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Abstract. In this paper, a novel method is introduced to segment tooth
from Cone Beam Computed Tomography images. Different from tradi-
tional methods, the root canal centerline identified by graph theory based
energy minimization problem is applied as prior knowledge aiding for the
segmentation. Besides, though we use the idea of contour tracking strat-
egy as adopted by most published methods based on slice-by-slice basis,
within a slice, the segmentation is based on the harmonic field theory,
which makes our method superior to the traditional ones. Effect and
efficiency of ours are proved by the experiments.
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1 Introduction

There are two major ways nowadays to capture in vivo dental information into
its digital format. The first one is to use a laser scanner, which is a popular
three dimensional (3D) approach and can be used to capture the geometry of
crown surface accurately. However, as we know, the laser beams cannot reach the
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internal of object, therefore, it is unable to capture the root of tooth. As another
option, Cone Beam Computed Tomography (CBCT) techniques are widely used
in the clinic, since the X-ray it adopted can pass through human body and
tell the differences among different organs. Actually, the CBCT images play an
very important role in the computer-aided diagnosis, treatment planning and
virtual surgery for dental routines such as root canal therapy, where information
of the root is crucial to their successes. In order to be used by the computer, a
primary step of the CBCT based approach is to distinguish tooth from the rests,
which is the aim of this work. In other words, we want to find a feasible way to
segment individual teeth from CBCT images. The segmentation of tooth from
CBCT images is challenging according to Gao et al. [11]. Firstly, the tooth is
very close to surrounding objects, such as adjacent teeth (see Fig. 1(a)) or jaw
bones (seen Fig. 1(c)). Therefore, many suspicious boundaries exist and they even
disappeared where adjacent teeth touch each other. Secondly, the tooth contour
also suffers from topological change among different images. For example, the
first molar in Fig. 1(b) can be seen as one connected region, while becomes three
region in Fig. 1(c). Thirdly, the resolution of tooth is limited, because the image
represents the entire head and some surroundings. As Fig. 1(d) demonstrated,
the region of tooth in red rectangle is relatively small comparing to the entire
region of image in blue rectangle. Fourthly, the CBCT images may be very noisy
for the reason of reduced radiation dose, which is for the consideration of healthy.
Lastly, efficiency is important due to large number of slices for each tooth.

Fig. 1. Challenges of the tooth segmentation lives in: adjacent teeth (a), topological
changes (b, c), and limited resolution (d).

1.1 Related Work

Lots of methods have been proposed for medical image segmentation. Some of
them are relatively simple, such as threshold based method and region growing
[17,19]. Others may based on more some complex methodologies or procedures,
such as max-flow/min-cut based graph cut [5] method and contour evaluation
based Snakes [2] or Level Set [8] algorithm. But none of them can be used as
general approach suitable for ever organ segmentation problems, which is the
conclusion of a survey [7].

Since the CT images can be view as an entire 3D volume or a sequence of
2D images, the existed tooth segmentation methods can be classified into two
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categories, namely the volume based and slice based approaches. 3D mesh models
(or well know as template) which represents the mean shape and prior knowledge
of each teeth are generally required for the segmentation and reconstruction of
volume based methods [4,6]. In order to get the desire models, training processes
are commonly needed based on some previous constructed databases, which
make the method of this kind extremely complex and time costing. By contrast,
slice based methods treat CT images in their very native way. Namely, they
work on a slice-by-slice basis, and in order to track the segmentation boundary
(or contour) in consecutive slices, the contour of segmented slices will be offered
as prior knowledge for the segmentation of adjacent slices generally. Among the
slice based methods, Level Set is the most adopted algorithm [10–13,16]. The
segmentation of a slice is achieved by process named contour evolution, it is a
iterative procedure initialized by a given contour, and evolved under the target
of minimization of a specified energy function. Therefore, the choice of the initial
contour and energy function are critical to the results. Parameter tunings are
generally required in order to get a excellent result for different cases [9]. Liao et
al. [14,15] adopt the thin-plate splines to connect control points specified by user
interactions as the segmentation boundary of tooth in CT volume. Though user
interactions can offer high level knowledge aiding for the segmentation, which
are good especially for the Ground Truth generation, but too many of them will
be time-costing and lead to tedious user experiences.

This paper also adopt the slice-by-slice basis, but different from the existed
method, the centerline of root canal will be identified in the first place and used
as prior knowledge in additional to the contour of adjacent slices. Furthermore,
harmonic field theory other than algorithms such as level set is used in this paper
to find the segmentation boundary. The rest of this paper will be organized as
follows. In Sect. 2, a root canal centerline identification method based on graph
theory is introduced. Section 3 presents the harmonic field based segmentation
method. Then, Sect. 4 shows some experimental results and assessments. Finally,
the Sect. 5 concludes the paper.

2 Graph Theory Based Root Canal Centerline
Identification

Instead of solid object, within a tooth there exist some spaces anatomically where
soft tissues, such as the blood vessels and nerve, can be found. Therefore, in the
CBCT images, low intensity areas appear inside the tooth in contrast with the
high intensity bone tissues as can be seen in Fig. 1.

A root canal is the tubular structure within the root of a tooth. In this
paper, we treat it as an important prior knowledge based on the fact that a
tooth can be located as long as its root canals are identified. In order to achieve
that, centerline, which is an efficient descriptive way of root canal, will be firstly
defined as a path formed by consecutive edges between two selected terminal
points in the graph constructed from CT volume. Then, similar to the level set
approaches, energy terms will be special designed and assigned to every edges of
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the graph on the condition that the centerline will possess the minimum energy
values than any other path’s between the two specified terminals. Finally, the
classic shortest weighted path algorithm can be used to solve the minimization
problem where energy term of each edge is the weight.

2.1 Definition of the Graph and Centerline

A 3D volume can be seen as the superposition of two-dimensional (2D) CT
images in the order of their Z-coordinations. The 2D pixel in images is referred
to as voxel in 3D volume. A most intuitive while inefficient way of graph con-
struction is to use every voxels as graph vertexes and the line determined by
each two neighboring voxels as graph edges, because the scale of the graph will
become too complicated to be processed generally. An improvement is to use a
subset of entire voxels in the construction.

Actually, a skeletonization method [1] is used to remove the voxels, which
definitely no belonging to the root canal region, during the graph construction.
And we use the classic Dijkstra algorithm for the shortest weighted path problem
solving.

A discrete version of the root canal centerline is a path of graph we con-
structed, which can be described by a sequence of graph vertexes {x1, x2, ..., xk},
where x1 and xk are two vertexes closest to the terminal points of centerline. If
we assign each edge a energy term E(xi, xi+1), (1 ≤ i ≤ k − 1), than the energy
of the path can be depicted as Eq. 1.

k−1∑

1

E(xi, xi+1) (1)

2.2 Designation of the Energy

In this paper, two aspects are considered in the designation of energy term
as described above, including the position P (xi, xi+1) and tangential direction
D(xi, xi+1) of edge xi, xi+1 as described by Eq. 2.

E(xi, xi+1) = αP (xi, xi+1) + (1 − α)D(xi, xi+1) (2)

Volume intensities and structure tensor are adopted to formulate the
P (xi, xi+1) and D(xi, xi+1) for the consideration that the centerline is supposed
to exist in a low intensity tubular structure. And the α is set to 0.5 to balance
them. In additional, every voxel intensities of input volume V is firstly reversed
V ′ according to Eq. 3 so as to enhance the root canal region.

I ′(x) = M − I(x) (3)

where M, I(x) denotes the maximum intensity of volume V and the intensity at
voxel x respectively.
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Then, the proposed P (xi, xi+1) and D(xi, xi+1) will meet the Eqs. 4 and 5.

P (xi, xi+1) =
2M − (I(xi) + I(xi+1))

2(M − m)
(4)

D(xi, xi+1) = 1 −
√

λ2
2λ3

2(v • e1)
2 + λ1

2λ3
2(v • e2)

2 + λ1
2λ2

2(v • e3)
2

λ1λ2
(5)

where M,m, I(xi) are the maximum, minimum intensity and the intensity at
voxel xi of the modified volume V ′. λi, ei(i = 1, 2, 3) are eigenvalue and eigen-
vector of structure tensor of xi subjected to λ1 ≥ λ2 ≥ λ3, v is the vector from
xi to xi+1, • denotes the dot product operation.

3 Harmonic Fields Based Tooth Segmentation

Our segmentation strategy is to construct a scalar field ϕ (i.e. the harmonic
field) of image pixels, which satisfies Δϕ = 0 (Δ is the Laplacian operator) and
subject to particular Dirichlet boundary conditions (namely the constrains).
More details of the harmonic field can be found in our previous work [20].

3.1 Segmentation Within a Slice

If we view the Laplacian operator of each pixel together as a matrix L (i.e., the
Laplacian matrix), the element Lij of L can be expressed as Eq. 6.

Lij =

⎧
⎪⎪⎨

⎪⎪⎩

∑
kWik, if i = j, k �= i

−Wij , if i are j are neighbors

0, otherwise

(6)

where Wij is the weighting function should be designed for different cases. Let
I(i), I(j), Lij denote the intensity of pixel i, j and the distance between them,
then our Wij meets the Eq. 7.

ωij = e
− (I(i)−I(j))2

Lij
2 (7)

In order to solve the linear system Lϕ = 0, the constrains should be specified.
For example, pixels of two categories are preset to 0 and 1 respectively, which
are the minimum and maximum scalar of the harmonic field. Generally, one
category includes pixels which belonging to the aims of segmentation (e.g., the
tooth in our case), others are background pixels. Therefore, pixels belonging to
the identified root canal centerlines and image boundaries can be treated as the
two sets of constrains respectively.

After acquiring the harmonic field by solving the linear system determined
by Laplacian matrix and the constrains, one of the harmonic iso-lines can be
used as the segmentation boundary.
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Fig. 2. Assignment of the Sc (a), St (b), and VOI (c) by user interactions.

Fig. 3. Demonstration of contour tracking. The first row depicts the constrains, second
row shows the harmonic field and its iso-lines, the third row presents the acquired
contours.

3.2 The Contour Tracking Procedure

We name the entire segmentation procedure as contour tracking because the
harmonic field based segmentation method described above is carried out itera-
tively from Sc to St to track the tooth contours and solve the problem. Sc and
St are two extreme image slices closest to the crown side and tip side of tooth
which include root canal centerline. User interactions are involved to assign the
Sc and St (see Fig. 2(a) and (b)), as well as the Volume of Interest (VOI, see
Fig. 2(c)) which includes the objective tooth.

Fig. 4. Comparison results between the MS (the first row) and ours (the second row).



Tooth Segmentation from Cone Beam Computed Tomography Images 105

During the iteration, the shape of acquired contour in current slice will guide
for the extraction of contour in the next slice. Figure 3 demonstrated the entire
procedure.

4 Experiments and Result

The proposed system is implemented on a personal computer (2.67 GHz Core
Duo processor and 4 GB memory) based on the Visualization Toolkit [18] and
using C++ for programming. The CBCT images are provided by Xiangya Hos-
pital of Central South University.

Fig. 5. Average time consumption (in seconds).

Fig. 6. Demonstrate of the segmentation results. (a) Segmentation contours of some
slices. (b) The identified centerlines. (c) Overlapping of the final result and the volume.
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Some experiments are carried out to evaluate the proposed method. Firstly,
a Morphological Snakes (MS) algorithm [3] is adopted for the comparison. As
showed in Fig. 4, our method is more accurate than the MS.

Then, the average time consumption for root canal centerline identification
and contour tracking also are recorded (see Fig. 4) grouped by teeth indexes (i.e.,
from 11 to 17 and 21 to 27 according to the Federation Dentaire Internationale
notation method).

Finally, the segmentation result of a tooth with multiple root canal is depicted
in Fig. 6 to demonstrate the effect of the proposed method.

5 Conclusion and Future Works

This paper presents a novel segmentation method of tooth from CBCT images.
Firstly, the root canal centerline identified by graph theory based energy min-
imization problem is applied as prior knowledge aiding for the segmentation.
Besides, though we use the idea of contour tracking strategy as adopted by most
published methods, within a slice, the segmentation is based on the harmonic
field theory, which makes our method superior to the traditional ones. Effect
and efficiency of ours are proved by the experiments.

As can be seen in the experiment, the major time consumption of our method
is the cost for harmonic field generation. Though strategies for accelerating such
as VOI extraction have been achieved in this work, further improvement is still
a direction of our future works.
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