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Evaluation	of	the	Relationship	of	Maxillary	Impacted	Canines	and	Maxillary	Skeletal	

and	Dental	Shape	and	Size:	A	Cone	Beam	Computed	Tomography	Study	

Jonathan	Gao	
	

Abstract	
 

The purpose of this study was to compare skeletal and dentoalveolar shape and size 

differences in patients with maxillary impacted canines versus unaffected patients using 

landmarked CBCT images and geometric morphometrics. 

104 cone-beam computed tomography scans from patients presenting with palatal or 

buccal impacted maxillary canines and 40 control patients with no impacted dentition were 

landmarked. 146 landmarks were plotted in Stratovan Checkpoint. Cone-beam computed 

tomography images including the nasal cavity, palate, sinus, alveolar crest, maxillary lateral 

walls, and dentition were landmarked by five examiners. No patient had undergone any type of 

orthodontic treatment in the past. Landmarked CBCT images were evaluated for shape and 

symmetry using geometric morphometric analysis by performing Procrustes superimposition, 

principal component analysis, and canonical variates analysis. Shape differences were further 

investigated by using linear regression analyses. Size differences were then investigated by 

looking at centroid size based on ratios between dentition and the entire landmarked maxilla. 

To analyze shape differences, we utilized a principal components analysis and found 

impaction location of the canine contributed to the primary and secondary principal component 

of the variance in the shape. Removing the variance of tooth location, a principal component 

analysis was conduct on the asymmetric component. We found patients with maxillary canine 

impactions had a constriction of the arch on the side of the impaction as well as lowering of the 
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sinus floor on the side of the maxillary canine impaction compared to the control. The shape 

differences found were not statistically significant and we found no difference in shape between 

palatal versus buccal impactions. 

Looking at size with differences of the dentition, the centroid size of the maxillary canine, 

central incisor and first molar were statistically different between the impacted and nonimpacted 

groups with a reduction in centroid size of the canine in the impacted versus nonimpacted groups. 

There were no statistically significant size differences between the impacted maxillary canine 

groups however there was a reduction in size in the palatal size versus the buccal side. The centroid 

sizes of the maxilla without teeth, arch width, and palate size in the impacted versus the 

nonimpacted group were all statistically different from the control group with the impacted group 

being smaller while there was no difference between the palatal versus buccal groups. 

When looking at the size of the maxilla between males versus females, it was found that 

males consistently had large centroid sizes in their overall maxilla compared to females. We 

isolating for gender, there was no statistically significant difference in maxilla size between 

maxillary impaction palatal or buccal impactions. 

Patients with impacted maxillary canines have both shape and size differences in the 

overall maxillary structure as well as the maxillary canine compared to patients without impacted 

maxillary canines. Amongst the dentition there was a general size reduction between the impacted 

versus nonimpacted tooth sizes. The impacted canines and first incisors and first molars on the 

side of the impaction had a statistically significant reduction in size compared to the nonimpacted 

canine patients. We also found a reduction in overall maxillary size in patients with impacted 

canines. There was also no statistically significant difference in centroid size of teeth or maxillary 

structures between palatal and buccal groups. These findings reflect that perhaps the etiology of 
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canine impaction location is in line with the genetic theory rather than a lack of guidance from an 

undersized lateral incisor. 
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Introduction	

The	maxillary	permanent	canines	are	the	most	frequently	impacted	teeth,	with	

exception	of	the	third	molars.	Impacted	maxillary	canines	have	a	prevalence	of	1–2.5%	in	

the	population	with	85%	of	impactions	being	palatal	and	15%	buccal	occurring	twice	as	

often	in	females	as	males.	(Ericson	et	al,	1988)	Additionally,	unilateral	impacted	maxillary	

canines	are	more	common	than	bilateral	impacted	canines.	(Herrera)	

The consequences from the impaction of maxillary canines can include increased 

treatment time and complexity, damage and or loss of the canine or neighboring teeth, and 

periodontal defects. (Ali Alqerban et al, 2015)	Cone beam computer tomography (CBCT) analysis 

has allowed researchers to evaluate tooth size, shape, and position in individuals with impacted 

canine. Through shape and size analysis by geometric morphometrics, the relationship of impacted 

canines and the surrounding maxillary structures can be better understood. This research dissects 

the intricate interplay between dental development, root formation, and the eruption process. The 

incorporation of advanced imaging techniques enables a more accurate assessment of 

developmental stages and anatomical relationships, offering valuable information for unraveling 

the complexities of canine impaction. 

The exact etiology of impacted maxillary canines is unknown however the main 

rationales are the guidance theory or genetic theory. (Becker et al, 2015) It has been found that 

environmental factors, such as dental anomalies, crowding, and the spatial relationships of 

neighboring teeth, contribute significantly to the etiology of impacted maxillary canines 

(Bishara, 1992). 

The guidance theory attributes impaction to surrounding dental anomalies that have a 

genetic background relative to the canine such as undersized laterals leading to impaction. 

(Baccetti, 1994) Additionally, the guidance theory states that the direction and eruption of the 
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canine is highly dependent on environmental factors especially in the absence of a lateral with a 

fully developed root that coincides with timing of the eruption of the maxillary canines. (Becker 

et al, 1981) Becker et al found that in males with palatally impacted canines the buccal-lingual 

dimension of all teeth was statistically smaller than in patients without palatally impacted canines 

while in females only the laterals were smaller in the buccal-lingual dimension (Becker et al, 

2002). 
 

The	genetic	theory	attributes	impactions	to	a	hereditary	link	causing	a	developmental	

disturbance	to	the	canine	itself.	(Becker	et	al,	2015)	Family-based studies have revealed a 

hereditary component, indicating a heightened prevalence of impacted canines among individuals 

with a positive family history (Ali Alquerban et al, 2015). Recent studies have shown the presence 

of certain single nucleotide polymorphisms in the PAX9 gene to increase risk of having a palatally 

impacted canine. (Vitria et al, 2019) 

Developmental influences on maxillary canine eruption are integral to our understanding 

of impaction mechanisms (Baccetti et al., 2010; Ericson and Kurol, 1988). This research aims to 

augment the existing knowledge base and advocate for the integration of CBCT measurements in 

studying impacted maxillary canines. With increased compute power and the advancement of 

artificial intelligence in healthcare and orthodontics, by better understanding the relationship of 

pathology and the surrounding structures we may better create diagnostic tools to predict and treat 

maxillary canine impaction. 

Canine	Development	
	

The	maxillary	permanent	canines	are	crucial	in	maintaining	oral	function,	stability,	

and	aesthetics	(Yang	et	al,	2019).	The	maxillary	permanent	canine	has	the	longest	root	in	the	
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mouth	and	also	provides	canine	guidance	so	that	there	is	posterior	disocclusion	during	

lateral	excursive	movements.	(Thorton	et	al,	1990)	

Calcification	of	the	maxillary	canine	starts	at	4-5	months	of	age,	the	crown	is	

completely	formed	by	6-7	years	of	age,	eruption	occurs	at	11-12	years	of	age,	and	root	

formation	is	complete	by	12-15	years	of	age	(Ristaniemi	et	al,	2022).	The	maxillary	canine	

migrates	more	than	22mm	in	a	downward	and	forward	direction	to	erupt	adjacent	to	the	

distal	aspect	of	the	lateral	incisor	(Coulter	et	al,	1997).	Coulter	found	that	the	maxillary	

canine	travels	on	average	11.8mm	in	the	anterior-posterior	direction,	18.56mm	in	the	

vertical	direction,	and	2.67mm	in	the	lateral	direction	during	its	migration	pathway.	Many	

factors	can	prevent	the	proper	eruption	of	the	canine	during	its	22mm	long	and	tortuous	

eruption	pathway,	and	the	canine	can	become	impacted	and	remain	embedded	within	soft	or	

hard	tissue	(Dadgar	et	al,	2021).	

Treatment	

Early	diagnosis	of	canine	displacement	and	impaction	is	important	because	

interceptive	treatment	of	maxillary	canine	impaction	can	reduce	treatment	costs	and	time,	

decreases	risks	of	complications	and	adverse	outcomes,	and	facilitates	orthodontic	

mechanics	(Alqerban	et	al,	2015).	Thus,	early	detection	is	often	the	first	approach	in	growing	

individuals	so	that	the	canine	can	be	guided	into	its	normal	erupted	position.	 It	is	suggested	

that	patients	be	examined	as	early	as	the	ages	of	eight	or	nine	to	assess	the	displacement	of	

canines	from	their	normal	position.	Radiographic	and	clinical	evaluations	(palpation	and	

visual	inspection)	can	be	used	to	investigate	the	possibility	of	canine	impaction	(Shapira	et	

al,	1980).	If	early	canine	impaction	is	suspected,	treatment	often	consists	of	removal	of	the	

deciduous	canines	or	is	combined	with	creating	spaces	in	the	dental	arch	(Zuccati).	
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Extraction	of	the	primary	canine	is	supported	on	the	basis	of	the	assumption	that	the	primary	

canine	would	present	as	an	obstacle	in	the	eruption	pathway	of	the	permanent	canine.	In	a	

study	by	Ericson	and	Kurol,	they	found	that	“if	the	crown	of	the	permanent	canine	were	distal	

to	the	midline	of	the	later	incisor	root,	the	primary	canine	extraction	normalized	the	erupting	

position	of	the	permanent	canine	in	91%	of	the	cases.	In	contrast,	the	success	rate	decreased	

to	64%	if	the	permanent	canine	crown	were	mesial	to	the	midline	of	the	lateral	incisor	root”	

(Ericson).	

Maxillary	expansion	is	another	treatment	option	in	the	early	mixed	dentition	period.	In	a	

study	conducted	by	Baccetti,	“rapid	maxillary	expansion	protocol	was	applied	and	according	

to	their	results	the	prevalence	rate	of	successful	eruption	(65.7%)	in	the	treatment	group	

was	significantly	higher	(p<0.001)	than	the	control	group	(13.6%).	Space	for	the	maxillary	

permanent	canine	can	also	be	created	by	distalization,	with	devices	such	as	headgear,	or	by	

extraction	of	maxillary	deciduous	first	molars	(Nieri).	If	these	different	interceptive	

treatments	fail,	or	if	early	detection	of	an	impacted	canine	fails,	surgical	exposure	of	the	

impacted	canine	is	essential,	usually	requiring	a	combination	of	surgical	and	orthodontic	

interventions	to	bring	the	canine	successfully	into	the	dental	arch.	Therefore,	older	patients	

with	impacted	canines	require	more	time	and	are	more	difficult	to	treat	than	younger	

patients	(Becker).	

Current	Diagnosis	

To	be	able	to	properly	provide	interceptive	treatment	and	avoid	more	arduous	

treatment	such	as	surgery,	the	clinician	must	be	able	to	proper	predict	and	diagnose	

impaction	early	in	a	patient’s	development.	In	a	literature	review	published	by	Listas	et	al.,	

surveyed	from	1996	to	May	of	2010,	it	was	found	that	current	models	used	to	predict	canine	
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impaction	 are	 based	on	 two	dimensional	 radiographs	 (panoramic	 and	AP	Cephalometric	

radiographs)	and	clinical	measurements.	Clinically,	several	studies	have	investigated	the	

relationship	between	a	maxillary	transverse	discrepancy	and	palatally	impacted	maxillary	

canines,	however	the	findings	of	these	studies	have	been	conflicting.	In	one	study	by	

Langberg	and	Peck,	they	compared	the	pre-treatment	arch	widths	(measured	clinically)	of	

10	males	and	21	females	in	the	permanent	dentition	with	palatally	displaced	canines	to	the	

arch	widths	of	an	unaffected	group	of	orthodontic	patients	with	the	same	age	and	sex	

distribution.	They	did	not	find	any	statistical	differences	between	the	two	groups	both	in	the	

anterior	and	the	posterior	maxillary	width	(Langberg).	Conversely,	in	a	study	by	McConnell	

et	al.,	they	found	that	a	transverse	maxillary	deficiency	in	the	anterior	portion	of	the	dental	

arch	as	a	local	cause	for	palatal	canine	displacement.	In	their	study	“Inter-molar	and	inter-	

canine	widths	were	recorded	in	57	patients	with	81	impacted	maxillary	canines	and	in	103	

patients	with	normally	erupted	canines	that	served	as	a	control	group.	Their	results	

demonstrated	statistically	significant	differences	(p<0.05)	in	the	maxillary	width	between	

the	two	groups,	particularly	in	the	anterior	portion	of	the	maxilla”	(McConnell).	

Radiographically,	two	dimensional	radiographs	including	panoramic	imaging	and	AP	

cephalograms	have	been	used	to	assess	and	predict	displaced	canines	in	the	mixed	dentition	

period.	“Three	variables	visible	on	panoramic	radiographs	have	been	proposed	(to	predict	

canine	impaction):	I)	angle	measured	between	the	long	axis	of	the	impacted	canine	and	the	

midline.	II)	distance	between	the	canine	cusp	tip	and	the	occlusal	plane	(from	the	first	molar	

to	the	incisal	edge	of	the	central	incisor)	and	III)	the	sector	where	the	cusp	of	the	impacted	

canine	is	located”	(Ericson).	In	one	retrospective	study	of	554	maxillary	canines	of	children	

between	4	and	12	years	old,	investigators	discovered	that	when	the	lateral	incisor	is	not	yet	
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fully	developed,	panoramic	 radiographs	 show	67%	overlapping	of	 the	canine	and	 lateral	

incisor.	However,	when	lateral	incisor	development	is	complete,	only	11%	of	the	subjects	

show	some	degree	of	overlapping.	“According	to	the	authors,	the	overlapping	of	the	canine	

and	lateral	incisor	can	be	considered	as	a	sign	of	early	canine	displacement	after	the	incisor	

has	completed	its	root	development”	(Fernandez).	On	PA	radiographs,	one	study	suggested	

that,	“At	the	age	of	8,	the	maxillary	canines	should	have	medial	inclination	with	crowns	below	

the	lateral	border	of	the	nasal	cavity	and	the	roots	lateral	to	the	border	of	the	nasal	cavity.	

Some	parameters	such	as	intercanine	width,	size	of	the	follicle,	symmetry	and	width	of	the	

nasal	cavity	might	be	associated	with	increased	probability	of	upper	canine	impaction”	

(Sambataro).	These	two-dimensional	radiographic	methods	and	the	aforementioned	clinical	

measurements	have	served	as	the	gold	standard	for	years	for	assessing	and	predicting	

maxillary	canine	impaction.	

Cone-Beam	Computed	Tomography	

While	the	use	of	two-dimensional	radiographs	for	diagnosis	has	proven	useful,	

panoramic	radiographs	are	inherently	technique	sensitive	and	prone	to	distortion.	In	

particular,	panoramic	image	mesiodistal	angles	have	been	proven	to	be	significantly	

different	from	true	angle	measurements	(Mckee).	In	one	study	by	Haney,	they	compared	

traditional	two-dimensional	images	to	CBCT	images	in	patients	with	maxillary	impacted	

canines.	They	found	that	there	was	a	21%	disagreement	in	the	mesio-distal	location	and	a	

16%	disagreement	in	the	labial-palatal	position	of	the	impaction.	Therefore,	while	useful,	

previous	models	using	two-dimensional	radiographs	are	inherently	flawed.	CBCT	imaging	

provides	a	much	more	precise	tool	to	locate	impacted	canines	and	factors	associated	with	

impacted	canines.	Current	maxillary	canine	impaction	models,	which	use	panoramic	
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imaging,	could	greatly	benefit	from	CBCT	imaging.	Creating	a	prediction	model	using	CBCT	

imaging	would	increase	accuracy	in	early	diagnosis	and	interceptive	treatment	of	maxillary	

canine	impaction.	

While	CBCT	imaging	has	been	around	for	over	two	decades,	only	until	recently	has	

the	use	of	this	imaging	modality	become	more	affordable	and	common	amongst	the	common	

orthodontic	practice.	With	the	widespread	use	of	CBCT	imaging	and	its	added	benefits,	it	is	

becoming	increasingly	important	to	conduct	more	studies	using	three	dimensions.	In	the	last	

few	years	studies	using	CBCT	imaging	to	evaluate	the	etiology	of	maxillary	canine	impaction	

have	emerged.	While	these	studies	have	evaluated	factors	associated	with	maxillary	canine	

impaction,	such	as	lateral	incisor	root	resorption	and	position	of	adjacent	teeth,	no	three-	

dimensional	study	exists	that	provides	a	comprehensive	evaluation	of	factors	associated	

with	maxillary	canine	impaction.	Therefore,	this	study	will	aim	to	evaluate	both	skeletal	and	

dental	factors	associated	with	palatally	impacted	maxillary	canines	using	CBCT	imaging.	

Geometric	Morphometric	Analysis	

The three-dimensionality of CBCT imaging provides the unique opportunity to not only 

evaluate where objects are in relation to one another in a 3D sphere, but also allows for the 

evaluation of shape and size. In	the	literature,	geometric	morphometrics	(GMM)	has	been	

proposed	as	an	effective	method	of	visualization	of	shape	changes	(Papagiannis).	“This	

method	can	show	three-dimensional	(3D)	morphological	changes	in	their	complexity	much	

more	effectively	than	coefficients	resulted	from	traditional	morphometric	analysis”	

(Klienberg).	The	geometric	morphometrics	method	(GMM)	is	a	technique	to	study	scale	and	

shape	relationships	of	structures	using	Cartesian	geometric	coordinates	rather	than	linear,	

areal	(of	area),	or	volumetric	variables	(Liuti).	In	GMM	the	centroid	size	is	the	preferred	
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method	to	measure	size	as	it	is	“the	square	root	of	the	sum	of	squared	distances	of	all	the	

landmarks	of	an	object	from	their	centroid.”	(Klingenberg) Therefore	to	gain	a	deeper	

understanding	of	the	shape	and	structures	surrounding	maxillary	canine	impaction,	

geometric	morphometric	analysis	can	be	used	with	CBCT	imaging.	A	study	by	Sobhani	et	al.	

looked	at	the	palatal	structure	size	and	shape	utilizing	GMM	and	found	statistically	

significant	difference	in	the	shape	of	the	midpalate	but	not	size.	

	
	

	
Central	Hypothesis	

	
We	hypothesize	there	is	a	difference	in	the	size	and	shape	of	maxillary	dentition	and	

surrounding	maxillary	structures	in	patients	with	maxillary	impacted	canines	compared	to	

patients	with	no	impactions.
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Specific	Aims	

1. Evaluate	the	maxillary	dentition	size	and	shape	in	impacted	maxillary	canine	group	versus	

control	group.	

2. Evaluate the maxillary nasal cavity, palate, and arch size and shape 

3. Evaluate the differences in female versus male subjects 

4. Compare	the	above	studied	variables	between	palatally	displaced	maxillary	canines,	

buccally	displaced	maxillary	canines,	and	nondisplaced	canines.	

5. Determine	 the	 relationship	 of	 studied	 variables	 on	 the	 position	 of	 canine	

displacement.
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Materials	and	Methods	

This	cross-sectional	study	evaluates	the	factors	associated	with	impacted	maxillary	

canines	compared	to	subjects	that	have	non-displaced	maxillary	canines	using	CBCT	images.	

This	study	was	conducted	at	the	University	of	California,	San	Francisco	in	conjunction	with	

a	radiology	center	in	Sacramento,	California.	CBCT	images	were	obtained	from	both	the	

radiology	center	and	the	University	of	California,	San	Francisco	Orthodontic	Clinic.	All	

images	taken	between	March	2021	and	November	2022.	The	CBCT	images	were	screened	

for	the	presence	of	palatally	and	buccally	impacted	maxillary	canines,	with	inclusion	criteria	

including	aged	greater	than	12	years	(The	maxillary	canine	is	on	average	fully	erupted	by	

ages	11-12)	and	a	clinically	diagnosed	unilateral	or	bilateral	maxillary	canine	impaction.	

Exclusion	criteria	were	poor	image	quality,	syndromic	and	cleft	patients,	prior	orthodontic	

treatment	or	early	extractions,	root	canal	treatment,	and	presence	of	cysts	or	other	

pathologies.	

This	cross-sectional	study	consisted	of	106	total	subjects	(59	females	and	65	males),	

40	“palatal	impaction”	subjects	(22	females,	18	males,	mean	age	15.1	years)	with	palatally	

impacted	canines	26	“buccal	impaction”	subjects	(15	females,	11	males,	mean	age	14.6)	and	

40	“control”	subjects	(22	females,	18	males,	mean	age	14.6	years)	with	nondisplaced	canines.	

All	subjects	were	between	the	ages	of	12	and	29	years	old.	All	CBCT	data	(DICOM	files)	were	

assigned	new	names	by	using	randomly	generated	codes	that	removed	patient	identification	
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information.	After	de-identification,	all	subject	DICOM	files	were	uploaded	into	Stratovan	

Checkpoint’s	land-marking	software.	

A	template	of	146	landmarks	was	created	to	adequately	represent	the	maxillary	

dentition,	palate,	nasal	cavity,	sinus,	and	maxillary	arch.	In	selecting	landmarks	to	plot,	this	

study	aimed	to	identify	landmarks	that	would	depict	adjacent	structures	and	the	housing	

within	which	the	maxillary	permanent	canine	travels	during	its	eruption	pathway.	 Table	I	

represents	the	various	landmarks	and	their	definitions.	

Table	1.	Landmark	Definitions	

	

	
For	each	of	the	landmarks,	a	standardized	protocol	and	orientation	was	established	

in	order	to	be	able	to	reliably	replicate	and	place	landmarks.	A	total	of	five	examiners	

landmarked	 the	 CBCT	 data	 in	 Stratovan	 Checkpoint	 using	 the	 aforementioned	 template	
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consisting	of	146	landmarks.	Prior	to	landmarking	the	106	cases,	each	examiner	landmarked	

5	of	the	same	cases	to	evaluate	inter-rater	reliability	and	agreement	using	within	subject	

standard	deviations	and	agreement	analysis.	There	was	a	total	of	9	errors	where	one	

examiner	disagreed	with	the	others	by	greater	than	0.5mm	and	therefore	required	

correction	(out	of	6570)	measurements.	It	was	determined	that	there	was	a	high	level	of	

agreement	amongst	the	examiners.	Tables	2	and	3	depict	the	various	numerical	landmarks	

and	the	error	(in	mm)	between	the	three	examiners.	

Table	2.	Numerical	Values	
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Table	3.	Inter-rater	Analysis	(error	in	mm)	
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The	following	figures	1-6	depict	the	orientations	and	used	to	plot	dental	landmarks,	

nasal	cavity	landmarks,	palate	landmarks,	alveolar	landmarks,	and	sinus	landmarks.	
	

Figure	1.	Dental	Orientation	and	6	landmarks	of	dentition	marked	in	red	

	
Figure	2.	Nasal	Cavity	Orientation	with	anterior	nasal	cavity	limits	defined	
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Figure	3.	Palate	Orientation	and	landmarking	
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Figure	4.	Alveolar	Orientation	
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Figure	5.	Sinus	Orientation	

	

	
106	cases	were	landmarked	in	Stratovan	Checkpoint,	landmarked	3D	data	points	

were	then	transferred	to	MorphoJ	Geometric	Morphometric	software	(Klingenberg	lab,	

Manchester,	UK)	to	standardize	the	superimpositions	across	all	subjects	in	this	study,	

generating	a	list	of	procrustes	coordinates	that	control	for	scalar	differences	between	

images.	

Principal	component	analysis	(PCA)	as	well	calculation	of	centroid	size	of	dentition,	

overall	maxillary	landmarks	without	dentition,	palate,	and	dental	arch	width	was	then	

completed	using	MorphoJ	software.	A	separate	PCA	on	the	asymmetric	component	was	run	

for	all	landmarks	excluding	dentition	to	understand	the	effect	of	impacted	maxillary	canines	

on	overall	maxillary	structure	shape.	

After	data	was	obtained	from	the	PCA	and	centroid	size	calculation,	a	linear	

regression	was	completed	to	better	understand	the	relationship	between	the	centroid	size	

of	the	impacted	canine	and	overall	maxillary	structures	with	other	classifiers	including	age	

and	gender.	Additionally,	a	multivariate	analysis	was	run	between	the	groups	for	to	
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determine	if	there	is	statistical	significance	difference	between	sample	populations.
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RESULTS	

Shape	Results	

Shape	of	the	overall	landmarks	was	first	analyzed.	Landmarks	were	converted	into	

Procrustes	coordinates	using	MorphoJ	software	to	control	for	scalar,	translational,	and	

rotational	differences.	Procrustes	coordinates	were	graphed	in	MorphoJ	and	represented	in	

2D	across	3	axes	(see	figure	6).	A	principal	component	analysis	was	then	performed	on	the	

newly	adjusted	Procrustes	coordinates	while	selecting	for	impaction	v	control	groups.	

	
	

Figure	6.	PC	1	of	Complete	Data	Set	and	respective	model	views	
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Figure 7. PC1 versus PC2 of Entire Data Set 

 
 
 

 
Figure	8.	PC2	of	Complete	Data	Set	

	
	
	

The	first	principal	component	graphed	against	the	second	principal	component	

revealed	a	tight	clustering	of	the	impaction	v	control	group	less	dense	clustering	between	

the	palatal	versus	buccal	impaction	group.	(figure	7)	The	first	two	principal	components	of	

the	shape	variation	which	contribute	to	11.7%	and	10.3%	respectively	of	the	variation.	

Based	on	the	diagrams,	the	palatal	versus	buccal	location	as	see	in	figure	6	versus	8	depict	
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the	 varying	 canine	 locations	 as	 the	major	 contributor	 of	 shape	 difference	 between	 the	

principal	components	and	is	reflected	in	the	Eigenvalues	of	the	PCA.	(figure	9)	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

.	
	

	
	
	
Figure	9.	Eigenvalues	of	PCA	of	overall	data	set	

	

	
To remove the significant difference in shape due to location of canine impactions, a	PCA	

was	then	performed	for	only	the	skeletal	landmarks	(landmark	numbers	93-146)	of	the	

asymmetric	component	to	further	evaluate	skeletal	effects	from	impacted	maxillary	canines.	

The	skeletal	landmarks	involved	in	the	PCA	analysis	include	arch	width,	nasal	cavity,	

palate,	and	floor	of	sinus	landmarks.	
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Figure	10.	PC1	of	the	Maxillary	Structures	without	Dentition	
	

The	first	and	second	principal	component	analysis	accounted	for	31.5%	of	the	total	

shape	variation,	with	PC1	comprising	16.5%	and	PC2	comprising	14.0%	of	the	total	

variation.	Looking	at	the	first	principal	component,	we	can	see	a	shift	towards	the	side	of	the	

impaction	on	axis	1	versus	2,	as	well	as	a	shift	of	the	sinus	floor	towards	the	occlusal	plane	

on	axis	1	versus	3.	(Figure	10)	

When	analyzing	the	principal	component	1	for	statistical	difference	between	groups	

when	analyzing	the	landmarks	without	dentition,	it	was	found	through	an	ANOVA	that	the	

mean	for	the	buccal	maxillary	impacted	was	-0.04,	palatal	maxillary	impacted	-0.09,	and	

control	was	0.13.	There	was	not	found	to	be	any	statistically	significant	difference	between	

the	groups	for	principal	component	1	with	a	p-value	of	0.22.	Further	analysis	was	

completed	to	evaluate	for	shape	differences	without	dentition	included	between	gender	

and	none	was	found	after	conducting	a	unpaired	two-tailed	t-test	on	PC1	between	male	and	

females	with	a	final	p-value	of	.745.	
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Figure	 11.	Violin	 Plot	 of	 PC1	 Values	 of	 Asymmetric	 Component	 of	 Maxilla	

without	Teeth	
	

	

	
	
	

Figure	12.	Warps	of	maxilla	from	PC1	towards	the	scale	of	.02	
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Figure	13.	Warps	of	maxilla	from	PC2	towards	the	scale	of	.02	

To	visualize	these	asymmetries,	the	shape	changes	were	applied	to	a	generic	maxilla	

and	morphed	in	Landmark	software	to	show	the	changes	in	skeletal	features	with	patients	

with	impacted	maxillary	canines	versus	control.	PC1	and	PC2	was	utilized	to	warp	a	generic	

maxilla	to	visualize	the	shape	differences	in	these	PCA	graphs.	(Figure	13)	It	can	be	noted	

that	there	is	a	miniaturization	and	shift	of	the	midline	towards	the	side	of	the	impaction	as	

well	as	a	lowering	of	the	sinus	floor	with	the	impacted	side	generally	lower	and	the	

unimpacted	expanding	on	the	distal	aspect.	
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Figure	14.	PC1	versus	PC2	distribution	PCA	Asymmetric	Component	

Looking	at	the	overall	skeletal	shape	without	dentition	it	can	be	noted	that	the	buccal	

maxillary	impaction	group	is	much	more	tightly	impacted	by	PC	2	compared	to	the	other	

groups.	Additionally,	it	can	be	noted	that	the	palatal	bilateral	group	had	the	greatest	

variance	in	shape.	

Size	Results	

Evaluating	the	size	of	the	objects	we	utilized	the	measurement	of	the	centroid	for	

skeletal	and	dental	landmarks	to	determine	differences	between	the	study	groups.	First	to	

account	of	variability	in	variable	maxillary	size	in	patients	we	conducted	a	linear	regression	

of	all	the	teeth	to	the	overall	maxilla	size	without	dentition.	(Figure	15)	We	found	that	that	

the	impacted	canine	had	a	R	of	.0304	and	the	slope	was	not	was	significantly	nonzero.	
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Figure	15.	Linear	regression	of	tooth	size	to	overall	maxilla	size	

	

	
Looking	at	the	centroid	size	of	the	teeth	we	started	utilized	a	linear	regression	with	

the	overall	maxillary	landmarked	size	with	each	individual	centroid	tooth	size.	In	this	

regression	we	found	that	all	teeth	except	for	the	impacted	canine	had	a	statistically	

significant	relationship	to	the	overall	maxillary	skeletal	features	except	for	the	impacted	

canine	with	an	F-value	of	1.993.	This	reflects	the	variable	nature	of	the	size	of	the	impacted	

canine	versus	the	control.	

To account for differences in maxillary size, a ratio was created between the tooth size and 

overall maxilla size for the remaining dentition to study the relationship of canine impaction on 

neighboring teeth size. We found the central incisor and first molar were statistically different 
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between the impacted and nonimpacted groups and reduction in centroid size of all dentition size 

when compared to the nonimpacted groups. (Table 6) In a separate regression (Table 4) the 

canine was found to statistically smaller (p<.0001) when comparing the impacted versus 

impacted groups however the size differences were not reflected between palatal versus buccal 

impaction groups. (p=.16). The distribution of canine sizes was normally distributed in size as 

seen in figure 16 in both impacted and nonimpacted groups with minimal outliers. 

 
 
 
 
 

 
Figure	16.	Distribution	of	canine	centroid	sizes	
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Table	4.	ANOVA	of	Canine	Size	
	

	
	
	
Table	5.	T-test	Between	Impacted	Canine	Sizes	

	

	
	
	

There were no statistically significant size differences between the impacted maxillary 

canine groups however there was a slight reduction in size in the buccal size versus the palatal 

side. (Table 5) The centroid sizes of the maxilla, arch width, and palate size in the impacted 

versus the nonimpacted group were all statistically different from the control group with the 

impacted group being smaller while there was no difference between the palatal versus buccal 
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groups. (Table 7) 

 

 

Table	6.	Tooth	Size	to	Maxillary	Centroid	Size	
	

	
Table	7.	Maxillary	Structures	Centroid	Size	
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When looking at the relationship between the maxillary overall centroid size and tooth size 

through a linear regression, the impacted canine was the only tooth with no correlation to the 

skeletal maxillary centroid size as the slope was not significantly non-zero. Additionally in a 

multivariate regression for the relationship of the canine size and gender, canine impaction, age, 

and overall maxillary centroid size, the nonimpacted group and overall centroid size had a 

statistically significant relationship to canine centroid size. The centroid size of the overall maxilla 

without dentition with impaction was compared taking into consideration gender and found males 

to be statistically significantly larger. 

	
	
Table	8.	Maxillary	Structures	Centroid	Size	
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Discussion		

This	study	provides	valuable	information	about	the	relationship	of	maxillary	shape	

and	size	with	palatally	and	buccal	impacted	maxillary	canines	to	patients	with	fully	erupted	

maxillary	canines.	Prior	to	this	study	there	was	limited	information	on	the	association	of	

skeletal	and	dental	shape	and	size	studied	with	GMM	with	the	impaction	of	maxillary	canines.	

The	use	of	CBCT	imaging	and	GMM	analysis	provides	valuable	insight	to	the	overall	skeletal	

housing	and	contributing	factors	associated	with	palatally	and	buccal	impacted	maxillary	

canines.	 Previous	studies	that	have	examined	the	relationship	between	impacted	canines	

and	maxillary	structures	have	either	only	utilized	two-dimensional	analysis	to	obtain	canine	

angulations	and	sectors	prone	to	impaction	or	three-dimensional	analysis	limited	to	either	

tooth	size	in	a	linear	dimension	or	limited	to	just	maxillary	segments	rather	than	the	overall	

housing	in	which	the	canine	erupts	through.	

The	age	of	included	subjects	in	this	study	was	at	least	12	years	to	allow	the	normal	

time	needed	for	the	maxillary	canine	to	fully	erupt	into	its	final	position.	Better	control	of	the	

sample	population	could	have	matched	between	the	impaction	groups	bilateral	versus	

unilateral	canine	impactions	allowing	for	better	quality	data	through	split	mouth	studies.	

Principal	component	analysis	of	the	entire	data	set	revealed	a	tight	clustering	of	the	

control	versus	impaction	groups,	indicative	of	significant	shape	differences	between	the	two	

groups	based	on	the	location	of	the	canines.	To	remove	the	greatest	shape	difference	of	the	

location	of	the	canine,	dentition	was	removed	to	conduct	a	PCA	of	the	asymmetric	

components	of	the	maxilla	to	better	understand	the	influence	of	the	maxillary	canine	

impaction	on	the	overall	maxilla	shape,	arch	shape,	palate,	and	sinus	floor.	 By	studying	the	
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asymmetric	component,	the	principal	components	analysis	maximizes	asymmetries	in	the	

sample	population.	Due	to	possible	landmarking	errors	and	out	outliers,	5	samples	were	

removed	from	the	analysis.	

Principal	components	1	and	2	in	this	analysis	contributed	to	31.5%	of	the	variance	of	

the	shape.	The	shape	reflected	a	constriction	in	size	of	the	arch	on	the	side	of	the	impaction,	

a	shift	in	midline	towards	the	side	of	the	impaction	and	a	lowering	of	the	sinus	floor	on	the	

side	of	the	impaction.	Principal	component	2	reflected	more	of	the	effects	of	the	bilateral	

impaction	as	both	sinus	floors	exhibited	lowering	however	one	side	showed	more	changes	

in	the	vertical	dimension	and	reflected	in	figure	13.	On	the	side	of	non-impaction	there	was	

an	increase	in	the	overall	shape	of	the	maxilla	as	well	as	a	rising	of	the	sinus	floor.	The	palate	

and	arch	width	also	expanded.	
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Size	analysis	continued	to	reflect	a	continued	reduction	in	size	for	certain	dentition	

and	all	skeletal	landmarks	when	comparing	impacted	maxillary	canine	cases	versus	the	

control	group.	When	accounting	for	maxilla	size	the	first	maxillary	incisor	and	first	molar	

were	found	to	be	statistically	smaller	in	patients	with	maxillary	impacted	canines	

compared	to	patients	with	no	maxillary	canine	impactions.	This	reduction	in	size	on	the	

side	of	the	canine	impaction	of	both	the	teeth	and	maxillary	structures	may	contribute	to	

the	lack	of	space	for	the	maxillary	canine	to	erupt.	It	also	may	attribute	the	lack	of	skeletal	

size	and	shape	from	the	lack	of	eruption	of	permanent	teeth.	

	
Conclusion	

In	conclusion,	we	have	found	that	there	is	a	difference	in	shape	and	size	between	the	

impacted	group	versus	nonimpacted	group	however	not	always	a	statistically	significant	

one.	Between	the	buccal	impaction	group	and	palatal	impaction	group	there	were	minimal	

differences	in	significance.	We	found	that	consistently	between	impaction	and	non-

impaction	groups	there	was	no	statistically	difference	in	size	or	shape.	

This	study	does	not	support	the	guidance	theory	in	that	a	lateral	incisor	needs	to	be	

sufficiently	sized	to	guide	the	maxillary	canine	into	its	proper	occlusion	as	we	found	no	

statistically	significant	difference	in	size	between	the	control	group	versus	the	impaction	

groups.	Diminished	canine	size,	central	incisor	size,	and	first	molar	size	and	a	relatively	

broader	mesial-distal	and	buccal-lingually	(in	relation	to	length)	canine	is	associated	with	a	

maxillary	impaction.	The	permanent	first	molar	erupts	at	6-7	years	of	age	and	first	incisor	

erupts	at	age	7-8	years	of	age.	These	two	teeth	could	be	related	to	establishing	dental	arch	

length	and	width	and	the	reduction	in	both	of	these	can	lead	to	the	inability	for	the	
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permanent	canines	to	erupt.	The	arch	width,	palate	size	and	overall	maxilla	size	were	all	

found	to	be	statistically	significantly	smaller	in	the	impacted	groups	versus	the	

nonimpacted	group.	

A	constriction	and	narrowing	of	the	dental	arch	and	lowering	of	the	sinus	floor	can	be	

seen	as	asymmetries	correlated	with	maxillary	canine	impaction.	This	loss	of	space	in	the	

maxilla	in	both	the	horizontal	and	vertical	dimension	may	be	a	contributing	factor	to	the	

canine	impaction	on	either	buccal	or	lingual.	Since	the	canine	erupts	from	the	palatal	to	the	

buccal,	the	pathway	of	least	resistance	would	lead	to	palatal	impaction	more	commonly.	

The	continued	research	on	the	maxillary	structure	associations	can	be	utilized	as	a	

predictor	for	maxillary	canine	impaction	and	treatment	to	increase	the	size	of	maxillary	

structures	while	the	patient	is	still	growing,	and	the	maxillary	canine	still	has	eruptive	

potential.	Future	studies	can	be	conducted	on	unilateral	canine	impactions	only	versus	

including	bilateral	impactions	so	that	the	dataset	can	better	understand	the	effects	on	one	

side	of	the	maxilla	versus	the	other.	
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