surgical mask and HME

decreased the particle concentration compared with either the HME (95% CI, 1.6%-12.3%;

Cohen d = 1.2) or surgical mask (95% CI, 2.7%-13.2%; d = 1.9) used independently. Procedures

performedwith electrocautery increased total aerosolized particles by 1500 particles/m3 per

5-second interval (95% CI, 1380-1610 particles/m3 per 5-second interval; d = 1.8).

CONCLUSIONS AND RELEVANCE The findings of this laboratory and animal comparative

effectiveness study indicate that tracheostomy surgery and tracheostomy care are associated

with significant aerosol generation, putting health care workers at risk for viral transmission of

airborne diseases. Combined HME and surgical mask coverage of the tracheostomywas

associated with decreased aerosolization, thereby reducing the risk of viral transmission to

health care workers.
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P
rotecting health care workers from nosocomial viral

transmission is critical while treating patients with re-

spiratory infections. In particular, SARS-CoV-2, the vi-

rus that causes COVID-19, is primarily transmitted via respi-

ratorydropletandaerosolizationspreadofviral-ladenparticles

throughclose-rangeperson-to-personcontact.1,2Studieshave

shown that speakingandcoughingproduceamixtureofdrop-

lets and aerosol particles (<5-10 μm in diameter) that are ca-

pable of remaining suspended in the environment for hours.3

TheRNAfor SARS-CoV-2,which is approximately0.1μm indi-

ameter, has been recovered from air samples in hospitals,

where rooms with poor ventilation prolong airborne time of

infectious aerosols.4 Therefore, aerosol-generating proce-

dures (AGPs) pose risks of viral transmission to health care

workersperforming thoseprocedures, aswell as tonearbyhos-

pital staff and any present family members.5

Airwaysurgery, including tracheostomy,andtracheostomy

suctionandcleaningareAGPsthatposeriskstootolaryngologists,

othersurgeonswhoperformtracheostomy,andcriticalcarephy-

sicians, nurses, and health careworkers owing to high concen-

trationsofSARS-CoV-2 inupperairwaysecretions.6-8Tracheos-

tomyisespeciallypertinenttoSARS-CoV-2infectionbecausepa-

tientswhoarehospitalizedwithCOVID-19oftenrequireprolonged

intubationandsubsequenttracheostomytoreducetheriskof la-

ryngotracheal injury.Asystematic reviewrankedtracheostomy

as thesecondhighest riskAGP, justbehindtracheal intubation.9

Inaseparatecase-control study,10healthcareworkerswhoper-

formedtracheotomyduring theSARS-CoV-1epidemicwere4.15

times as likely to contract thevirus than thosewhodidnotper-

form tracheotomy. Furthermore, patientswith a tracheostomy

may be infectious for a longer period of time owing to delayed

clearanceofviralRNAincritically illpatients.11 Inadditiontosur-

gical risks, viral aerosolizationmay also occur during tracheos-

tomycareafterweaning fromtheventilatorduringbronchosco-

pies,suctioninganddressingchanges,andpatientcough.12 Inpa-

tientswithCOVID-19orpatientsunder investigationwhorequire

tracheostomy, it is critical toprevent and reduceaerosol spread

that puts the health care teamat risk.

Many recommendations have been proposed to mini-

mize aerosol transmission. Proof-of-concept enclosures have

beendesigned to reduceaerosolizationduring surgery.13-16Be-

tancourt-Ramirez et al17 suggested a percutaneous tracheos-

tomy technique tominimizeaerosolization inwhichmechani-

calventilation is stoppeduntil tracheostomytube insertionand

balloon inflation. During ventilation andweaning, closed cir-

cuit ventilation systems have also been proposed to reduce

aerosolization from patients with a tracheostomy.18 How-

ever, those studiesdonotquantifyor showareduction inaero-

solizedparticleswith theproposed interventions.Other stud-

ies have measured viral particle aerosolization during

intubationorextubation,19,20bronchoscopy,20,21andotherpo-

tential AGPs,22-24 but none of the studies quantify aerosoliza-

tion during tracheostomy surgery and tracheostomy care.

This comparative effectiveness study aimed to measure

aerosolized particle generation during tracheostomy surgery

and tracheostomy care (suction, nebulization, and cough).

It was hypothesized that tracheostomy coverings, including

heat moisture exchangers (HMEs) and masks, would reduce

aerosolparticle generationandwouldbehighlyeffective strat-

egies to reduce aerosol exposure of health careworkers. Aero-

sol generationwas evaluatedduring swine tracheostomy sur-

gery to identify the high aerosol generating periods of the

procedure and to assess aerosol concentrations relative to the

positionsof the surgeon, anesthesiologist, andoperating room

staff. This work will inform strategies to reduce viral spread

during care of patients requiring tracheostomy.

Methods

Aerosol Sampling

Aerosol particle samplingwasperformedusing anoptical par-

ticlecounter (OPC) (NanozenDustCount9000) tomeasurepar-

ticle concentration and size distribution of respirable par-

ticles with a diameter smaller than 4 μm (Figure 1). In

occupationalhealth, respirableparticles (ie,particleswithaero-

dynamic diameter <4 μm) are defined as the fraction of in-

haled particles capable of penetrating beyond the ciliated

airways.25-27 The OPC uses a flow rate of 1 L/min, with mea-

surements occurring every 5 seconds, measuring particles in

6 distinct size bins. Experimental particle counts were nor-

malized to 2-minute background baseline readings in a simu-

latedoperating roomat the start of each sessionprior to simu-

lated patient care activities. This study was reviewed and

approved by the institutional animal care and use committee

of Johns Hopkins University and followed the Animals in Re-

search: Reporting In Vivo Experiments (ARRIVE) guidelines.

Swine Tracheostomy Procedure and CoughMeasurement

Aerosolizedparticlesweremeasuredduring tracheostomypro-

ceduresperformedinswine.Operatingsurgeonsmaintainedfull

personal protective equipment, including a head cover, gown,

gloves, face shield, surgicalmask, and eyeprotection. TheOPC

was positioned at a surgeon’s approximate head height (1.5 m)

horizontally 80 cm from the pig’s airway. Key surgical events

were recorded, including skin incision, tracheal incision, tra-

cheostomy tube insertion, and tracheostomy tube secure-

ment. Two surgical procedures were performed using electro-

Key Points

Question What are the risks of viral aerosolization and ways to

minimize exposure during tracheostomy surgery and

tracheostomy care?

Findings In this comparative effectiveness study using animal and

manikin trials, tracheostomy surgery and tracheostomy care

(cough, airway humidification, and suctioning of the

tracheostomy) produced significant respirable aerosolized

particles above baseline. The combination of a heat moisture

exchanger and surgical mask was themost effective covering to

reduce aerosolized particle exposure from a tracheostomy.

Meaning Tracheostomy surgery and tracheostomy care generate

substantial aerosols, but a combination of heat moisture

exchanger and surgical mask coverage of the tracheostomywas

associated with a significant decrease in the risk of viral

transmission to health care workers.
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cautery, and 2 surgical procedures were performed with cold

instrumentation. After tracheostomy placement, an artificial

cough fromthepig tracheostomawasperformedwith 1 to2mL

of fluorescentdyesolution (25mgof fluorescein in 10mLofwa-

ter) tovisualize fluorescencespreadonthesurgical fieldandthe

associated risk to health care workers present during surgery.

Tracheostomy Care: Cough, Suction,

and NebulizationMeasurements

Cough simulationwas repeated using a tracheostomymanikin

tomeasureparticle concentrationatvarioushealthcareworker

positions in a patient room,with the OPC at approximate head

level (1.5m).Coughwassimulated togenerateaerosolizationof

1 to 2mLof saline by injecting 60mLof air into a tracheostomy

tubewith thedistal endoccluded to allow for particle emission

throughthestoma.Thiswasrepeated6timesfor30secondseach

time (average flowrateof 18L/minper cough,withpeak flowat

approximately 36L/min),whichwasmodeled after cough flow

rates measured in hospitalized patients.28 With the OPC at a

30-cmverticaldistancefromthetracheostomy,particleconcen-

tration was also measured during 30 seconds of tracheostomy

opensuctioning,uncoverednebulizationwithahumidification

mask(CareFusion;AirLife),andnebulizationwithasurgicalmask.

Mask Evaluation

Tracheostomy mask coverings, including tracheal humidifi-

cationmask, cottonmask,polyestergaiter, surgicalmask,HME

(Covidien), and simultaneous HMEwith surgical mask, were

comparedwith anunmasked control. Anebulizer (MistyMax;

AirLife) set at 6 L/minwas connected to themanikin lungs to

simulateparticle exposure.Experimentswereperformedwith

3 replicates for30secondseach,andawindowedmovingmean

for each 5-second particle concentration measurement was

computed to account for small periodic fluctuations.

Electrocautery Simulation

Simulationwasperformedinanexvivopigtracheaspecimen.The

OPCintakeportwasplacedatapproximateheadlevel(1.5m),with

varioushorizontal distances fromthe tracheostomysite to rep-

resent thepositioningofoperating roomteammembers.Respi-

rableparticle generationduring 30 secondsof continuous elec-

trocautery of the paratrachealmuscleswas computed.

Statistical Analysis

Mean background particle concentration was measured in a

quiet room for each session and subtracted from the experi-

mental condition as previously described.13,22We usedMAT-

LAB R2017b, version 9.3.0 (MathWorks), to perform 1-way

analysis of variance with pairwise comparison to assess par-

ticle concentrationdifferences duringmask conditions. Two-

sample t test was used to compare differences in aerosolized

particles during the various experimental setups, and Cohen

d was calculated to determine the effect size. Prism statisti-

cal software, version8 (GraphPadSoftware),wasused fordata

visualization. A 2-sided value of P < .05 was considered sta-

tistically significant.

Results

Aerosolization During Tracheostomy Care: Cough,

Suction, Nebulization

Cough events increased aerosol particle concentrations in all

measured locations (Figure 2A). Cough generated the great-

est concentration of particles, followed by open suction, and

then airway nebulization (eTable 1 in the Supplement). Surgi-

cal mask use during airway nebulization decreased respi-

rable particle counts by 91% (410 vs 4430 particles/m3 per 5

seconds)comparedwithnebulizationwithoutacovering (mean

difference, 4020 particles/m3 [95% CI, 3205-4830 particles/

m3]; Cohen d = 17.2) (Figure 3A).

Mask Effectiveness

All masks substantially decreased particle counts when each

was individually compared with no tracheostomy covering

(eTable 2 in the Supplement). Compared with particles mea-

sured with an uncovered tracheostomy, particle concentra-

tion was decreased with a tracheostomy covered with a cot-

Figure 1. Aerosol Measurement During Tracheostomy Surgery and Care

Nanozen DustCount

optical particle counter

Measured

aerosolized particle

0.1 µm

1 m

Annotated cube represents the optical particle counter units in number of particles per cubic meter of air.
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ton mask by 73.8% (95% CI, 63.0%-84.5%; d = 3.8), with a

polyester gaiter by 79.5% (95% CI, 68.7%-90.3%; d = 7.2),

and with a humidification mask by 82.8% (95% CI, 72.0%-

93.7%; d = 8.6). When used separately, the surgical mask

and HME showed similar effectiveness, reducing particle

concentration by 89.9% (95% CI, 79.3%-100.6%; d = 12.8)

for the surgical mask and 91.0% (95% CI, 80.2%-101.7%;

d = 19.0) for the HME. When used together, the surgical

mask and HME were associated with reducing particle con-

centration by 97.9% (95% CI, 87.2%-108.7%; d = 29.4).

Simultaneous use of a surgical mask and HME was associ-

ated with decreased particle concentration compared with

either the HME (95% CI, 1.6%-12.3%; d = 1.2) or surgical

mask (95% CI, 2.7%-13.2%; d = 1.9) used independently

(Figure 3B).

Aerosolization During Surgery: Electrocautery Simulation

and Swine Tracheostomy Procedure

During simulation in allmeasured locations, electrocauteryof

ex vivo tracheal tissue generated increased aerosolized par-

ticles comparedwith baseline (Table). Thehighest concentra-

tionsweremeasured in locations of anesthesia (at 40 cm) and

surgeon right and left (at 40 cm) (Figure 4A). Electrocautery

generatedmoreparticle counts thancough, suction, andnebu-

lizer events. During the swine tracheostomy procedure, be-

tween the time from skin incision to tracheal incision, aero-

solized particle concentration was increased by 1500

particles/m3 per 5-second interval (95% CI, 1380-1610 par-

ticles/m3per 5-second interval;d = 1.8) in cases using electro-

cautery compared with cases using cold instrumentation

(Figure 4B).

Discussion

This is, to our knowledge, the first study to quantify aerosol-

izationduring tracheostomy surgery and simulated tracheos-

tomy care. Althoughmasks have been at the forefront of pri-

marypublichealthefforts topreventSARS-CoV-2 transmission,

there is limited evidence-based guidance for mask use in pa-

tientswith a tracheostomy.This studyevaluated several com-

mercially available tracheostomy coverings and showed that,

among them, the combination of a standard HME and surgi-

calmaskwasmost effective, decreasing aerosol particlemea-

surement by97.9% foruncovered tracheostomies. Thesedata

may inform development of new protocols to protect health

care workers from nosocomial viral transmission during tra-

cheostomy surgery and tracheostomy care.

Although tracheostomy surgery is a designated AGP, tra-

cheostomy care in the form of routine nursing interventions

Figure 2. RoomDistribution of Aerosolized Particles Following Cough Through Tracheostomy
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A, Values indicate themean (SD)

aerosolized particle concentration

quantified at 4 horizontal distances

from the tracheostomy site during 30

seconds of simulated cough: 40 cm,

represents bedside nurse; 100 cm,

assistant; 200 cm, patient foot; and

350 cm, observer. B, Fluorescein dye

spread after cough simulation from

the tracheostoma during the

tracheostomy procedure in a pig.

Figure 3. Reduction of Aerosol Spread During TracheostomyOpen Suction and Nebulization byMasks and HeatMoisture Exchangers (HMEs)
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for patients with a tracheostomy (ie, suctioning, manipula-

tion,andnebulization)areonlyconsideredpossibleAGPs.9This

designation isowing to insufficientdata correlating theseclini-

cal activitieswithnosocomial transmission. Previously, Simo-

nds et al29 showeddispersal of small andmedium-sized aero-

solized particles (<5 μm) from a nebulizer in patients without

a tracheostomy to inform the management of influenza vi-

ruses. Thepresent study shows that bothopen suctioning and

nebulization of the tracheostomy increase respirable aerosol-

ized particles, as measured by an OPC, and should be desig-

Table. RoomDistribution of Aerosolized Particles After Cough

Through Tracheostomy and During Electrocautery

Measurement location
Horizontal distance from
tracheostoma, cm

Particle concentration, mean (SD), counts/m3

Electrocautery Cough

Surgeon left or patient left 40 125 000 (83 000)a 68 000 (16 000)a

Surgeon right 40 136 000 (56 000)a ND

Scrub nurse, trainee, or assistant 100 46 000 (11 000)a 71 000 (20 000)a

Patient foot 200 35 000 (32 000)a 44 000 (34 000)a

Circulating nurse or distanced
observer

350 31 000 (5600)a 32 000 (2900)a

Close anesthesia 40 361 000 (41 000)a ND

Far anesthesia 80 52 000 (37 000)a ND

Background particle measurement NA 19 000 (800) 8900 (8200)

Abbreviations: NA, not applicable;

ND, not determined.

a Denotes experimental particle

concentration values calculated by

subtracting the background particle

concentration.

Figure 4. Particle Generation During Electrocautery
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nated an AGP. Furthermore, tracheostomy suctioning and

nebulizationmay lead to tracheal irritation and coughevents,

which generate additional aerosols. If tolerated by patients,

placement of a surgical mask over the tracheostomy during

nebulization is recommended.30

Several recommendations have beenmade to reduce risk

tohealth careworkers during the care of patientswith trache-

ostomies. This study is the first, to our knowledge, to show

aerosolized particle reduction by several commercially avail-

able tracheostomy coverings used in hospital and ambula-

tory settings.We found that the combinationof standardHME

and surgical mask use is most effective in reducing aerosol

spread.AstandardHMEallows forheat andmoistureexchang-

ing in the respiratory tractwhile also filteringoutdroplets and

smaller particles duringpatient ventilation. In addition, some

HMEs have specifically been developed with filters having a

non–SARS-CoV-2 viral filtration effectiveness of 99%.31 Pa-

tients with a tracheostomy should wear an HME in combina-

tion with a surgical mask to reduce nosocomial SARS-CoV-2

and other respiratory virus transmission to health care

workers during hospital transport and other health care

interactions.

In the operating room, tracheostomy procedures for pa-

tients who are under investigation or who have tested posi-

tive for COVID-19 are ideally performed in negative-pressure

rooms equippedwith high-efficiency particulate air filters to

reduce risk of viral transmission.32-34During surgery, the use

of electrocautery generates aerosolizedparticles fromthedis-

sected tissue, which may contain virus, as in the case of

HIV-1.35,36 The present study revealed that electrocautery of

tracheal tissue increased aerosolized particle measurement

compared with baseline, both during simulation and in vivo

surgical procedures performed in swine. Although the par-

ticlecountdetectedduringelectrocauterywasgreater thanthat

in aerosols generated by cough, it should be recognized that

the former may not be infectious in the case of SARS-CoV-2.

Thedissectedskin, subcutaneous layers, fat, andplatysmahave

not been shown to have a high load of SARS-CoV-2 virus. Fur-

thermore, studies of patients who tested positive for SARS-

CoV-2havenot isolated viral RNA from the serum, in contrast

to sputum from the lungs and airways.37 However, the main

SARS-CoV-2entry receptor, angiotensin-convertingenzyme2,

is located in numerous tissues throughout the human body,

andSARS-CoV-2hasbeendetected inmultiple organs, includ-

ing the ear,38heart, liver, brain, and kidneys,39making it pos-

sible fornecksoft tissue tobe infectious. Inbothheadandneck

surgery andgynecology, avoidanceof electrocauteryhasbeen

proposed for patientswho test positive for humanpapilloma-

virus to avoid occupational exposure to viral DNA.40,41 Simi-

larly, avoidance of electrocautery represents a technique to

limit aerosol exposureduring tracheostomyor any surgery in-

volving potentially infectious tissue (ie, SARS-CoV-2).

Limitations

Although this study quantified aerosolization during trache-

ostomysurgery and tracheostomycare, there are several limi-

tations. The OPC used in this study has a minimum particle

diameter detection of 0.3 μm, which is larger than the SARS-

CoV-2 diameter of 0.1 μm. Therefore, it is likely that the re-

ported data represent an underestimate of aerosolized par-

ticles containing SARS-CoV-2. Although this study did not

quantify aerosolization during tracheostomy surgery or tra-

cheostomy care in clinical settings, aerosol spread was mea-

suredduring in vivo swine tracheostomy surgery because the

swine airway is similar to the human airway.

Conclusions

Tracheostomy care, including suctioning, nebulization, and

cough, generate aerosolized particles, which may be filtered

bymaskplacement over the tracheostomy. Thepresent study

quantified the concentration of respirable particles gener-

atedbyvarious tracheostomycareproceduresandshowedthat

the combination of an HME and surgical mask over the tra-

cheostomy reduced aerosol concentration to the greatest de-

gree.Quantifying these risks in the context of SARS-CoV-2will

informappropriatepersonalprotectiveequipmentchoicesand

thedevelopmentofnewprotocols tominimizeviral entry into

the aerodigestive tract of surgeons and health care workers.

Although this studywas prompted by the novel SARS-CoV-2,

these results are applicable to emerging and future aerosol

transmissiblediseases topreventnosocomial viral spreaddur-

ing tracheostomycare.Further studies toexploreparticleaero-

solization during surgery and care of patients with a trache-

ostomywill enable better understanding of the clinical risk of

viral transmissionduring tracheostomy,cough, suctioning,and

nebulization.
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