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Quantification of tooth displacement from
cone-beam computed tomography images
Jie Chen,a Shuning Li,b and Shiaofen Fangc

Indianapolis, Ind
Introduction: The objectives of this study were to demonstrate a method that could be used to quantify three-
dimensional (3D) tooth displacement from cone-beam computed tomography (CBCT) images and to assess
its accuracy. Methods: Images of the same mandible taken 2 weeks apart with no treatment were used. Four
mandibular teeth—left lateral incisor, left canine, left first premolar, and left first molar—either remained un-
moved or were artificially displaced with known values on 1 image to simulate after-treatment conditions.
The iterative closest point method was used to superimpose the unchanged bony part of the mandible and
to find the transformation matrix between a tooth’s 2 positions, before and after displacement. Tooth displace-
ment was calculated from the transformation matrix. Results: All 6 displacement components in terms of
translations along and rotations about the 3 axes on the tooth were obtained. The results showed that the er-
rors could be managed: they were less than 5% in translation and 10% in rotation. Conclusions: The 3D tooth
displacement can be obtained from CBCT images, and the accuracy is acceptable for clinical use and can be
improved when the quality of the images improves. (Am J Orthod Dentofacial Orthop 2009;136:393-400)
I
n orthodontics, patients are treated by moving teeth
to improve esthetics and occlusion. Tooth displace-
ment is an important outcome, which can be used to

evaluate treatment strategies and orthodontic appli-
ances. However, quantification of clinical 3-dimensional
(3D) tooth displacement has been a major challenge.

Two-dimensional tooth displacement has been
mostly evaluated clinically with panoramic and cephalo-
metric radiographs.1,2 Dental implants were used as ra-
diographic landmarks to quantify the displacement of
mandibular molars.3 Only a projection of the
displacement in the 2-dimensional plane could be mea-
sured; thus, the coupling effects (displacement perpen-
dicular to the plane) were not measurable. Resent
studies have focused on 3D displacement after orthodon-
tic treatment.4-13 The displacement was calculated based
on displacements of a few points measured by a 3-axis
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measuring microscope11 or surface points on the crown
from digital dental casts.4-10,12 The challenges are to
locate the points consistently and accurately for the
former and to reduce errors while making and digitizing
the casts for the latter. The 3D displacement needs to be
described relative to unchanged anatomic markers.
Teeth were not the candidates because they might
move. Thus, other anatomic regions, such as rugae4-7,12

or implants have been used.7,8,10,12 The position of the
implants or the profile of the landmarks was recorded
by impressions and corresponding dental casts. The
casts were either scanned or digitized into a computer
to create digital casts. Tooth displacements were calcu-
lated from the digital casts. The disadvantages are that
implants are invasive, and the dental cast might not be
accurate because the many steps in making a cast can
introduce cumulative errors. It is clinically preferable
if the 3D tooth displacement can be quantified in a less
invasive and more accurate manner.

Cone-beam computed tomography (CBCT) is in-
creasingly used in clinics as a means to obtain a digital
jaw model. It has been used to quantify displacement of
the condyles and the rami.14,15 Its resolution has been
improved and has the potential to be even better.
Thus, it can be used to reliably reconstruct bone and
teeth at different times; this is crucial for quantification
of tooth displacement.

Our objectives in this study were to demonstrate
a method to calculate 3D tooth displacements from
CBCT images and to estimate their variations. These
will pave the way for 3D tooth displacement quantifica-
tion in the clinic.
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Fig 1. CBCT images of the volunteer and the mandible extracted from the 3D CBCT images.

Fig 2. A MIMICS-assigned coordinate system was es-
tablished on the left mandibular canine. Similar coordi-
nate systems were assigned to the other 3 teeth.
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MATERIAL AND METHODS

CBCT (i-CAT, Imaging Science International, Hat-
field, Pa) records of an adult volunteer previously made
for another purpose were used. Each scan took 40 sec-
onds and had a voxel size of 0.25 mm (Fig 1). The
dose was about 200 mSv. The volunteer was scanned
twice 2 weeks apart with no orthodontic treatment, so
that negligible tooth movement was expected. The use
of the records was approved by the institutional review
board of Indiana University.

Bone and teeth were reconstructed by using the
MIMICS image processing software (Materialise
Group, Leuven, Belgium). The cross sections of the
CBCT images were carefully examined first. Human in-
tervention was needed when clear boundaries of a root
were not observed on the cross sections. The boundaries
were manually reconstructed by using the tools in the
MIMICS software. The segmentation function was
used, first, to isolate the mandible from the rest of the
tissues and, then, to separate the teeth from the bone. In-
dividual tooth and bone models were created that were
distinguishable by assigned colors (Fig 1).

Two mandible models were created from the 2 sets of
CBCT images. The first set was considered as before
treatment (BT) and the second as after treatment (AT1)
with no tooth displacement. A third model (AT2) was
created by artificially displacing certain teeth of the
AT1 to simulate displacements from orthodontic treat-
ment. The teeth were digitally displaced individually
by using the MIMICS software with prescribed displace-
ments on its assigned body coordinate system (Fig 2).
The displacement included a translation along an axis
and rotations about any of the axes. The 3 models were
exported for calculating the tooth displacements.

The 3D displacement was expressed in the rectan-
gular coordinate system on the tooth. It had 6



Fig 3. Scans of the before and after tooth displacements can be overlapped with the ICP. The white
tooth model shows the 2 positions of the left canine. The scans are expressed in their own cooridinate
systems, R1 and R2. The transformation (M) between the 2 systems can be determined by using the
data sets of the unchanged bony regions on the mandible, which overlaps in the 2 scans. Local co-
ordinate systems, Rm1 and Rm2, are created on the tooth’s 2 positions. Then, transformation (T) is
computed also with the ICP for determining rotation and translation of the tooth.
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components: 3 translational and 3 rotational. In this
study, displacements of 4 teeth—left lateral incisor,
left canine, left first premolar, and left first molar—
were calculated, each representing its own category
so that the effects of tooth complexity on the calcu-
lated displacement could be assessed. Each tooth
had its own coordinate system assigned by MIMICS
(Fig 2). The prescribed tooth displacement was on
this coordinate system.

Calculation of displacement was based on the tooth
in its 2 positions. The positions could be identified by
overlapping the unchanged portion of the 2 digital
models (Fig 3). The basis of the overlapping technique
is a geometric optimization algorithm, iterative closest
point (ICP),16 which precisely aligns the 3D polygon
mesh data sets of the digital models. The main purpose
is to be able to use unchanged anatomic structures (eg,
a portion of the unchanged bone in the CBCT scan) as
the reference to quantify tooth displacements.

When a mandible is scanned many times after dif-
ferent levels of tooth displacements, the common refer-
ences of the scanned digital forms (data sets) need to be
aligned precisely to allow meaningful comparisons and
displacement measurements. An alignment can be made
by using more than 3 landmark points that are manually
selected on the models. This alignment, however, is not
accurate, since small errors in detecting the coordinates
of the landmark points will lead to significant errors in
the resulting alignment. To achieve precise alignment,
in this study, all surface data points (.600) in the static
region were used. The data set was defined by a cylindri-
cal primitive with its long axis vertical in Figure 4, A.
The diameter of the cylinder was large enough to cover
the lower portion of the mandible. The covered volume
is shown by the shielded areas in Figure 4, A. The data
points in 2 images were aligned by applying the ICP al-
gorithm to overlap the 2 mandibles (Fig 4, B). The algo-
rithm has been widely used in face recognition to align
facial images.16,17

The ICP algorithm works as follows: from two 3D
point sets, it finds the transformation that brings 1 data
set into the best possible alignment with the other data
set. The algorithm is to compute the optimal transforma-
tion (M) by iteratively finding a local minimum of a mean-
square distance metric (Fig 3). In this implementation, the
cost function is defined as the mean of the least-square
distances from the vertices of 1 data set to the other:

f ðMÞ 5
1

N

X

i

kxi �Mpik2

where M is a rigid transformation matrix, N is the num-
ber of points, xi is the vertex of the first data set, and pi is



Fig 4. A, The mandible was scanned twice and reconstructed by using MIMICS.The colored areas
were enclosed by a cylindrical primitive and were used to align the 2 images; B, the 2 mandibles
were overlapped by using the ICP based on the alignment of the bone in the primitive (red frame).

Fig 5. The right mandibular canine is displaced 2 mm
along the z-axis and rotated 5� about the same axis.
The transformation matrix between the 2 positions of
the tooth is calculated by selecting the data sets at the
positions and using the ICP.

Table I. Prescribed tooth displacements of the 4 cases for
the 4 teeth on AT2

Case Translation along Rotation about

1 z: 2.00 mm z: 5.0�

2 z: 2.00 mm z: 5.0�

x: 5.0�

3 z: 2.00 mm z: 5.0�

y: 5.0�

4 z: 2.00 mm x: 5.0�

y: 5.0�
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the vertex of the second data set that is the closest to xi.
This process converges when the mean squared error
stops improving. The optimal transformation produces
the minimum mean squared error that measures the dif-
ference of the 2 data sets in consecutive steps. The trans-
formation matrix, M, between the data sets in 2
positions is the accumulative matrix calculated from
the matrices of every step. The 2 data sets are best
aligned by using the M.

In orthodontics, teeth move, but the bone shape away
from the teeth has negligible change in an adult. To relate
a tooth’s 2 positions, the subsets (bony part) of the scanned
data sets that are unchanged after tooth movement are
aligned. The 2 subdata sets generally produce an accurate
alignment because the unchanged portion dominates the
optimization process. The transformation matrix, M, is
used to align the 2 models.

After the alignment, the 2 positions of the moving
tooth are identifiable (Fig 5). The transformation
between the 2 positions can be calculated by using
the entire surface points on the tooth; this is accurate,
robust, and easy to implement. Then the tooth displace-
ment’s 6 components in terms of translation along and ro-
tation about the 3 coordinate axes of the BT model can be
calculated from the entries of the transformation matrix.18

The usability of the method depends on its accuracy
and variation. Experiments were designed to assess
the errors and variations caused by various noises. The
accumulative errors were assessed by comparing calcu-
lated tooth displacements with the prescribed values.

Two experiments were performed. The tooth dis-
placements, from BT to AT1 and from BT to AT2, were
known. The prescribed displacements were zero for
AT1 and are shown for AT2 in Table I. Four displacement
cases with different angle combinations prescribed to
AT2 on the MIMICS-assigned tooth coordinate system
were tested. The first case included translation of 2 mm



Table II. Means and standard deviations of the 5 repeats for calculating the displacements of the 4 teeth on AT1

1 2 3 4 5 Mean (mm) SD

Incisor

T (mm) 0.09 0.02 0.04 0.07 0.06 0.06 0.03

R (�) 0.81 0.00 0.00 0.81 0.00 0.32 0.44

Canine

T (mm) 0.01 0.02 0.01 0.00 0.00 0.01 0.01

R (�) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Premolar

T (mm) 0.03 0.02 0.02 0.03 0.03 0.03 0.00

R (�) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Molar

T (mm) 0.10 0.10 0.14 0.07 0.07 0.10 0.03

R (�) 0.00 0.81 0.00 0.81 0.81 0.49 0.44

T, Translation; R, rotation.
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along the z-axis and rotation of 5� about the z-axis (Fig 2).
For all other cases, translation of 2 mm along the z-axis
and rotations of 5� about different axes were introduced.
The cases helped to estimate the errors of this method.
The difference between the calculated tooth displacement
and the prescribed value was the error. The first experi-
ment was used to assess the accuracy and the second to
assess the percentage of the errors.

To assess the variation, the process of obtaining
tooth displacements was repeated 5 times by one inves-
tigator (S.L.). For the displacement between BT and
AT1, the process was repeated; for the rest of the cases,
the process started after tooth segmentation because that
was done before the AT2 model was made. The filters
and thresholding values were identical. The means
and standard deviations were computed to determine
the accuracy and variation of the method.
RESULTS

The process-related variations were assessed for the
4 teeth. The means and standard deviations from the 5
repeats for the 2 experiments are shown in Tables II
and III, respectively. With no prescribed displacement,
the maximum calculated average translation and rota-
tion were 0.10 mm (SD, 0.03 mm) and 0.49� (SD,
0.44�), respectively. The values were the errors because
the prescribed displacements were zero. For the 2-mm
prescribed translation, the average translations for the
teeth were 2.01 mm for the incisor, 2.04 mm for the ca-
nine, 1.96 mm for the premolar, and 2.01 mm for the
molar. For the 5� prescribed rotation, the average rota-
tions for the teeth were 5.28� for the incisor, 5.10� for
the canine, 5.13� for the premolar, and 5.26� for the mo-
lar. The standard deviations are also shown in Table III.

Percent error (PE) is a good indicator of accuracy
and is evaluated by comparing calculated displacement
(CD) to the prescribed displacement (PD) when PD
is not zero. The PEs were calculated by the following
formula:

PE 5 jCD� PD

PD
j%

The PE for each case in the second experiment is
shown in Table IV; the PE varied among the cases.
For the translations, the average PEs of all 4 cases
were 0.74% for the incisor, 2.08% for the canine,
1.75% for the premolar, and 0.46% for the molar. For
the rotations, the average PEs were 5.26% for the inci-
sor, 1.95% for the canine, 2.57% for the premolar, and
5.25% for the molar, respectively.
DISCUSSION

A method has been developed to calculate tooth
displacement from CBCT images. It involves extracting
digital models of the mandible before and after
displacement by using the segmentation method, over-
lapping the 2 models based on unchanged bony
parts, and computing the 3D tooth displacements.
In this article, only mandibular tooth displacement is
presented.

For the model reconstruction, several techniques
can be applied to a computed tomography (CT) image
to reconstruct a geometric model of the teeth in the
form of a dense polygon mesh surface. A popular
technique is the marching cube based the iso-surface
extraction algorithm.19 Recent techniques can also
be applied to help determine the proper iso-values
for iso-surface definition.20 Techniques for automatic
or semiautomatic segmentation of tooth models from
CT images have also been developed.21 In this study,
the MIMICS system was used for surface reconstruc-
tion and segmentation.



Table III. Means and standard deviations of the 5 repeats for calculating the displacements of the 4 teeth on AT2
corresponding to each case

Direction 1 2 3 4 5 Mean (mm) SD

Incisor 0.03

Case 1 Tz 2.01 1.98 1.98 2.02 2.05 2.01

Case 2 Tz 2.02 1.97 1.98 2.02 2.04 2.01 0.03

Case 3 Tz 2.04 2.05 1.96 1.99 2.08 2.02 0.05

Case 4 Tz 2.13 1.85 1.82 2.10 1.98 1.98 0.14

Case 1 Rz 5.25 4.93 5.25 5.84 5.68 5.39 0.37

Case 2 Rz 5.06 4.93 4.87 4.8 4.66 4.86 0.15

Rx 5.25 4.93 5.25 5.84 5.68 5.39 0.37

Case 3 Rz 5.19 5.06 5.01 5.06 5.73 5.21 0.30

Ry 5.19 5.38 5.19 5.79 5.67 5.44 0.28

Case 4 Rx 4.50 5.56 4.67 5.89 5.13 5.15 0.63

Ry 5.61 5.73 5.56 4.8 5.79 5.50 0.39

Canine

Case 1 Tz 1.99 2.02 1.99 2.01 1.99 2.00 0.01

Case 2 Tz 1.98 1.99 2.00 2.01 1.98 1.99 0.01

Case 3 Tz 2.07 2.02 2.01 2.08 1.94 2.03 0.06

Case 4 Tz 2.07 2.17 2.10 2.03 2.37 2.15 0.13

Case 1 Rz 5.27 5.36 5.00 4.51 5.25 5.08 0.34

Case 2 Rz 5.19 4.73 5.32 5.1 5.13 5.09 0.22

Rx 5.32 5.36 4.93 4.51 5.25 5.07 0.36

Case 3 Rz 5.4 5.56 5.11 4.73 5.31 5.22 0.32

Ry 5.13 5.55 4.86 4.51 5.25 5.06 0.39

Case 4 Rx 5.37 5.56 5.26 5.4 4.58 5.23 0.38

Ry 4.13 5.44 5.00 4.79 5.25 4.92 0.51

Premolar

Case 1 Tz 2.00 1.96 1.95 1.94 1.95 1.96 0.02

Case 2 Tz 2.03 2.07 1.94 1.94 1.98 1.99 0.06

Case 3 Tz 2.05 2.06 1.97 1.98 1.97 2.01 0.04

Case 4 Tz 1.89 1.90 1.89 1.90 1.89 1.89 0.01

Case 1 Rz 5.56 4.89 5.17 5.23 5.32 5.23 0.24

Case 2 Rz 4.66 5.73 5.17 5.23 4.86 5.13 0.41

Rx 4.93 4.89 5 5.23 5.32 5.07 0.19

Case 3 Rz 5.65 5.06 5.17 4.36 5.17 5.08 0.46

Ry 4.86 4.89 4.66 5.23 5.19 4.97 0.24

Case 4 Rx 5.19 5.78 4.29 5.79 5.05 5.22 0.62

Ry 5.23 5.19 5.89 5.23 4.59 5.23 0.46

Molar

Case 1 Tz 1.89 2.03 1.98 2.08 1.97 1.99 0.07

Case 2 Tz 1.85 2.07 1.97 2.08 1.99 1.99 0.09

Case 3 Tz 2.08 1.97 2.02 2.07 1.99 2.02 0.05

Case 4 Tz 1.93 2.31 1.91 2.02 1.97 2.03 0.16

Case 1 Rz 5.62 4.8 5.23 5.84 5.1 5.32 0.41

Case 2 Rz 5.06 4.36 4.73 5.84 5.85 5.17 0.67

Rx 5.62 4.8 5.28 5.84 5.1 5.33 0.41

Case 3 Rz 5.25 4.73 5.06 4.93 5.75 5.14 0.39

Ry 4.96 5.06 5.78 5.84 5.1 5.35 0.43

Case 4 Rx 4.96 5.26 5.4 5.19 4.58 5.08 0.32

Ry 5.25 5.36 5.73 5.43 5.5 5.45 0.18

Tz, Translation in the z-direction; Rx, rotation about the x-axis; Ry, rotation about the y-axis; Rz, rotation about the z-axis.
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The calculated displacement is affected by noises
inherent in the process. The following noises most
likely result in variations: imaging, limited resolution,
manual intervention during separation of the teeth,
and algorithm-related errors. The process variation
was assessed by repeating it 5 times on the same images.
The maximum standard deviations were 0.16 mm for
translation and 0.67� for rotation. Currently, displace-
ments in the clinic have been described in millimeters
and degrees. The variation is much smaller than 1 mm
for translation and 1� for rotation; thus, it should be suit-
able to describe tooth displacement.



Table IV. Comparison between average experimental results and prescribed displacements for the 4 teeth on AT2

Experiment results Error

Translation (mm) Rotation (�) Translation (mm) Rotation (�) Translation (%) Rotation (%)

Incisor Case 1 z: 2.0 z: 5.0 z: 2.01 z: 5.39 z: 0 x: 8

Case 2 z: 2.0 z: 5.0 z: 2.01 z: 4.86 z: 0 z: –3

x: 5.0 x: 5.39 x: 8

Case 3 z: 2.0 z: 5.0 z: 2.02 z: 5.21 z: 1 z: 4

y: 5.0 y: 5.44 y: 9

Case 4 z: 2.0 x: 5.0 z: 1.98 x: 5.26 z: –1 x: 5

y: 5.0 y: 5.49 y: 10

Canine Case 1 z: 2.0 z: 5.0 z: 2.00 z: 5.08 z: 0 x: 2

Case 2 z: 2.0 z: 5.0 z: 1.99 z: 5.09 z: 0 z: 2

x: 5.0 x: 5.07 x: 1

Case 3 z: 2.0 z: 5.0 z: 2.03 z: 5.22 z: 1 z: 4

y: 5.0 y: 5.06 y: 1

Case 4 z: 2.0 x: 5.0 z: 2.10 x: 5.45 z: 5 x: 9

y: 5.0 y: 5.02 y: 0

Premolar Case 1 z: 2.0 z: 5.0 z:1.96 z: 5.23 z: –2 x: 5

Case 2 z: 2.0 z: 5.0 z:1.99 z: 5.13 z: 0 z: 3

x: 5.0 x: 5.07 x: 1

Case 3 z: 2.0 z: 5.0 z: 2.01 z: 5.08 z: 0 z: 2

y: 5.0 y: 4.97 y: –1

Case 4 z: 2.0 x: 5.0 z: 1.89 x: 5.22 z: –5 x: 4

y: 5.0 y: 5.23 y: 5

Molar Case 1 z: 2.0 z: 5.0 z: 1.99 z: 5.32 z: 0 x: 6

Case 2 z: 2.0 z: 5.0 z: 1.99 z: 5.17 z: 0 z: 3

x: 5.0 x: 5.33 x: 7

Case 3 z: 2.0 z: 5.0 z: 2.02 z: 5.14 z: 1 z: 3

y: 5.0 y: 5.35 y: 7

Case 4 z: 2.0 x: 5.0 z: 2.03 x: 5.08 z: 1 x: 2

y: 5.0 y: 5.45 y: 9
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The accuracy of the method was tested by compar-
ing the calculated displacements with those prescribed.
The maximum translational error was 0.37 mm in ca-
nine displacement, and the rotational error was 0.89�

in premolar displacement; these resulted in the PEs of
18% and 18%, respectively (Table III). The errors
were significantly reduced when the process was
repeated 5 times. These repeats reduced the maximum
errors among the 4 teeth to 5% and 10%, respectively
(Table IV). Thus, repeating the same process many
times increases accuracy.

Accuracy and variation do not depend on the tooth
structure. Four teeth with different structures were
tested. The standard deviations of the translational and
rotational displacements did not favor any tooth (Tables
II and III), meaning that they do not depend on the struc-
tural complexity of the teeth.

The accuracy of the method heavily relies on the
quality of the tooth segmentation, which depends on
the quality of the image. With current technology, it is
challenging to separate the root from the bone consis-
tently. The tooth model in this study had vague bound-
aries at certain cross sections. Human intervention was
needed to manually separate them; this was time-con-
suming and introduced errors to the shape of the tooth.
The accuracy of the method was affected because the
calculation depended on the surface point locations.
The errors can be reduced when the resolution of the
CBCT scan improves. The accuracy of the method
will be further improved if the separation is done auto-
matically so that human errors are not involved. At pres-
ent, accuracy can be maintained if the process of
determining the displacements is repeated many times,
and the control parameters remain the same.

There are limitations to using this technology. First,
patients should not have metals near the moving tooth
because they cause artifacts that are difficult to remove
from the images. Second, significant bone growth
should be avoided because bony parts are used as the
common references. Thus, the method should be used
on the permanent dentition or for short-term evaluations.
Finally, CBCT imaging is invasive so that institutional
review board approval is needed when this technology
is used. Furthermore, images from only 1 subject were
used in this study. The effects of interpersonal variation
of the images on the results were not assessed.
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CONCLUSIONS

It is feasible to quantify clinical 3D tooth displace-
ment from CBCT data. The method provides sufficient
accuracy to compute the displacement. Accuracy will
improve when the quality of CT images improves or
the process is repeated many times.
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