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Abstract	

Human	identifications	are	made	difficult	when	the	remains	are	severely	
fragmented	or	burned.	In	cases	such	as	these,	alternative	methods	of	
identification	become	vital.	Three-dimensional	reconstructions	have	increased	
the	potential	for	utilizing	qualitative	and	quantitative	analysis	of	anatomical	
structures	within	forensic	anthropology	approaches.	This	paper	presents	a	
method	to	produce	three-dimensional	reconstructions	of	paranasal	sinuses	for	
biological	analysis	of	skeletal	remains.	Previous	published	research	has	
quantified	the	variability	of	the	paranasal	sinuses	and	has	begun	to	explore	their	
ability	to	provide	biological	information	within	forensic	science	contexts.	
However,	the	complex	anatomical	structure	of	the	sinuses	has	led	to	significant	
limitations	in	the	ability	to	produce	three-dimensional	reconstructions	for	
analysis	using	an	automatic	approach.	Therefore,	this	new	method	for	developing	
three-dimensional	models	of	the	paranasal	sinuses	using	an	automatic	approach	
that	is	suitable	for	a	large	sample	size	is	timely.	It	offers	a	new	pathway	to	more	
sophisticated	methods	of	analysis	that	ultimately	offer	the	potential	to	provide	
valid	and	robust	distinctions	between	individuals	and	identifications	in	crime	
reconstructions.	
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Introduction	



The	paranasal	sinuses	consist	of	four	distinct	sinuses	located	in	the	skull	
(including	maxillary	sinuses,	ethmoid,	sphenoid	and	frontal	sinus).	Researchers	
have	quantified	the	variability	of	the	paranasal	sinuses	between	individuals	and	
have	begun	to	explore	their	utility	in	assessing	biological	patterns	1–3	.	The	
structure	of	the	paranasal	sinuses	has	been	shown	to	have	great	potential	for	
discriminating	between	individuals,	particularly	when	considering	the	frontal	
and	sphenoidal	sinus	are	perhaps	the	most	variable	cavity	in	the	human	body	2–
7	(see	Figure	1	and	Figure	2).	Previously,	these	structures	have	been	analysed	
using	a	range	of	methods	including	codifying	and	comparing	certain	features	4–6	or	
by	manually	procuring	2D	measurements	or	Cartesian	coordinates	from	x-ray	or	
CT	images	1,7	.	Michel	et	al.	8	produced	three-dimensional	reconstructions	of	the	
frontal	sinus	from	sinus	CT	scans	and	found	the	total	volume	of	the	sinus	to	be	
the	most	discriminatory	datum	for	sex	determination.	It	was	found	that	3D	
reconstructions	of	anatomical	structures	similar	to	the	frontal	sinus	provided	
more	reliable	data	than	2D	measurements	given	that	the	sinus	and	other	
anatomical	parts	are	3D	entities	8	.	Therefore,	three-dimensional	reconstructions,	
which	are	integral	to	virtual	anthropology,	are	increasingly	being	shown	to	
enhance	the	potential	for	qualitative	and	quantitative	morphological	analysis	8	.	
However,	the	complex	and	variable	anatomy	of	the	paranasal	sinuses	has	made	it	
difficult	to	produce	three-dimensional	models	that	enable	analysis	to	be	
undertaken	in	a	standardized	and	time-efficient	manner	9–12	.	As	a	result,	there	is	
currently	no	standard	approach	for	producing	models	of	the	paranasal	sinuses.	
Moreover,	of	the	few	published	methods	9–14	available	for	producing	three-
dimensional	reconstructions	of	the	paranasal	sinuses,	none	of	them	employ	an	
automatic	approach	that	is	suitable	for	a	large	sample	size	within	forensic	
anthropology	contexts.	

Figure	1.	Three-dimensional	model	of	the	paranasal	sinuses	produced	by	CT	
scans	from	University	College	London	Hospital.	
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Figure	2.	The	location	of	the	paranasal	sinuses	in	the	skull.	
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The	complex	anatomical	structure	of	the	paranasal	sinuses	makes	the	
development	of	standardized	methods	of	segmentation	and	three-dimensional	
reconstruction	limited.	Previous	studies	3,9–14	have	therefore	needed	to	apply	both	
automatic	and	manual	methods	to	create	3D	models.	However,	manual	methods	
pose	two	distinct	issues	relating	to	time	and	expertise.	The	first	issue	is	the	
significant	amount	of	time	9	manually	segmenting	larger	sample	sizes	takes,	and	
the	second	issue	is	that	this	approach	relies	on	more	instances	of	human	
decision-making	that	significantly	rely	on	additional	expertise	9	.	There	is	
therefore	considerable	potential	in	developing	an	automatic	approach	that	is	
time	efficient	and	less	reliant	on	the	specialized	training	of	the	observer	for	
broader	applications	within	crime	reconstructions.	This	paper	presents	a	method	
to	produce	3D	models	of	the	paranasal	sinuses	that	allows	for	further	
measurement	and	analysis	for	potential	use	in	forensic	anthropology	
applications.	

The	method	presented	here	offers	an	approach	to:	

• Enable	three-dimensional	reconstruction	of	the	varying	and	complicated	
structures	of	the	paranasal	sinuses	at	a	larger	scale.	

• Limit	the	need	for	specialized	training.	

• Allow	for	easy	and	transparent	decision	making	throughout	the	modelling	
process.	

The	guiding	principle	in	the	development	of	this	method	was	to	create	an	
empirical	approach	in	order	to	ensure	that	3D	reconstructions	could	be	produced	
in	a	reliable	and	reproducible	manner.	In	so	doing,	this	method	provides	a	tool	
that	can	produce	empirical	measures	that	have	the	potential	to	contribute	to	an	
evidence	base	that	underpins	and	enables	transparency	of	the	analyses	of	the	



data	made	by	an	examiner,	and	the	inferences	made	that	lead	to	final	conclusions	
in	crime	reconstructions.	

Materials	and	methods	

The	production	of	anatomical	three-dimensional	models	requires	radiographic	
scans.	In	this	case,	500	anonymized	computed	tomography	(CT)	scans	of	the	
paranasal	sinuses	were	provided	by	the	picture	archiving	and	communications	
(PACS)	department	from	University	College	London	Hospital	(UCLH)	in	DICOM	
(Digital	Imaging	and	Communications	in	Medicine)	imaging	format.	The	DICOM	
format	allows	a	visualization	platform	to	view	the	scans	and	ultimately	produce	
the	three-dimensional	models.	The	program3D	SlicerTM	(Version	4.9.0)	was	
selected	as	the	most	promising	form	of	visualization	as	it	contains	a	DICOM	
Viewer,	allows	for	easy	export	and	import	of	STL	(stereolithography)	files	to	
other	platforms,	and	most	importantly,	it	is	free	to	access	and	open-source	15	.	
This	ease	of	access	facilitates	practical	application	in	forensic	science	where	
financial	resources	are	often	limited,	and	its	use	in	examining	paranasal	sinuses	
in	previously	published	studies	further	confirms	its	utility	in	this	study	16	.	
Additionally,	3D	SlicerTM	allows	for	the	possibility	of	the	three-dimensional	
models	to	be	electronically	distributed	globally	for	additional	virtual	analysis	
should	an	investigation	require	them	17	.	Research	18	has	also	shown	no	significant	
difference	between	models	produced	from	commercial	and	free	software.	
Furthermore,	the	precision	and	accuracy	of	3D	models	produced	from	CT	scans	is	
well	documented	19–21	.	This	capability	contrasts	with	other	professional	viewing	
platforms	which	due	to	high	costs	and	insufficient	accessibility	are	not	practical	
for	research	or	use	in	a	forensic	science	context.	

3D	model	production	

Uploading	data	

In	order	to	produce	the	three-dimensional	models	of	the	paranasal	sinuses,	CT	
scans	were	uploaded	into	3D	SlicerTM	.	The	CT	scan	of	the	individual	automatically	
opens	within	the	DICOM	viewer.	The	clinical	details	of	a	particular	CT	scan	are	
included	in	the	‘metadata	section’	of	3D	SlicerTM	.	The	information	given	in	this	
section	include	the	scanner	used	and	the	slice	thickness	of	the	CT	scan.	

Crop	volume	

The	complex	and	variable	anatomy	of	the	paranasal	sinuses	provides	challenges	
in	producing	three-dimensional	models	automatically	because	the	nasal	cavity	
merges	with	the	paranasal	sinuses.	The	key	to	producing	three-dimensional	
reconstructions	of	the	paranasal	sinuses	without	the	inclusion	of	the	nasal	cavity	



is	by	cropping	the	volume	of	the	CT	scan.	Cropping	the	volume	of	the	CT	scans	to	
only	include	the	Region	of	Interest	(ROI)	is	an	important	step	in	the	overall	
production	of	the	paranasal	sinus	reconstructions.	This	allows	for	faster	
computer	processing	22	and	harnesses	the	anatomical	complexity	of	the	paranasal	
sinuses	to	produce	a	modelling	process	that	is	faster	overall	22	(see	Figure	3).	

Figure	3.	This	process	to	be	repeated	for	each	sinus.	
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This	method	does	not	manually	segment	the	CT	scans	because	this	would	greatly	
slow	down	the	modelling	process	and	is	not	realistic	for	a	large	database.	A	
manual	approach	would	also	require	specialized	knowledge	of	the	structure	of	
each	paranasal	sinus,	which	limits	its	utility	in	future	forensic	science	settings.	
Therefore,	the	most	practical	and	time	efficient	method	for	creating	the	collective	
paranasal	models	is	to	apply	the	‘Crop	Volume’	module	to	the	CT	scan	to	only	



include	one	sinus	at	a	time,	and	automatically	segment	each	single	sinus	
individually.	The	process	was	repeated	for	each	sinus	in	a	single	CT	dataset.	
Cropping	the	CT	scans	uniformly	eliminates	irrelevant	portions	of	the	CT	scan	to	
leave	only	the	regions	of	interest	needed	for	the	three-dimensional	
reconstruction.	This	includes	uniformly	eliminating	the	nasal	cavity,	leaving	the	
entire	dimensions	of	the	individual	sinus	needed	for	segmenting.	Cropping	the	
CT	scans	also	produced	an	automatic	approach,	which	ultimately	allowed	for	
faster	segmentation	process.	

Figures	4	and	5	presents	the	cropping	process	applied	to	a	CT	scan	of	the	frontal	
sinus.	In	the	case	of	the	frontal	sinus,	the	upper	and	lateral	limits	of	this	structure	
were	often	easily	defined.	However,	the	extensive	nature	of	the	nasal	cavity	made	
the	lower	boundary	of	the	frontal	sinus	less	evident	in	some	instances.	To	ensure	
uniformity	in	the	segmentation	of	the	frontal	sinus,	this	method	adopted	a	widely	
accepted	approach	1,23	that	established	the	‘baseline’	of	the	frontal	sinus	as	
tangential	to	the	upper	margin	of	the	orbits.	This	was	adjusted	for	this	study	to	
be	the	location	where	the	volume	of	the	CT	scan	was	cropped	(see	Figure	5).	This	
approach	was	easily	employed	and	replicated	for	each	3D	reconstruction	of	the	
frontal	sinus.	

The	process	of	cropping	the	volume	of	the	CT	scans	provided	a	simple	and	
uncomplicated	solution	to	the	segmenting	and	thresholding	process	by	
eliminating	the	need	to	manually	add	or	remove	unintentionally	segmented	
areas.	This	approach	also	reduced	the	active	decision-making	throughout	the	
segmenting	process	that	may	have	influenced	the	construction	of	the	model	and	
ultimately	the	final	interpretations	and	conclusions	drawn.	

Segmentation	

The	segmentation	process	is	integral	in	developing	three-dimensional	models.	
Therefore,	it	was	important	that	this	procedure	was	consistent	and	accurate	in	
its	representation	of	the	paranasal	sinuses.	There	are	two	approaches	to	
segmentation	within	3D	SlicerTM	:	manual	and	automatic.	The	manual	approach	
requires	the	user	to	examine	each	slice	individually	within	a	CT	scan	to	highlight	
the	appropriate	portions	of	the	CT	scan	10	.	The	number	of	slices	within	a	single	CT	
scan	requires	manually	observing	hundreds	of	slices.	It	is	not	a	viable	option	for	a	
larger	database	particularly	if	there	are	significant	time-constraints	9,10	.	
Therefore,	this	method	employed	automatic	segmentation	by	applying	the	‘global	
thresholding’	effect	on	the	cropped	CT	scans	wherein	the	segmentation	
automatically	applied	to	all	of	the	slices	within	the	CT	dataset	sinus	at	once.	
Applying	global	thresholding	to	the	cropped	CT	scan	for	each	sinus	is	a	novel	
approach	in	producing	three-dimensional	models	of	the	paranasal	sinuses.	

To	begin	segmenting,	a	‘threshold	range’	was	established.	The	‘segment	editor’	
module	and	the	‘threshold	effect’	module	was	selected	to	provide	the	range	
(see	Figure	4).	The	average	threshold	range	to	depict	bone	and	tissue	densities	



falls	between	500–3000	Hounsfield	Units	(HU)	in	3D	SlicerTM	22	(see	Figure	4).	
However,	as	the	sinuses	are	air-filled	the	threshold	range	was	reflected	to	select	
pixels	that	were	closest	to	true	black.	This	typically	ranged	from	(−1024	to	−300	
HU)	(see	Figure	5).	

Figure	4.	Threshold	range	that	captures	the	skull.	
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Figure	5.	Threshold	range	applied	in	this	study	that	captured	the	paranasal	
sinuses.	
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Final	model	

Once	the	appropriate	portions	of	the	CT	scans	were	selected	for	thresholding,	the	
models	were	smoothed	to	.5	(0	=	no	smoothing	and	1	=	max	smoothing)	default	
followed	by	utilizing	the	‘Show3D	Model’	function	(see	Figure	6).	There	is	no	
observable	or	metric	difference	between	auto-smoothed	and	nonauto-smoothed	
models	20	.	Indeed,	employing	‘global	thresholding’	for	the	segmentation	process	
can	be	used	in	a	general	sense	to	make	a	3D	model	of	any	object	or	specimen.	
However,	the	steps	involved	with	cropping	are	specific	to	this	structure	as	‘global	
thresholding’	would	not	be	able	to	produce	a	model	of	the	paranasal	sinuses	that	
excludes	the	nasal	cavity	unless	the	CT	dataset	was	cropped	(see	Figure	1).	The	
process	of	cropping	and	segmenting	as	outlined	in	this	paper	must	be	repeated	
for	each	sinus	within	a	CT	scan.	The	cropping	process	allows	for	each	sinus	to	be	
segmented	at	once	with	the	caveat	that	each	sinus	has	to	be	segmented	
separately.	

Figure	6.	Image	of	the	excess	faces	and	vertices	included	in	the	three-dimensional	
models	in	MeshLabTM	24	.	
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The	standard	threshold	range	for	capturing	the	sinuses	uses	pixels	closest	to	true	
black	and	may	result	in	background	noise	(see	Figure	6).	Therefore,	the	excess	
faces	and	vertices	included	in	the	final	model	must	be	removed.	This	can	be	
achieved	in	post-processing	by	saving	the	final	STL	file	and	transferring	it	to	any	
visualization	platform	where	the	excess	segmentations	may	be	eliminated	if	
needed.	Figure	7	provides	a	view	of	the	final	three-dimensional	models	of	each	
sinus	ready	for	analysis.	The	application	of	this	approach	took	approximately	30–
45	minutes	per	CT	scan	with	a	user	familiar	with	3D	SlicerTM	.	This	is	in	contrast	to	
a	manual	approach	that	can	take	an	expert	nearly	10	hrs	per	CT	scan	9,10	.	This	
method	produced	three-dimensional	models	of	the	paranasal	sinuses	with	speed	
and	consistency	that	allows	further	research	into	the	potential	of	employing	
these	structures	for	human	identification.	

Figure	7.	Final	image	after	the	removal	of	excess	faces	and	vertices	of	the	three-
dimensional	models.	
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Conclusion	

The	variable	anatomy	of	the	paranasal	sinuses	between	individuals	hinders	the	
ability	to	produce	a	uniform	method	in	producing	three-dimensional	models	at	a	
faster	rate	using	a	larger	database.	The	complexity	of	this	structure	has	forced	
previous	studies	to	employ	manual	approaches	which	are	not	only	time	
consuming	but	also	are	significantly	dependent	upon	the	specialized	experience	
and/or	expertise	of	the	observer.	The	method	presented	here	addresses	these	
issues	by	employing	an	automatic	approach	and	enables	the	production	of	
consistent	models	using	open	and	free	software	that	allows	for	additional	
analysis	to	become	of	potential	use	in	forensic	science	applications.	This	method	
therefore	offers	a	tool	that	is	easy	to	use,	and	thereby	enables	practical	
applications	in	forensic	science	scenarios	that	must	usually	accommodate	time	
and	resource	constraints.	The	context	of	forensic	anthropology	and	its	role	in	
reconstructing	crime	events	is	an	important	consideration	that	should	be	
incorporated	into	new	tools	and	approaches	if	they	are	to	be	implementable	in	
real	world	crime	reconstructions.	
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