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ABSTRACT In this paper, we describe a novel approach for obtain-
, i i ing the shape of a tooth using only 3D crown information
We describe a novel approach _to obtain a gooc_i estimate, 4 without the use of X-rays, CT or MRI. Various methods
of the complete 3D representation of a tooth given only may be employed to acquire highly accurate crown models,

the crown. The technique is based on the use of stalisti-g o girect imaging with an intra-oral camera (OraScanner
cal model derived from 3D-images of teeth constructed by from OraMetrix GmbH) or laser scanning of a plaster cast

microtqmography. Tpehroot is constlructe(: t?y m";‘]tChi”Q th? of the patient’s dentition. Once the three-dimensionalero
respective crowns of the two models, defining the optima model has been built, we still need a method to reconstruct

registration, and optimizing the statistical model parame o 1,4t Section 2 presents the construction of a statlstic
ters. This method allows us to generate the ropt efficiently shape model whose variations describe how the shape of a
dug o the sma}l nqmber qf parameters to adjust, and " particular tooth can vary. Section 3 describes the registra
quirés none or little |nteractlop from the user. Thg resylta tion problem and explains how the statistical model can be
ShD modelhls smooth and provides a good approximation of iy tg the patient’s crown to produce a good estimate of
the root shape. the shape and size of the reconstructed tooth. Finally, in
section 4, experimental results are presented to demtmstra

1. INTRODUCTION the capabilities of this approach.

Accurate knowledge of the 3D shape of teeth and the po- 2. CONSTRUCTION OF A STATISTICAL MODEL
sitions of the roots is very important in many maxillofacial

surgical applications, endodontic procedures, and treattm 2.1. Data Collection

simulations. For example, a dental implant can be inserted
into the jawbone when a tooth is missing to act as a substi-
tute for the root. Using the mirror image of the correspond-
ing tooth on the other side of the jaw to define a 3D rep-
resentation of the missing tooth could result in an implant
of better quality. Simulation of tooth displacement within
the jaw bone when trying to correct forms of malocclusion
or bite irregularities requires 3D shapes. Among image ac-
quisition modalities, computer tomography (CT) is the most
efficient way of generating 3D objects. However, CT imag-
ing of dental patients is not always available and is radio-
logically invasive. Therefore, to overcome this problein, a
ternative methods have been developed to approximate th
root shape.

Enciso et al. [1] have suggested a 3D reconstruction
based on 2D radiographs, resulting in a “best fit” patient-
specific 3D geometric polygonal mesh of a tooth using thin-
plate splines. However, this method does not consider the
possible shape variations of a given tooth and uses only 2D  Fig. 1(a) shows the generic tooth model used for match-
image data. ing. An example of the 3D tooth models reconstructed from

Twenty-two 3D tooth samples of the second upper-right pre-
molar were imaged with a SkyScan-1076 microCT scan-
ner at a resolution of 3xm. The contour of each tooth
was manually defined on each CT slice and the resulting
surface model was decimated (giving a new resolution of
105 pm) before further processing. Each tooth was then
matched with a generic tooth model using the procedure de-
scribed by Szeliski and Lav&k [2], resulting in a collection
of N = 22 3D training shapes of the same tooth. This ap-
proach requires aligning manually each training tooth &ith
generic one that is represented byrpoint 3D triangular
esh. Non-rigid registration [2] using free-form deforma-
ion [3] and splines is then performed to deform the generic
model to match each training tooth. Each resulting example
is finally represented by a vector

m = (L0,Y0, 205 - - -, EM—1,YM—1, ZM—1)



microtomography is seen in Fig. 1(b). Fig. 1(c) shows the The proportion of the total variance explained by each
same tooth after non-rigid registration. For different@pe  vector is equal to the corresponding eigenvalues. Conse-
mens, the mean distance between the surface of the 3D tootlquently, the eigenvectoks; associated with the maximum
models reconstructed from microtomography and the sur-eigenvalues\; correspond to the major deformation modes.
face of the generic model after matching lies in the range Fig. 2 shows the cumulative percentage of variability given
0.12 mmto 1.07 mm (0.24 mm for the specimen of Fig. 1(b)).the number of components. Seven components can explain
95% of the variability, while thirteen components explain
more than 99% of the variability between the different sam-
ples.

Any shape belonging to the training set can be approxi-
mated as a sum of the mean model and a linear combination
of the firstpc modes, i.e.,

(b)

pc—1
Fig. 1. Generic model and elastic registration onto a tooth exem- m =m + Z wi€i )
plar. (a) Generic model. (b) Tooth exemplar reconstructed from =0

microtomography. (c) Generic model matched onto the exemplar. wherew; are the weights associated with the eigenvectors

e;. By constraining every; such that-\; < w; < \; we
can limit the amount of deviation from the mean model.
2.2. Construction of a Point Distribution Model

11

A statistical shape model, the point distribution model DD =T S ey
[4], can be used to describe the average shape and shape = o o
variations of a set of sample models. The mean shape g a0 .
defined using o A .

1 N-1 .%

m = N Z m,; (1) E T
i=0 3

The modes of variation , symbolizing the ways in which the B T T O
points tends to move together, can be found by computing Number of components
the eigenvectors; of the covariance matriR.: Fig. 2. Cumulative percentage of variability given the number of

) components.

1 — _ _
Rac =57 > (m; — m)(m; —m)” 2

=0

Given the high resolution of the 3D models used, a direct 2:3. 3D Mesh Model

estimate of the eigenvectors &, is not feasible. ]dInSt?ad The mean model consists of an unorganized cloud of points.
of working in the variable (tooth points) Sp_aﬂéj'xl (di-  Inorder to obtain a mesh boundary representation of the pa-
mension3 x M), the eigenvectors are defined in training tient’s tooth after reconstruction, a 3D reconstructiopes-

sample spaci®" (dimensionN < 3 x M). Simple mathe-  formed using a marching cube algorithm [6] after extraction
matical considerations [5] give us an immediate correspon- of the isosurface.

dence between the eigenvectors and eigenvalues in these

two spaces. The eigenvaluesIiti*™ andIR" are iden-

tical, and if (\,,u,) are associated variables (eigenvec- 3. TOOTH RECONSTRUCTION

tor, associated eigenvalue) iR* > then(\,,v,) are the o ) o
corresponding associated variables (eigenvector, asdci Once the statistical model has been defined, the patient’s

eigenvalue) ink** ™ where tpoth shape is. computed from the optimal rigid and elas-
tic transformations of the mean model following Fleute et

1 al.[7]. We aim to match the patient’'s crown with the corre-

Va = \/EX“C‘ sponding region of our statistical model by determining the

contribution of the different modes of the statistical miode
and the rows of théV x 3M matrix X correspond to the  The crown shape variations with respect to the mean model
tooth data points . are then used to infer the root shape.



3.1 Initial Registration with respect to every component, they can be computed by

In order t truct the t t tooth int di " Ridder's method of polynomial extrapolation.
cr;\grbee irn((:)Il:?jcecc)in;e:\gv(;\aenieat\r/\?eeenosrin;:;rjallr;c?r;rgzng]?z:nal- The second method uses kd-trees [10] that can be built
ysis (PCA) (Section 2.2)and the final deformation. The it- O/ 108 M). Akd-tree is a binary tree used to represent

i I ¢ point (ICP) algorithm 18 b dt data of dimensior (hered = 3). Each node of the binary
]E:ra |vtehc Esef pom_b(l I? aigon ¢ Ln £ ] canthe l':\i/e ogelr— tree represents a subset of the data record and a partgionin
orm the best possibie alignment between the tWo MOA€IS. ot w1 sypset. The particular structure of a kd-tree makes
This step is implemented with manual rigid registration,and

i lina. Althouah not datory. it i it very easy to compute the required distances. This second
' necessary, scaling. Although not mandatory, 1 can_gyea method requires the construction of a new kd-tree after each
decrease the running time of the reconstruction and improve

the final results iteration of the Lgvenberg—Marquardt algorithm. We_can

' access the true distances and a closed-form expression for
. ] o the gradient ofZ'(p) becomes available.
3.2. Non-Rigid Deformation of the Statistical M odel The minimization can lead to a local minimum instead

The optimum parameters can be computed through the minOf the global minimum expected. To get round this diffi-
imization of a merit function to measure the goodness-of- Culty, the number of modes can be increased successively

fit. The merit function used here (Equation 4) is the simple during the minimization (beginning with the more signif-
mean-squared distance (the Euclidean distance) between thicant ones until theVv,. modes are included in the mini-

crowns of the two volumes: mization or a sufficient precision is reached).
M.—1
E(p)= Y min(||d; — mi|*)1<j<x 4) 4. RESULTS
=0
Npe—1 Two types of tests were performed to check the validity of
with m = R(m + Z wey) + T (5) the method described in this paper, the first using extracted
=0 teeth and the second patient data.

wherep is a vector representing the different parameters to
adjust, M. the number of crown points of the PDMK, the 4.1 Leave-one-out Test

number of points of the target toow the vector represent- A |eave-one-out test was realized using the 22 specimens

ing the target (dimensiolx K), T a translation vectoiR for the two approaches described (with or without a dis-

a rotation matrix, ane, the principal components obtained  (5nce map). Distances between the original specirfigns

in part 2.2 pc corresponds to the number of principal cOM- 4 their reconstructed shap&; were estimated using the

ponents selected). _ _ Hausdorff distance (HD) [11]. Table 1 summarizes the re-
We need to estimate the six components that define theg 5 optained without precomputed distance map and Fig-

rigid-body transformation between the two volumes (three \;re 3 represents an example of reconstruction in the general
parameters each far andR) as well as the optimum weights .o

for the IV, principal components, i.e., we have to solve an
optimization problem having onl§ + N,. parameters.

The optimization ofZ'(p) was performed using the Lev-
enberg-Marquardt algorithm [9]. To compute the minimum
distances, two different options were tested, with and-with
out the use of a pre-computed distance map.

@ (b) (©)
Computing the minimum distances is the most computa- Fig. 3. (a) Crown information used for the reconstruction. (b) and
P 9 P (c) show the mesial and buccal views of the original tabthnd

tionally expensive part of the minimization. In the firsteas its reconstructed shagii. The 3D mesh representd? and the
distances are approximated using an octree-splines déstan g facer.

map [2]. The two volumes (target and deformable models)
are enclosed in a bounding box and a classical octree de
composition is realized based on thg points of the patie_nt_’s Max Mean RMS!| Max Mean RMS
tooth. _For each corner.of the termlnal octants, the mini- 096 011 016 | 507 056 084
mum distance to the patient’s tooth is computed and stored. pjaximum | 5.30 051 0.86 | 28.19 256  4.59
Given a new pointP, determining the minimum distance  pean 242 029 049 | 12.44 150 2.50
only requires that we find the octant the point belongs to variance | 0.80 0.01  0.03 | 22.27 020 0.72
and realizing a trilinear interpolation over the 8 cornefis o
this octant. This method allows us to get a good approxima- Table 1. Leave-one-test results: reconstruction based on crown
tion of the required distances. As for the partial derivegiv ~ information, without precomputed distance map,{ = 7).

HD (mm) HD (% teeth height)




For all the teeth of the test set, the reconstruction pro- Teeth whose shapes differ only in size (e.g., first and second
cess lead to a perfect match between the crowfidpfand premolar) could also use the same database (simple scal-
T;. For the majority of the reconstructions, the method gave ing of the mean shape and different modes of the PDM). To
a very good approximation of the teeth height and width. conclude, this method presents two major advantages: it ex-
Only one particular tooth in the training set lead to results ploits the entire prior information available for a giveioto
far from those expected. Indeed, the reconstruction beingand it requires little or no interaction from the user.
based on a statistical representation, outliers will leegkt
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