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Propensity of aerosol and droplet creation during oculoplastic procedures: 
A risk assessment with high-speed imaging amidst COVID-19 pandemic
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Purpose:	The	study	uses	principles	of	liquid	and	gas	mechanics	to	verify	and	quantify	the	generation	
of	 aerosols	 in	 oculoplastic	 procedures,	 namely	 surgery	 using	 a	 scalpel,	 electrosurgical	 device,	 and	
a	mechanized	drill.	Methods:	 Surgical	 techniques	were	performed	 ex vivo	 using	 the	 electrosurgical	
device,	 scalpel,	 and	 mechanized	 drill	 on	 the	 muscle	 and	 bone	 of	 commercially	 available	 chicken.	
The	 liquid	 and	 gas	 dynamics	 were	 observed	 using	 a	 high-speed	 high-resolution	 Photron	 SA5	
camera	(0.125	to	8	ms	temporal	resolution,	0.016	to	0.054	mm/pixel	spatial	resolution)	and	stroboscopic	
lighting	 (Veritas	 120	 E	 LED	Constellation).	 The	 analysis	was	 performed	 using	 in-house	 algorithms	
and	 ImageJ	 software.	Results:	 The	use	of	 a	mechanized	drill	 at	 35000	 rpm	and	a	 3	mm	 fluted	burr	
generated	aerosol	with	particle	size	50	to	550	microns	with	a	spread	of	1.8	m	radius.	Surgical	smoke	
was	 generated	 by	 an	 electrosurgical	 device	 in	 both	 cutting	 and	 coagulation	 modes.	 Dispersion	 of	
the	 smoke	 could	 be	 controlled	 significantly	 by	 the	 use	 of	 suction,	mean	 smoke	 spread	 ratio	 being	
0.065	without	 suction	and	0.002	with	use	of	 suction	within	2	cm.	Conclusion:	The	quantification	of	
the	aerosol	generation	will	help	surgeons	take	practical	decisions	 in	their	surgical	 techniques	 in	the	
pandemic	era.
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The	COVID-19	pandemic	has	presented	a	healthcare	burden	
to	the	healthcare	community	the	world	over.	On	October	17,	
2020,	39,633,188	people	have	been	infected	worldwide,	with	
1,109,833	deaths.[1]	 The	public	 health	 emergency	 is	 further	
compounded	by	the	disruption	to	regular	health	care	and	the	
risk	to	health	care	personnel.[2]

The	SARS-Co-V2	virus	is	transmitted	chiefly	through	the	
respiratory	tract,	via	droplet	and	air-borne	particle	spread.[3] 
With	a	large	number	of	asymptomatic	infections	present	in	the	
population,	any	surgical	procedure	has	the	potential	to	infect	
health	care	workers.[4]

Ophthalmologists	come	in	close	contact	with	patients	both	
during	the	outpatient	examination	and	during	surgery.	There	
are	 indications	 that	 tears	 contain	 the	viable	 virus	 in	 some	
patients.[5,6]	In	addition,	oculoplastic	procedures	involve	close	
contact	with	the	nasal	mucosa	in	the	upper	respiratory	tract,	
which	 expresses	 entry-associated	genes	 for	 SARS-CoV-2.[7] 
Oculoplastic	 surgery	uses	 techniques	of	 electrosurgery	and	
high-speed	 automated	 saw	and	drill;	 these	 techniques	 are	
known	to	generate	aerosols.[8]

Various	specialty	practice	societies	have	issued	guidelines	
for	practice	under	 these	unprecedented	 circumstances.	The	
guidelines	combine	previously	published	literature	and	expert	
opinions.	The	 recommendations	 encompass	use	of	 suction	
during	anesthesia,	the	use	of	electrosurgical	devices,	and	the	
use	of	mechanized	drill.[9‑12]

The	 aerosols	 and	 droplets	 generated	 in	 the	 surgical	
procedures	 follow	 the	 physical	 principles	 of	 fluid	 (liquid	
and	air)	mechanics.	We	performed	ex	vivo	 experiments	 to	
demonstrate the generation of aerosols and droplets along 
with	 their	 spread	distance	 in	 oculoplastic	procedures	 and	
surgical	techniques.

Methods
The	study	was	performed	in	collaboration	with	the	Department	
of	Mechanical	 Engineering,	Multi-phase	 Flow	 Studies	
Laboratory,	Indian	Institute	of	Science,	Bangalore,	India.

The	muscle	and	bone	of	commercially	available	food-grade	
chicken	(Gallus	gallus	domesticus)	was	carved	and	fixed	onto	
a	mannequin	head	used	for	surgical	training,	using	cling	film.	
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The positioning of the experimental tissue over the upper and 
lower	orbital	rim	simulated	the	location	of	the	surgical	field	
in	oculoplastic	 surgery.	A	piece	of	flat	bone	of	 the	 chicken	
was	placed	 in	 the	 socket	of	 the	mannequin,	 to	 simulate	 the	
deep	position	of	the	orbital	wall.	This	is	the	area	of	interest	in	
a	decompression.	The	experiments	were	performed	with	the	
following	protocols.
1.	 Surgical	drill	(Marathon	Micromotor	Model	M4,	South	Korea,	
35,000	rpm,	3	mm	fluted	burr	drill	bit)	was	used	on	the	bone,	
with	and	without	simultaneous	irrigation.

2.	 The	electrosurgical	device	 (Ellman	Surgitron	FFPF	EMC,	
New	York,	USA,	 in	 cutting	and	coagulation	modes)	was	
used	on	the	tissue.	This	was	used	with	and	without	a	suction	
device	(Goley	Accu	Hy	Suc,	India,	suction	40–45	L/min,	3	
Fr	cannula	at	1-2	cm	distance).

3.	 Incisions	were	made	on	the	tissue,	with	a	number	15	Bard	
Parker	 surgical	 blade.	 The	 area	was	 irrigated	gently	 to	
simulate	bleeding.	A	vacuum	suction	with	a	metal	suction	
cannula	of	size	3	Fr	was	used	simultaneously	to	aspirate	the	
irrigation	fluid.

To	 visualize	 the	 liquid	motion	 and	 fluid	 dynamics	
during	 the	experiments,	 the	 test	 section	was	volumetrically	
illuminated	 using	 the	 strobosopic	 lighting	 where	 the	
light	 source	 (Veritas	 120	 E	 LED	Constellation)	was	 kept	
perpendicuar	to	the	camera	[Fig. 1].	The	technique	of	volumetric	
illumination	provided	a	convenient	way	of	transparent	imaging	
objects	(which	in	this	case	was	saline).	The	liquid	dynamics	
was	 acquired	using	 a	Photron	SA5	 camera	 coupled	with	 a	
combination	 of	macro-lens	 (Tokina	 100	mm)	 and	 36	mm	
extension	tube.	For	Part	1	(drilling),	the	images	were	acquired	
at	8000	frames	per	second	(1024	×	1024	pixel	resolution	and	
0.125	ms	temporal	resolution).	Zoomed-out	(spatial	resolution	
of	50	µm/pixel)	and	zoomed-in	(spatial	resolution	17	µm/pixel)	
imaging	were	done.	For	Part	 2	of	 the	experiments	 (surgical	
smoke),	a	green	laser	sheet	(Laser	MicroLine	Generator	from	
Schäfter	 +	Kirchhoff	with	a	 sheet	 thickness	of	 120	µm)	was	
employed	 to	produce	smoke	scattering.	The	 laser	scattering	
was	 recorded	using	Photron	 SA5	 camera	 coupled	with	 a	
combination	 of	macro-lens	 (Tokina	 100	mm)	 and	 36	mm	
extension	 tube	at	 125	 frames	per	 second	 (1024	×	 1024	pixel	
resolution	 and	 8	ms	 temporal	 resolution)	 and	 a	 spatial	
resolution	of	54	µm/pixel.

Image processing
Image	processing	algorithms	were	performed	using	in-house	
ImageJ	 code	 on	 the	 acquired	 images.	Using	 background	
substraction,	 the	 extraneous	 subjects	 such	 as	hands	of	 the	
surgeon,	 the	drill	 and	 some	of	 the	mannequin	 areas	were	
removed	 from	 the	 images.	The	 resultant	 images	were	 then	
binarized	using	Otsu	thresholding.[13]

Part	 1,	Drilling:	 The	 technique	 of	 particle	 analysis	was	
employed	on	binary	 images	 to	 evaluate	 the	droplet	 shape	
descriptors	such	as	area	and	bounding	rectangle.	For	evaluating	
droplet	 trajectories,	 two-dimensional	 (2D)	particle	 tracking	
technique	with	 the	Mosaic-suite	plugin	of	 ImageJ	Software	
was	utilized.[14]	By	varying	the	input	parameters	(kernel	radii),	
multiple	trajectories	for	several	range	of	droplet	dimensions	
were	isolated.	The	results	from	the	particle	analysis	were	used	
to	create	a	droplet	size	distribution	map.	Results	of	particle	
tracking	were	used	to	evaluate	droplet	ejection	velocity	and	
acceleration	throughout	their	path-line.

The	total	distance	traveled	(x)	by	the	droplets	was	calculated	
iteratively	through	computation	using	the	following	relations	
between	the	droplet	of	radius	 rdroplet and	velocity udroplet  :

dx
dt

= udroplet

du
dt

=
4.5 (u - u )

r
droplet air air droplet

droplet
2

droplet

µ

ρ

Where uair	 represents	 the	 surrounding	 convection	
velocity	(taken	as	0.6	m/s),t	is	time,	µair	is	the	viscosity	of	the	
surrounding air, and ρdroplet is	the	liquid	droplet	density.

Part	 2,	 Surgical	 smoke:	The	binary	 images	were	used	 to	
track	the	smoke	area	using	particle	analysis.	The	results	from	
the	particle	analysis	were	then	utilized	to	create	a	quantified	
time-history	of	the	smoke	spread.	A	spread	parameter	(s)	was	
defined	as	the	ratio	of	smoke	area	and	the	area	of	the	region	
of	interest	(ROI)	i.e., s = A / Asmoke ROI

For	 all	 parts	 of	 the	 experiments,	 a	 dehumidifier	 in	 the	
range	 of	 40–50%	was	 used.	 The	 air	 speed	was	 estimated	
as	~0.6	m/s	(as	per	the	certified	inspection	report	of	the	operating	
theatres	at	the	Narayana	Nethralaya	Eye	Hospital).	For	analyses	
of	spread	of	the	droplets,	the	air	flow	was	calculated	as	per	
the	methods	of	our	previous	publications.[15,16] The properties 
of	air	at	a	temperature	of	23°C	were	used	in	all	the	equations.	
Three	sets	of	observations	were	obtained	for	each	technique.

Results
Part	1	(Drilling):	Droplet	generation	during	medical	drilling	
was	experimentally	investigated	for	droplet-size	and	velocity	
distribution.	 The	 analysis	 predicted	maximum	distance	
travelled	by	droplet	during	ejection.

The	 number	 of	 droplets	 generated	 increased	with	 the	
simultaneous	use	of	 irrigation	during	drilling.	For	analyses,	
the	 results	were	 calculated	 for	 the	use	of	 the	drill	 on	a	wet	
field,	without	simultaneous	irrigation.	(Online	supplementary	
material	Video	1).	Droplet	generation	 from	drilling	was	 the	
outcome	of	imbalance	between	the	centrifugal	and	liquid	surface	
tension	forces.	Irrigation	water	near	the	drill	rotated	along	with	
the	burr.	At	high	rotating	speed	(as	in	this	case),	the	water	layer	
was	detached	and	elongated	into	ligaments.	These	ligaments	
underwent	secondary	atomization	to	form	daughter	droplets.	
The	size	distribution	of	the	generated	droplets	is	presented	in	
Fig. 2.	The	predominant	droplet	size	ranged	from	50	µm	to	550	
µm.	The	droplet	 trajectories	were	dissimilar	 for	 smaller	and	
larger	droplets.	The	 temporal	variation	of	velocity	values	 in	
vertical	 (VY)	 and	horizontal	 (VX)	direction	are	presented	 for	
droplet	size	[Fig. 3a	and	b].	The	smaller	droplets	traveled	further	
in the y-direction,	whereas	bigger	droplets	had	a	decaying	
trajectory.	The	droplets’	initial	velocities	were	in	the	range	of	
0.5	m/s	to	2.5	m/s.	Hence,	for	displacement	calculations	[Fig. 4] 
these values were taken as the initial parameters along with the 
droplet	diameter.	The	velocity	and	trajectory	of	 the	droplets	
predicted	a	spread	radius	of	1.8	m	in	our	experiment.

Part	2	(Surgical	Smoke)	:

Qualitative	observations:	 Surgical	 smoke	was	generated	
by	 the	 use	 of	 both	 monopolar	 (cutting	 mode)	 and	
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bipolar	(coagulation	mode)	hand-pieces	in	the	electrosurgical	
device.	When	 the	 suction	 cannula	was	 held	 close	 to	 the	
device	(within	1–2	cm),	the	smoke	could	be	suctioned	into	the	
cannula.	If	the	distance	was	more	than	2	cm,	the	smoke	escaped	
and	dispersed	(Online	supplementary	material	Video	2).

Quantitative	Observations:	 In	 the	 current	work,	 smoke	
generation	and	spreading	dynamics	during	monopolar	medical	
cautery	were	experimentally	 investigated	with	and	without	
suction	[Fig.	5].	Fig. 6 delineates the temporal variation of the 
smoke	 spread	parameter	 for	monopolar	 cautery	with	 and	
without	suction.	The	plot	revealed	reduction	in	parameter	by	
an	order	with	suction	application	with	placement	of	the	suction	
pipe	at	2	cm.	Furthermore,	the	parameter	showed	an	oscillatory	
nature	with	time.	Such	oscillations	were	standard	characteristics	
of	a	naturally	buoyant	plume	i.e.,	motion	of	smoke	due	to	its	
lower	density	as	compared	to	its	surrounding	air.	The	maximum	
smoke	 spread	 ratio	was	0.13	without	use	of	 suction,	which	
changed	to	0.005	with	use	of	suction.	The	mean	smoke	spread	
ratio	without	suction	0.065	decreased	to	0.002	with	use	of	suction.

On	the	use	of	cold	steel	(scalpel	and	scissors)	for	incision	
and	dissection-	even	with	gentle	irrigation	and	suction	ongoing	
during	the	surgery,	there	was	no	droplet	generation.

Discussion
Person	to	person	transmission	of	the	SARS-CoV2	virus	occurs	
through	 close	 contact	 or	 by	 inhalation	of	 aerosols	 into	 the	
respiratory	 tract.[17]	Aerosols	 (aero-solutions)	can	be	defined	
as	a	suspension	of	solid	or	 liquid	particles	 in	a	gas.[18] High 
speed	surgical	procedures	are	among	the	aerosol-generating	
procedures	with	documented	higher	risk	of	 transmission	of	
pathogens.[8]	Surgical	smoke	(also	called	plume	and	cautery	

Figure 1: Experimental setup showing high speed camera, (red arrow), 
light source (black arrowhead), surgical instruments (black  dotted box) 

Figure 2: Graph showing droplet size distribution

Figure 4: Variation of droplet displacement with variation in initial 
velocity for various droplet sizes. The diamond symbol represents a 
100 µm droplet, the circle a 200 µm droplet, and triangle a 400 µm 
droplet

Figure 3: Temporal variation of the velocities in vertical (VY) and 
horizontal (VX) for droplet size of (a) 150µm  and (b) 400µm. The circle 
represents velocity along x‑axis, the diamond represents velocity 
along y‑axis
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smoke)	is	also	categorized	as	an	aerosol.[19]	It	comprises	95%	
air	and	5%	solids	or	liquids	suspended	in	the	air.

In	 respiratory	 infections,	 infective	particles	 range	 in	 size	
from	0.5	µm	to	500	µm.[20]	The	larger	particles,	or	droplets,	tend	
to	settle	 to	 the	ground.	Smaller	airborne	particles	evaporate	
faster,	 remain	 suspended	 in	 the	air	 and	will	be	 transmitted	
for	greater	distances.	The	size	limit	between	the	airborne	and	
droplet	particles	has	been	variously	mentioned	as	5	and	10	
microns	by	different	authorities.[8,20,21]	In	addition,	the	chance	
of	infection	depends	on	the	number	of	particles	generated,	the	
type	of	pathogen	and	the	load	of	pathogen.[20]

Use	of	suction	during	induction	of	anesthesia	has	been	noted	
as	one	of	 the	maneuvers	which	generate	aerosol.[8] Under the 
experimental	conditions,	 the	use	of	a	gentle	suction	on	a	wet	
surgical	field	while	using	a	 scalpel	did	not	generate	aerosol.	
However,	in	the	operating	room	conditions,	a	blood	vessel	may	
spurt	forcefully;	the	greater	speed	would	cause	a	layer	of	fluid	to	
get	detached	and	form	droplets.	Hence,	we	are	unable	to	conclude	
that	use	of	scalpel	and	suction	causes	no	aerosolization.

Jewett	et al.[22]	studied	the	particle	size	generated	by	various	
surgical	 techniques.	 The	 oscillating	 bone	 saw,	 high-speed	
drill,	electrocautery	in	both	cutting	and	coagulation	mode-	all	
generated	aerosols	with	particle	sizes	in	the	respirable	range.[22]

Surgical	 smoke	 can	 be	 generated	 by	 a	 variety	 of	
electro-surgical	 devices.[19] The amount of smoke and the 
size	 of	 the	 particles	 depend	on	 the	 type	 of	 tissue	 as	well	
the	 energy	 source	 of	 the	 surgical	 device.[19,23] Hepatitis B 
virus,	 human	 immunodeficiency	 virus	 (HIV)	 and	 human	
papillomavirus	(HPV)	have	been	detected	in	surgical	smoke.[23] 
Occupational	exposure	to	surgical	smoke	has	been	associated	
with	HPV	infections.[23,24]	There	is	insufficient	evidence	of	spread	
of	SARS	by	 surgical	 smoke.[24]	However,	 in	order	 to	 reduce	
potential	risk,	the	recommendations	from	the	various	guidelines	
mention	avoidance	of	monopolar	 (cutting)	 cautery,	 and	use	
of	bipolar	(coagulation)	cautery	with	low	power	settings.[10,12] 
In	 the	 experiments,	 there	was	 significant	 surgical	 smoke/
aerosol	generated	by	use	of	electrocautery	in	both	cutting	and	
coagulation	modes.	The	smoke	could	be	controlled	by	use	of	a	
suction	device	placed	close	to	the	electrosurgical	probe.

Surgical	 smoke	 can	be	managed	by	 the	operating	 room	
ventilation	 systems,	 personal	masks,	 or	 by	 local	 use	 of	
surgical	 smoke	 evacuators.	Almost	 80%	of	 the	particles	 in	
surgical	smoke	have	diameters	less	than	5	microns,	and	can	
pass	through	a	standard	surgical	mask.[23]	The	high-efficiency	

particle	 filters	 (HEPA)	 filters	 are	 effective,	 and	 the	N95	
respirator	mask	may	filter	 out	 95%	of	 0.3	micron	particles	
depending	on	the	make.[25]	A	surgical	smoke	evacuator,	with	
a	minimum	suction	capacity	of	0.012	m3/s	and	a	triple	filter,	
can	further	control	the	spread	of	the	smoke.[24,26]

Use	of	 a	mechanized	 surgical	drill,	 and	oscillating	 saw	
have	been	proven	to	generate	aerosols.[22] In a simulation of a 
mastoidectomy	with	a	high-speed	drill,	the	particle	spread	was	
360°,	with	 the	highest	 concentration	 towards	 the	 surgeon.[27] 
Some	guidelines	advised	the	use	of	drill	without	irrigation.[9] 
In	our	 experiment	with	 the	 surgical	drill,	 copious	droplets	
were	generated	with	or	without	 irrigation.	The	majority	of	
the	droplets	generated	were	in	the	range	of	50	µm	to	550	µm, 
which	can	be	blocked	by	N95	respirator	masks	and	personal	
protective	equipment.[25]

The	propensity	of	droplet	formation	increases	with	a	thicker	
layer	of	fluid,	and	a	faster	motion	of	the	instrument	over	the	
fluid.[28,29]	We	concluded	that	lesser	volume	of	irrigation	and	the	
use	of	a	smaller	burr	at	a	lower	speed	will	reduce	the	generation	
of	droplets.	The	spread	diameter	of	the	droplets	encompassed	
the	area	occupied	by	personnel	in	the	operating	room,	and	all	
such	people	need	to	adopt	precautions.

The	study	pertained	to	the	physical	spread	of	aerosol	and	
droplets	during	surgery.	The	transmission	of	virus	also	depends	
on	the	load	of	viable	pathogen	in	the	aerosol.[16]	Air-borne	mode	
has	also	been	 implicated	 in	 the	 transmission	of	 the	virus.[3] 
Keeping	these	factors	in	mind,	we	would	urge	all	surgeons	to	
follow	universal	precautions	of	asepsis,	use	personal	protection	
equipment	and	assess	the	urgency	of	the	surgery.

The	 authors	 accept	 that	 an	 ex vivo study has its own 
limitations.	 However,	 acquisition	 of	 images	 for	 these	
experiments	needed	both	accuracy	and	precision,	as	well	as	
multiple	 sets	 of	 readings.	 In	 addition,	use	 of	 the	 specified	
scientific	 equipment	 requires	 technical	 finesse	 and	 a	
prolonged duration: the total time taken for the experiments 
was	about	10	hours.	Repeated	procedures	in	a	single	human	
subject	 (patient)	would	 be	 unethical;	 readings	 taken	 in	
different	patients	would	not	reproduce	the	exact	conditions	of	
the	physical	surroundings.	Our	existing	knowledge	of	aerosol	
generation	 in	 surgical	 settings	 is	 derived	 from	 laboratory	
studies.[24,30,31] We opted for our experimental set‑up with 
these	 factors	 in	mind.	We	 chose	 the	 animal	 tissue	 for	 the	

Figure 6: Time history of smoke spread for monopolar cautery with 
and without suction. The circle represents smoke spread without use 
of suction, and the diamond represents spread of smoke with use of 
suction

Figure 5: (a) Escaping smoke (arrow) from monopolar cautery without 
suction. (b) No visible escape with suction (arrowhead)
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experiments	while	attempting	to	simulate	a	clinical	setting	
as	far	as	possible.

Conclusion
In	 conclusion,	 the	use	of	 electrosurgical	devices	 generated	
surgical	 smoke	 in	both	 cutting	and	coagulation	modes.	The	
spread	of	 this	smoke	can	be	controlled	significantly	with	use	
of	suction	apparatus.	The	use	of	a	mechanized	drill	generated	
droplets with a spread extending to the surgeon and other 
personnel	in	the	operating	theater.	A	slower	rotation	and	a	smaller	
burr	can	reduce	the	number	of	droplets	generated,	and	the	N95	
mask	can	protect	the	airway	from	the	majority	of	the	particles.

Ophthalmic	practice	in	India	has	been	severely	affected	by	
the	COVID-19	pandemic.	A	survey	found	that	nearly	60%	of	
Indian ophthalmologists felt that they were at a higher risk than 
other	medical	 specialities;	 they	were	hesitant	about	elective	
surgeries	and	the	guidelines	 to	 follow.[32]	The	quantification	
of	 the	 aerosol	 generation	will	 help	 surgeons	 take	practical	
decisions	in	their	surgical	techniques	in	the	pandemic	era.
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