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A B S T R A C T

Background and objective: Tooth segmentation from computed tomography (CT) images is a

fundamental step in generating the three-dimensional models of tooth for computer-

aided orthodontic treatment. Individual tooth segmentation from CT images scanned with

contacts of maxillary and mandible teeth is especially challenging, and no method has been

reported previously. This study aimed to develop a method for individual tooth segmenta-

tion from these images.

Methods: Tooth contours of maxilla and mandible are first segmented from the volumetric

CT images slice-by-slice. For each slice, a line is extracted using the Radon transform to sepa-

rate neighboring teeth, and each tooth contour is then segmented by a level set model from

the corresponding side of the line. Then, each maxillary tooth whose contours overlap with

that of mandible ones is detected, and a mesh model is reconstructed from all the con-

tours of these maxillary and mandible teeth with contour overlap. The reconstructed mesh

model is segmented using threshold and fast marching watershed method to separate the

touched maxillary and mandible teeth. Finally, the separated tooth models are restored to

fill the holes to obtain complete tooth models.The proposed method was tested on CT images

of ten subjects scanned with natural contacts of maxillary and mandible teeth.

Results: For all the tested images, individual tooth regions are extracted successfully, and

the segmentation accuracy and efficiency of the proposed method is promising.

Conclusions: The proposed method is effective to segment individual tooth from CT images

scanned with contacts of maxillary and mandible teeth.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Individual three-dimensional (3D) models of tooth are needed
for the computer-aided orthodontic treatment planning and
simulation [1]. Tooth segmentation from computed tomogra-
phy (CT) images is a fundamental step in the modeling of tooth.

In the past decades, several methods have been proposed
to segment teeth from CT images scanned while the sub-
jects’ teeth are in an open bite position where the maxillary
and mandible teeth have no contact. These methods can be
classified into two classes: 3D segmentation and two-
dimensional (2D) slice-by-slice segmentation. The 3D
segmentation methods directly segment tooth region in the
3D volumetric space. Akhoondali et al. [2] developed an auto-
matic segmentation method based on region growing.
Keyhaninejad et al. [3] and Hosntalab et al. [4] proposed to use
3D region based level set model to extract the tooth surface.
Keustermans et al. [5] and Hiew et al. [6] applied a graph cut
algorithm to interactively segment 3D tooth volume. Barone
et al. [7] developed a novel framework to iteratively model the
3D shape of tooth with single-root from CT images. Instead of
directly segmenting tooth from the volumetric images, they out-
lined the 2D contours of target tooth from a set of projected
images, and the 3D tooth shape was modeled from these con-
tours using a B-spline representation.

The 2D slice-by-slice segmentation methods segment tooth
contours in each slice. This kind of methods generally applies
the similarity of tooth intensity and/or shapes between adja-
cent slices to automatically initialize the tooth region, and the
user only needs to manually initialize a starting slice. Heo and
Chae [8] and Wu et al. [9] used the B-spline snakes with genetic
algorithm to extract tooth contours. The B-spline snakes used
in their methods cannot address the topological change of tooth
contours. The level set method has been broadly used for the
tooth contour segmentation due to its advantages in dealing
with topological change and contour propagation [10–13]. Gao
and Chae [10] proposed a level set model with shape and in-
tensity prior to segment the tooth and achieved promising
results. Yau et al. [11] applied the same model to extract the
root contours. Ji et al. [12] modified this model to segment the
anterior teeth. In our previous work [13], a hybrid level set model
was developed for accurate root segmentation.

In orthodontics, the treatment not only needs to align teeth
in each jaw, but also requires the teeth of maxilla and man-
dible to maintain correct occlusion condition. To check the
occlusion condition, the dental CT images often needs to be
scanned while the subjects’ teeth are in a close bite position
where maxillary and mandible teeth contact naturally. In these
images, tooth contours of maxilla and mandible overlap in some
slices of the occlusal contact area. The previous tooth seg-
mentation methods are infeasible to extract individual tooth
region from these images due to the missing boundaries
between mandible and maxillary teeth. Wang et al. [14,15] pro-
posed promising methods to segment maxilla and mandible
from CT images scanned with contacts of maxillary and man-
dible teeth. However, there did not involve the individual tooth
segmentation from alveolar bone.

The main contribution of this study is to develop a method
for individual tooth segmentation from CT images scanned with

contacts of maxillary and mandible teeth. The developed
method first segments tooth contours from the volumetric CT
images slice-by-slice using level set method. Then, each max-
illary tooth whose contours overlap with that of mandible ones
is detected, and a mesh model is reconstructed from all the
contours of these maxillary and mandible teeth with contour
overlap. The reconstructed model is segmented by threshold
and fast marching watershed method to separate the con-
tacted maxillary and mandible teeth. Finally, the separated tooth
models are restored to fill the holes, and complete models of
individual tooth are obtained.

The remainder of the manuscript is organized as follows.
Section 2 introduces the background of the level set method
and mesh model segmentation method. Section 3 presents the
proposed individual tooth segmentation method. Section 4
shows the experimental results and discussions of the method,
and the manuscript is concluded in Section 5.

2. Background of the level set method and
mesh model segmentation

2.1. Hybrid level set model

The level set method is increasingly applied to medical image
segmentation [16,17]. Recently, a hybrid level set model [13] was
developed to segment tooth from CT image scanned without
contact of maxillary and mandible teeth and presented ex-
cellent segmentation accuracy. The hybrid level set model is
composed of a global intensity energy, a local intensity energy,
a tooth shape constraint energy, and an edge detection energy.
In this model, the global and local intensity energy are em-
ployed to address the topological changes and drive the curve
move rapidly toward tooth boundary.The edge detection energy
is integrated into the level set length regularization term to
smooth and refine the localization of the curve.The tooth shape
constraint term is used to constrain the tooth contour evolv-
ing toward the prior shape. The energy function of the hybrid
level set model is expressed as follows

E w E wE E Eglobal local shape edgeφ φ φ β φ μ φ( ) = −( ) ( ) + ( ) + ( ) + ( )1 (1)

where ϕ is a 2D level set function, Eglobal, Elocal, Eshape, and Eedge

denote the global intensity energy, local intensity energy, tooth
shape constraint energy, and edge detection energy, respec-
tively; ω ∈ (0, 1), β, and µ are positive constants, representing
the weight parameters of the corresponding energy term.

Let Ω ∈ℜ2 be the image plane, I:Ω→ℜ be the given gray image
to be segmented, and Ω1 (ϕ≥0) and Ω2 (ϕ<0) be the foreground
and background regions, respectively, the global intensity energy
is defined as

E
p I X
p I X

H X dxglobal φ φε( ) = ( )( )
( )( )

⎛
⎝⎜

⎞
⎠⎟

( )( )∫ log
Ω
ΩΩ

2

1
(2)

where p(I(X)|Ωi) (i = 1, 2) denotes the conditional probability of
the intensity value I(X) (X ∈ ℜ2), Hε is the normalized Heavi-
side function [18]. The conditional probability p(I(X)|Ωi) is
estimated from the previous segmented slice.
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The local intensity energy comes from the local Gaussian
distribution fitting energy [19], and is written as

where Kσ is a Gaussian kernel with a scale parameter σ, f1(X)
and f2(X) are the local mean intensities in Ω1 and Ω2, respec-
tively, and σ1 and σ2 are the corresponding standard variances.

The tooth shape constraint energy is defined as the dis-
similarity of the current tooth shape and the prior tooth shape
[20], and is written as

E H X H X dXShape φ φ φε ε( ) = ( )( ) − ( )( )( )∫ 0
2 (4)

where ϕ0 is the signed distance function which embeds the prior
tooth shape, and comes from the segmented tooth contour of
the previous slice.

The edge detection energy is integrated into the level set
length regularization term to smooth and refine the localiza-
tion of the curve, and is written as

E g dXedge = ( ) ∇∫ δ φ φε
Ω

(5)

where g is the edge indicator with gradient direction detec-
tion [21], and is defined as
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where Gs*I denotes the smoothed version of I by convolving I
with the Gaussian kernel Gs, and ∇ denotes the differential op-
erator. Thus, the energy function of the hybrid level set model
is written as

where M1(ϕ) = Hε(ϕ), and M2(ϕ) = 1 − Hε(ϕ). The minimization of
Eq. (7) can be achieved by an explicit iteration from the fol-
lowing gradient descent flows
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where t > 0 is the artificial iterative time, and div(•) denotes the
divergence operator.

2.2. Mesh segmentation

A 3D mesh model M is a set which consists of the face set F
and the vertex set V, and M = {F, V}. The goal of mesh segmen-
tation is to decompose a mesh into smaller and meaningful
sub-meshes. Lots of methods have been developed for mesh
segmentation, including region growing, watershed algo-
rithm, and spectral analysis and so on.When the segmentation
object is given, whatever algorithm is used, the most impor-
tant factor affecting the result is the criteria to decide which
elements belong to the same part. These criteria are always
based on the attributes extracted from the mesh [22]. Two of
the most useful attributes in various methods are the curva-
ture and average geodesic distance.

2.2.1. Curvature estimation
There are many variations for curvature calculation. One of the
most important curvature is the Gaussian curvature and can
be estimated using Meyer method [23]. Using the Meyer method,
the Gaussian curvature kG of vertex v is calculated by the fol-
lowing expression
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3c om pu t e r m e thod s and p r og r am s i n b i om ed i c i n e 1 3 8 ( 2 0 1 7 ) 1 – 1 2



k v
A

G
M

i
i N v

( ) = −
⎛
⎝⎜

⎞
⎠⎟∈ ( )
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where N(v) denotes all the 1-neighborhood vertexes of v, θi is
the angle of the i-th face at the vertex v, AM denotes the Voronoi
area of the vertex v which sums areas of partial region of the
adjacent triangles for the whole 1-neighborhoods. More details
on the computation of Voronoi area can be found in Ref. [23].

The directly computed Gaussian curvature in Eq. (9) is not
always accurate to obtain satisfying segmentation and can be
improved by employing the mean shift method [24]. Given a
data set of Gaussian curvatures, the mean-shift method first
estimates the density function of the curvatures. Then, it cal-
culates the gradient of the density function and moves the
curvature along gradient direction. Given the vertexes and cur-
vatures, the mean shift density function is written as:

f k v
V h
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h
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G G i
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( )( ) = ( ) − ( )⎛
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2

(10)

where K(•) denotes the kernel function, h is the correspond-
ing bandwidth, V is the total number of vertexes, and N2(v)

denotes the 2-neighboring vertexes of v. Let K pki i( ) = ( )2 ,

where p is a normalization constant making the integration
of K(•) to be 1, and k(x) is the profile function. The gradient of
density function (10) is written as:
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where g ki i( ) = − ′ ( ), and m k vG ( )( ) is the mean-shift vector
written as
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The mean shift iteration procedure of the Gaussian curva-
ture kG(v) is implemented through the gradient-ascent process

k v k v m k v tG
t

G
t

G
t( ) = ( ) + ( )( ) =+1 0 1 2, , , ,… (13)

The iteration process (13) stops until the change of kG(v) is
lower than a given value (for example 10exp4).

2.2.2. Average geodesic distance
The average geodesic distance of a given vertex represents the
means of geodesic distance from the vertex to all other ver-
texes on the mesh, and is calculated as follows:

A v
N

geod v vi i j
j

N

( ) = ( )
=
∑1

1

, (14)

where geod(vi,vj) is the geodesic distance between vertexes vi

and vj, and N denotes the number of vertexes on the mesh.
The geodesic distance between two vertexes can be calcu-
lated using Dijsktra algorithm.

2.2.3. Fast marching watershed algorithm for mesh
segmentation
The fast marching watershed algorithm [25] is inspired from
fast marching method [26] and watershed algorithm. Its seg-
mentation procedure is similar to a downhill process. The
unlabeled vertexes in the mesh can be labeled through down-
hill process from high to low according to a height function.
Given a height function, the procedure of the fast marching
watershed algorithm is conducted by the following steps:

Step 1. Given the vertex set V, the corresponding height func-
tion H, an array L labeling unlabeled 1-neighborhoods of
labeled vertexes;
Step 2. Find all the un-labeled 1-neighborhoods of the labeled
vertexes, and put these vertexes into L;
Step 3. Sort the vertexes in L according to the height func-
tion in descending order;
Step 4. Label the first vertex in L according to its labeled
1-neighborhoods, and remove it from L.
Step 5. Find all the un-labeled 1-neighborhoods of the
removed vertex in step 4, and put all the found vertexes into
L;
Step 6. Go back to step 3 unless L is empty.

3. Proposed method

3.1. Overview

The procedure of the proposed method for individual tooth seg-
mentation from CT images scanned with contacts of maxillary
and mandible teeth is shown in Fig. 1. The segmentation pro-
cedure consists of three steps: (I) user initialization, (II) tooth
contour segmentation, and (III) mesh model segmentation.

In step I, a user manually selects a starting slice for each
jaw and picks a seed point for each tooth in the selected start-
ing slices. For each jaw, the starting slice is selected from crown
part near the tooth neck where all tooth contours are in-
cluded and no alveolar bone connects with tooth. It divides the
volumetric images of the jaw into crown and root slices.

In step II, tooth contours are segmented slice-by-slice au-
tomatically. Tooth segmentation of each jaw is conducted
independently. For each single jaw, the segmentation starts from
the starting slice and propagates along the crown and root di-
rections for crown and root segmentation using a tooth contour
propagation strategy. The tooth contour propagation strategy
applies segmented tooth contour of the previous slice as tooth
shape prior to initialize and guide the segmentation of the
current slice. In the segmentation of each slice, the Radon trans-
form is used to extract a line to separate neighboring tooth
contours, and the hybrid level set model is then employed to
segment each tooth contour from the corresponding side of
the line.

In step III, each maxillary tooth whose contours overlap with
that of the mandible ones is detected, and a model is recon-
structed from all the contours of these maxillary and mandible
teeth with contour overlap. The reconstructed model is gen-
erally composed of one maxillary tooth and two or one
mandible teeth. It is then segmented by a threshold segmen-
tation and fast marching watershed method to separate the
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maxillary and mandible teeth.The separated tooth models are
finally restored to fill holes, and complete individual tooth
models can be obtained.

3.2. Tooth contour segmentation

Neighboring teeth especially in crown part may touch each
other such that the common boundary in between are missing,
and segmentation algorithm may consider the two teeth as one
and fail to extract individual tooth contour. In order to extract
individual tooth contour from each slice, this study first applies
the Radon Transform to compute a line to separate neighbor-
ing teeth into independent ones, then uses the hybrid level set
model to segment each tooth from the corresponding side of
the line.

3.2.1. Separation line extraction of neighboring teeth using
the Radon transform
The Radon transform of a given image I(x1, x2) (x1, x2 ∈ ℜ) rep-
resents a collection of one-dimensional line integral (i.e.
projection) in various directions:

R I x x I x x x x dx dxθ ρ δ ρ θ θ, , , cos sin( ) ( )( ) = ( ) − −( )
−∞

+∞

−∞

+∞

∫1 2 1 2 1 2 1 2∫∫ (15)

where θ denotes the angle between the perpendicular direc-
tion of line integral and the x1-axis, and ρ denotes the
perpendicular offset of the line integral.

The separation line of neighboring teeth corresponds to a
local minimum point R(θ0, ρ0) in the Radon transform as the
image projection along the line reaches a local minimum. Given
the reference shapes (the initial contours) of neighboring teeth

Fig. 1 – Procedure of individual tooth segmentation from CT images scanned with contacts of maxillary and mandible teeth.
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to be separated, the local minimum point R(θ0, ρ0) needs to
satisfy two constraint conditions. (1) θ0 should approximate to
α, the angle of the major axis of the connected contour of ref-
erence shapes obtained by dilating the reference shapes using
a disk shaped structuring element with diameter of 5 pixels
(the dilation operation generally has little effect on the angle
of the major axis), such that the separation line remains ap-
proximately perpendicular to the dental arch (θ0∈[α − 30°, α + 30°]
in this study). (2) ρ0 needs to be bounded within the perpen-
dicular offset of centroids of the reference shapes. Before the
separation line extraction, the reference shapes of neighbor-
ing teeth are dilated to check whether the neighboring teeth
are in close proximity to each other. Only when the dilated
shapes intersect, separation line extraction procedure would
be conducted. In addition, the Radon transform of each pair
of neighboring teeth is calculated from pixels within the con-
nected contour.

3.2.2. Modification to the hybrid level set model
In the hybrid level set model (7), three parameters whose values
will affect the results need to be tuned manually. This study
develops an adaptive parameter estimation scheme to deter-
mine the weight parameter ω and β from the image data, and
only the parameter µ is selected manually for the model to
adapt different images.

For the pixel whose statistical model is clear to be fore-
ground or background, the global intensity energy should be
dominant to guide the level set evolving quickly, and ω should
have a small value. While for the pixel whose statistical model
is ambiguous, the local intensity energy should be dominant
to drive the level set curve move toward the tooth boundary,
and ω should have a large value. Thus, in order to achieve the
best performance, the weight parameter ω needs to adaptively
adjust according to the image intensity distribution.This study
uses the following expression to estimate its value

ω = ( ) ( ) ≈ ( ) ( )4 41 2 1 2p I p I p I p IΩ Ω Ω Ω (16)

In Eq. (16), when p(Ωi|I) is close to 1 or 0, the statistic model,
whether the pixel is in the foreground or background, is clear
and 1 − ω approximates to its maximum 1 which means the
global intensity energy is dominant. When p(Ωi|I) is close to 0.5,
the statistic model, whether the pixel is in the foreground or
background, is ambiguous, and ω approximates to its maximum
1 which means the local intensity energy is dominant.

The prior shape constraint energy (4) does not involve any
image data, and the constraint does not favor any pixels. Ideally,
the prior shape constraint energy should have a strong con-
straint force at the weak boundary and have a weak constraint
force at the strong boundary. The image intensity of tooth is
generally higher than that of other tissues. Inside the zero level
set curve, the higher intensity a pixel has, the more unlikely
it is to be a boundary. Thus, inside the zero level set curve, the
shape constraint force should be strong for the pixel with high
intensity and weak for the pixel with low intensity. While
outside the zero level set curve, the lower intensity a pixel has,
the more unlikely it is to be a boundary.Thus, outside the zero
level set curve, the shape constraint force should be strong for
the pixel with low intensity and weak for the pixel with high
intensity. Additionally, the farther from the initial contour the

pixel is, the more unlikely it is to be the boundary. Thus, the
prior shape constraint force should be strong for pixel far from
the initial contour and be weak for pixel near the initial contour.
For this purpose, the parameter β is adaptively estimated by:

β δ φ φ φε ε ε= − ( )( ) ( ) + − ( )( ) −( )( )1 1 10 H I H IN N (17)

where IN denotes the normalized version of I whose maximum
is normalized to 1.

3.3. Mesh model segmentation for contacted maxillary
and mandible tooth separation

The segmented contours of maxillary and mandible teeth may
overlap in some slices. It is infeasible to reconstruct correct
individual tooth models from these overlapped contours. To
obtain individual tooth models, this study first detects the
touched maxillary and mandible teeth and reconstructs their
3D mesh models. Then, the reconstructed mesh model is seg-
mented to separate the touched maxillary and mandible teeth.

3.3.1. Contacted tooth detection and model reconstruction
There are multiple maxillary teeth that need to be separated
from mandible teeth if directly modeling the teeth from all the
segmented contours. It is a challenging work to automati-
cally separate multiple touched teeth. As neighboring tooth
contours in each jaw have been separated in the tooth contour
segmentation step, this study sequentially takes each maxil-
lary tooth as the object, and then detects the mandible teeth
that touched with it. In the segmented contours of a given max-
illary tooth, if there is overlap with contours of any mandible
teeth, it is regarded that this given maxillary tooth contacts
with some mandible teeth. Then, a mesh model is recon-
structed from all contours of the given maxillary tooth and the
contacted mandible teeth with contour overlap using March-
ing Cube algorithm [27]. As the touched areas of maxillary and
mandible teeth are always located at the occlusal contact area
in the crown part, the mesh model is reconstructed from con-
tours of the crown part. The reconstructed model is generally
composed of one given maxillary tooth and two or one man-
dible teeth.

3.3.2. Mesh model segmentation
Fig. 2 shows the procedure of the mesh segmentation for max-
illary and mandible tooth separation. First, the Gaussian
curvature of each vertex is extracted. The model is then pre-
segmented by threshold using the Gaussian curvature. The
threshold segmentation needs to ensure that most region are
labeled to be maxillary or mandible teeth except the occlusal
contact region. In this study, the threshold is set to be −0.001
empirically. In the occlusal contact region of maxillary and man-
dible teeth, vertexes may have similar Gaussian curvatures.
Thus, only using the Gaussian curvature may fail to segment
this region.The average geodesic distance calculates the mean
of geodesic distance from each vertex to all other vertexes on
the mesh. The value of the average geodesic distance of ver-
texes in the center of the object is low, and that of vertexes
on the periphery is large. To segment the contact region, this
study integrates the Gaussian curvature and average geode-
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sic distance to construct a height function. The contact region
is then segmented and labeled into maxillary or mandible teeth
by a fast marching watershed algorithm based on the height
function. By integrating the Gaussian curvature and average
geodesic distance, when the Gaussian curvature has diffi-
culty to distinguish the maxillary and mandible teeth from the
contact region, the height function has a tendency to sepa-
rate the contact region from the center vertexes.

As the reconstructed model by marching cube algorithm is
surface model, there occur holes at the boundary of the sepa-
rated tooth models. Finally, these holes are restored, and
individual complete tooth models are obtained. In order to
restore these holes in the separated mesh models, this study
first applies the advancing front mesh method to fill the holes
of maxillary and mandible teeth independently, and then
adjusts the filled holes alternatively to eliminate the possible
collision. In the hole filling of each mesh model, the
1-neighborhood vertexes and the corresponding faces of the
boundary vertexes are deleted, and holes are filled using the
advancing front mesh method [28]. The advancing front mesh
method first calculates interior angle at each vertex on the
boundary and then finds a vertex which has the smallest angle
and creates a new triangle using this vertex.

A collision-free mesh fairing method is used to adjust the
filled mesh [29]. A plane is fitted from the new boundary ver-
texes generated by deleting the 1-neighborhood vertexes and
the corresponding faces of the segmented boundary ver-
texes, and vertexes on the filled mesh are projected to the plane.
The interference area and the maximum collision distance that
the maxillary and mandible teeth have collided are calcu-
lated, and the two corresponding vertexes with the maximum
collision distance are marked. For each of the two vertexes,
the distance between the vertex and its projection on the fitted
plane is calculated and denoted to be 1. Then a parameter α
is defined as the proportion of half of the maximum collision
distance related to 1. The final coordinates P of vertexes of the
filled mesh are determined as follows:

P P P= + −( )α α0 11 (18)

where P0 and P1 denote the corresponding coordinates of vertex
on the mesh and projection plane, respectively. The above ad-
justment procedure iterates alternatively for each of two collided
maxillary and mandible teeth until no collision. As the fitted
planes of the two teeth will never collide, the adjustment pro-
cedure can always guarantee obtaining collision-free tooth
models.

4. Experiments and discussions

This study was reviewed and approved by the Institutional
Review Board of Shenzhen Institutes of Advanced Technol-
ogy, Chinese Academy of Sciences. Written informed consents
of the subjects were obtained. Cone beam CT (CBCT) volumet-
ric images of ten subjects scanned with natural contacts of
maxillary and mandible teeth were used to validate the per-
formance of the proposed method. The scanning parameters
of tested images were 120 kV, 5 mA, and with 6 s as time of
exposure. Each volumetric image has an isotropic space reso-
lution of 0.25 mm.There are no metal artifacts in these images.
Before being segmented, the volumetric images have been re-
oriented manually so that most slices in the transverse plane
contain all the tooth contours.

The manual segmented teeth were used as the “ground
truth” and compared to the results of the proposed method.
Four metrics were used to quantitatively estimate the seg-
mentation accuracy. The four metrics include two volume
overlap metrics, volume difference (VD, mm3) and Dice simi-
larity coefficient (DSC, %), and two surface distance metrics,
average symmetric surface distance (ASSD, mm) and maximum
symmetric surface distance (MSSD, mm). VD, DSC, ASSD, and
MSSD are defined as:

VD V VR A= − , (19)

DSC
V V
V V

R A

R A

= ∩
+

2
(20)

Fig. 2 – Procedure of mesh segmentation for maxillary and mandible tooth separation.
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where VR and VA are the volumes of objects of ground truth
and algorithm segmentation, respectively, SR and SA are the
object surfaces of ground truth and algorithm segmentation,
respectively, dist(a, SR) is the nearest Euclidean distance from
a surface point a to the surface SR, mean{•} and max{•} are the
arithmetical average and maximum operator, respectively.

The presented method was implemented using MATLAB
code and ran on a DELL graphics workstation (Win 7, Intel E5-
2643 3.3 GHz CPU, 16 GB RAM). The processing time for
segmenting the tested images was recorded to assess the ef-
ficiency of the method.

4.1. Qualitative results

Fig. 3 shows the segmentation results of sample slices by the
tooth contour segmentation step based on the Radon trans-
form and the hybrid level set model. In these images, some

teeth of maxilla and mandible touch and overlap in slices of
occlusal contact area. The visual results indicate that neigh-
boring tooth contours in each jaw are separated successfully,
and root contours are well segmented. However, touched
maxillary and mandible crowns are failed to be segmented,
and there are serious overlap between the segmented con-
tours of maxillary and mandible crowns (in (a)-5—(a)-8 and
(b)-1—(b)-(4)).

Fig. 4 shows the 3D models of the teeth generated from the
volumetric images in Fig. 3. Models in Fig. 4(a) are directly re-
constructed from these segmented tooth contours. In the
models, some maxillary and mandible teeth are reconstructed
to be one model due to the overlap of segmented contours.After
the mesh model segmentation, maxillary and mandible teeth
are separated and individual tooth models are obtained (shown
in Fig. 4(b), (c), and (d)). These tooth models are visually sat-
isfying and can be manipulated individually to perform digital
diagnosis and treatment planning of orthodontics.

Fig. 5 shows the final maxillary and mandible tooth con-
tours of slices in occlusal contact area from volumetric images
in Fig. 4 after mesh model segmentation step. Compared to the
results in Fig. 3, overlapped maxillary and mandible tooth con-
tours are separated completely, and individual tooth contours
are obtained.

Fig. 3 – Segmentation results of sample slices by the tooth contour segmentation step based on the Radon transform and
the hybrid level set model. (a) Results of maxilla, (b) results of mandible. (a)-6 and (b)-1, (a)-7 and (b)-2, and (a)-8 and (b)-3
are respectively the same slice with tooth contact.
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4.2. Quantitative results

The quantitative segmentation accuracy of the proposed
method in terms of all the four types of teeth estimated from
the tested volumetric images is listed in Table 1.

As existing automatic and semi-automatic tooth segmen-
tation method cannot extract individual tooth from CT images
scanned with contacts of maxillary and mandible teeth, this
study did not compare them to the proposed method for the
segmentation of these images.

Fig. 4 – 3D models of the teeth generated from the volumetric images in Fig. 3. (a) Tooth models directly reconstructed from
the segmented contours. (b) Individual tooth models after the mesh segmentation. (c) Individual maxillary tooth models in
(b). (d) Individual mandible tooth models in (b).

Fig. 5 – Maxillary and mandible tooth contours of slices in occlusal contact area from volumetric images in Fig. 3 after mesh
model segmentation step. Red curves mark the maxillary tooth contours, and green curves mark the mandible tooth
contours. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 1 – Tooth segmentation accuracy of the proposed method for segmenting the volumetric images scanned with
natural contacts of maxillary and mandible teeth.

Teeth Metrics

VD (mm3) DSC (%) ASSD (mm) MSSD (mm)

Incisor 36.94 ± 4.53 90.90 ± 1.74 0.25 ± 0.04 1.30 ± 0.42
Canine 41.31 ± 7.57 90.52 ± 1.59 0.33 ± 0.02 1.28 ± 0.48
Premolar 42.06 ± 6.39 89.94 ± 1.28 0.37 ± 0.05 1.53 ± 0.46
Molar 60.15 ± 15.99 89.15 ± 1.19 0.39 ± 0.18 2.48 ± 0.52
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4.3. Computation efficiency

In the segmentation of tooth contours, the extracted separa-
tion line of neighboring teeth makes the segmentation of
different teeth in one slice become independent. Thus, differ-
ent teeth in one slice can be segmented in parallel. This study
applied two cores to segment tooth contours in parallel. The
computation time of the tooth contour segmentation strat-
egy for segmenting one set of volumetric images is
4.45 ± 0.64 min. The computation time of mesh segmentation
for maxillary and mandible tooth separation of one subject is
1.37 ± 0.43 min.

4.4. Segmentation of CT images scanned without
contacts of maxillary and mandible teeth

The presented tooth contour segmentation step can be di-
rectly used to extract individual tooth from CT images scanned
without contacts of maxillary and mandible teeth. In order to
estimate its performance, sixteen sets of CBCT volumetric
images scanned without any contacts of maxillary and man-
dible teeth were used to test it for crown and root contour
segmentation. These images have the same scanning set-
tings with those tested images scanned with natural contact
of maxillary and mandible teeth.

The quantitative segmentation accuracy of the presented
tooth contour segmentation method has been compared to
Hosntalab et al.’s method [4], Gao et al.’s method [10], and Gan
et al.’s method [13]. The quantitative comparison results are
presented in Fig. 6. Compared to these methods, the accu-
racy of the proposed method is higher. Statistical significance
test showed that there was significant difference (p < 0.05)
between the segmentation accuracy of the proposed method
and Hosntalab et al.’s and Gao et al.’s methods, and there was
significant difference (p < 0.05) between the segmentation ac-
curacy of the proposed method and Gan et al.’s method for
the incisor and molar (p < 0.05).

Compared to the three other methods, another advantage
of the presented tooth contour segmentation method is that
it involves less parameter to be tuned (only one parameter µ)
and is more feasible to be applied for clinical application.

4.5. Limitation of the proposed method

In clinical orthodontics, the double scanning of the same
subject is not allowed, and it is difficult to obtain the images
of the same subject scanned both with open bite and close
bite positions. Thus, this study applied the manual seg-
mented teeth from images scanned with close bite position
as the “ground truth” and compared to the results of the

Fig. 6 – Segmentation accuracy comparison of different methods for segmenting volumetric images scanned without any
contacts of maxillary and mandible teeth.
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proposed method. However, a more advisable solution is to
use these optically scanning plaster models or intraoral
scanning models as ground truth of crowns with occlusion
condition. In future works, we will try to collect both the CT
images and optically scanning models of same subjects to
evaluate the method.

Another limitation is that the hybrid level set model seg-
ments 2D tooth contours from the volumetric CT images slice-
by-slice, and the segmentation accuracy is somehow dependent
on the initial tooth contour. It may fail to segment these angled
teeth as there is low coherence between contours of adja-
cent slices, and the initial tooth contour from the segmented
slice may be far from the real contour. To segment the dental
CT images with angled teeth, one feasible solution is to manu-
ally reorient the volumetric images for different teeth before
the segmentation and then map these segmented teeth to the
original coordinate space. The future work of this study will
focus on the extension of the proposed method for the ro-
bustness to angled teeth.

5. Conclusion

This study proposes a method for individual tooth segmenta-
tion from CT images scanned with contacts of maxillary and
mandible teeth. In the proposed method, tooth contours are first
segmentedslice-by-slicebasedontheRadontransformandhybrid
level set model.After the tooth contour segmentation,each max-
illary tooth whose contours overlap with mandible ones is
detected, and a mesh model is reconstructed from all the con-
tours of these maxillary and mandible teeth with contour overlap.
Then, the reconstructed mesh models are segmented using
threshold segmentation and fast marching watershed algo-
rithm to separate the touched maxillary and mandible teeth.
Finally, the separated models are restored to fill holes, and com-
plete individual tooth models are obtained.Experimental results
verified that the proposed method successfully segmented in-
dividual tooth from tested CT images scanned with natural
contacts of maxillary and mandible teeth, and achieved satis-
fying segmentation accuracy and efficiency.
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