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Abstract

Objective: To evaluate the accuracy, reliability, and efficiency of voxel- and surface-based regis-

trations for cone-beam computed tomography (CBCT) mandibular superimposition in adult

orthodontic patients.

Methods: Pre- and post-orthodontic treatment CBCT scans of 27 adult patients were obtained.

Voxel- and surface-based CBCT mandibular superimpositions were performed using the man-

dibular basal bone as a reference. The accuracy of the two methods was evaluated using the

absolute mean distance measured. The time that was required to perform the measurements

using these methods was also compared. Statistical differences were determined using paired t-

tests, and inter-observer reliability was assessed by intraclass correlation coefficients (ICCs).

Results: The absolute mean distance on seven mandible surface areas between voxel- and

surface-based registrations was similar but not significantly different. ICC values of the surface-

based registration were 0.918 to 0.990, which were slightly lower than those of voxel-based

registration that ranged from 0.984 to 0.996. The time required for voxel-based registration and

surface-based registration was 44.6� 2.5 s and 252.3� 7.1 s, respectively.
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Conclusions: Both methods are accurate and reliable and not significantly different from each

other. However, voxel-based registration is more efficient than surface-based registration for

CBCT mandibular superimposition.
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Introduction

Cephalometric analysis is conventionally

used to evaluate orthodontic tooth move-
ment. However, problems associated with

two-dimensional (2D) cephalometric radio-
graphs such as errors in superimposition of

craniofacial structures, bilateral structure

magnification, and landmark identification,
severely impair their use in orthodontic

treatment.1

Three-dimensional (3D) cone-beam com-
puted tomography (CBCT) is now widely

applied to construct a skeletal model for
treatment planning and outcome evaluation

based on serial image superimposition,

which can avoid anatomic superimposition
and differential magnification.2 However,

the superimposition technique that is used
for 3D images is much more complex than

that of 2D images. Currently, there is no

gold standard or generally acknowledged
method for CBCT superimposition. CBCT

images can be superimposed using point-,

surface-, and voxel-based registration.3

However, point-based registration depends

on the precision of landmark identification,
while surface-based registration is limited

by segmentation error of the 3D surface

models. Voxel-based registration, which is
a recently developed technique, is different

from the surface-based registration, and it
uses volumetric units that are stored in

CBCT digital imaging and communications
in medicine (DICOM) format. Moreover,
voxel-based registration can automatically
align two CBCT images by comparing the
gray values in a defined volume of interest
to calculate the rotation and translation
without considering the chance of operator
error,4,5 which is the main problem with
point-based registration.

By comparing different methods of
CBCT superimposition, Ghoneima et al.6

found that the surface- and voxel-based reg-
istration methods that use the anterior cra-
nial base as a reference structure are
accurate and reliable for detecting changes
in landmark positions when superimposing,
while the landmark-based superimposition
method is reliable but less accurate.
Almukhtar et al.7 demonstrated that no sta-
tistically significant differences are detected
between the precision of the voxel- and
surface-based registration methods, but
the voxel-based registration is less variable
by comparing the precision of the voxel-
and surface-based CBCT superimposition
with those of the anterior cranial base struc-
tures. The anterior cranial base has been
traditionally considered to be a stable struc-
ture for serial cephalometric radiograph
superimposition, which could also be
regarded as a reliable reference for CBCT
superimposition.3 However, the anterior
cranial base is only visible in a large field
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of view (FOV) CBCT scan. Ludlow et al.8

reported that the CBCT radiation dose
decreases with a reduction in the scanning
field, and the dose of a 13-cm FOV is 50%
lower than that of a 22-cm FOV. CBCT
superimposition on anterior cranial base
structures can be used to detect the dis-
placement of skeletal and dental positions
that are related to the cranial base but that
cannot be used to detect tooth movement in
the maxilla or mandible.

Recently, a new and quick method for
voxel-based CBCT registration on mandi-
ble structures was shown to be accurate
and reliable.9 It is different from those proc-
essed on the anterior cranial base structure,
and the mandibular regional superimposi-
tion method can be used to detect mandib-
ular tooth movement with smaller FOV
scans. However, no previous publications
have compared the voxel- and surface-
based registration methods for CBCT man-
dibular superimposition. The aim of this
study was to evaluate the accuracy, reliabil-
ity, and efficiency of the voxel- and
surface-based registration methods for
CBCT mandibular superimposition in
adult orthodontic patients.

Methods

Subjects

This retrospective study was approved by
the bioethics committee at the Peking
University School and Hospital of
Stomatology (No. PKUSSIRB-201839130).
Adult patients, who had received a fixed
appliance treatment at the Department of
Orthodontics, Peking University School
and Hospital of Stomatology from 2014 to
2018, were screened. The subjects were eval-
uated based on the following inclusion and
exclusion criteria: (1) full permanent denti-
tion (excluding third molars, extracted or
not erupted); (2) no previous orthodontic
treatment; (3) no periodontal disease or

morphologic tooth anomaly; (4) no dental

restoration or crown; (5) no mandibular

asymmetry; and (6) pre- and post-treatment
CBCT scans were taken. The purpose of

taking CBCT scans before and after the

orthodontic treatment was to detect the

risk factors for high-suspected dehiscence

and fenestration in the anterior region of

both the upper and lower jaws.10–12 A pilot
study and power analysis showed that a

sample size of at least 24 patients is required

for a 20% effect-size variation to indicate

a statistically significant difference. The

sample size was calculated with a power of

80% at a significance level of 0.05.
Therefore, 27 adult participants were

enrolled after providing written informed

consent.

Data acquisition

CBCT volumes were acquired using a

NewTom VG scanner (Aperio Services,
Verona, Italy) with the following scanning

parameters: 110 kVp; 1 to 3 mA; 15� 15-

cm FOV; 10-s scan time; and 0.3-mm

voxel size. The axial images were exported

in DICOM format. The average time inter-

val between the two CBCT scans
was 25.0� 5.5 months. All the superimpo-

sitions were performed using the same com-

puter (DELL, IntelVR CoreTM i5-3450

CPU@3.10GHz, 8.00 GB; Round Rock,

TX, USA).

Voxel-based CBCT mandibular

superimposition

The DICOM files were imported into
Dolphin Imaging software (ver. 11.9;

Dolphin Imaging & Management

Solutions, Chatsworth, CA, USA) for sub-

sequent processing. The pre-treatment

CBCT image (CT1) was reoriented with

the inferior border of the mandible parallel
to the floor (Figure 1). The post-treatment

CBCT image (CT2) was opened using the
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fusion module tab in the software. The
observer first manually moved CT2 as
close as possible to CT1 and then per-
formed the voxel-based registration

using the basal bone of the mandibular
body, from the external part of the symphy-
sis to the first molar as the reference
(Figure 2). This reference region was not

Figure 2. Voxel-based registration (a–c) Reconstruction of the CBCT image in coronal (a), sagittal (b), and
axial (c) views. The red frame indicates the registration reference area. (d) Image of voxel-based CBCT
mandible superimposition.
CBCT, cone-beam computed tomography.

Figure 1. Re-orientation of the pre-treatment CBCT scan with the inferior border of the mandible parallel
to the floor.
CBCT, cone-beam computed tomography.
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influenced by orthodontic tooth movement
and alveolar bone remodeling in adult
patients. CT2 was saved in a new orienta-
tion. Using the segmentation tool in the 3D
module of the Dolphin software, the skele-
tal models were generated at the same
threshold. The acquired images were
exported as standard tessellation language
(STL) files.

Surface-based CBCT mandible
superimposition

The surface-based superimposition was per-
formed using Dolphin Imaging software
and Geomagic software (ver. 2012;
Geomagic International, Morrisville, NC,
USA). The DICOM files were first
imported into the Dolphin software and
reconstructed at the same threshold using
the segmentation tool, and the STL files
were then imported into the Geomagic soft-
ware. The superimposition process involved

the following two steps: i) Manually point-
ed at the mandibular body corresponding
to each surface models to bring the
models close to each other; and ii) Global
registration was then applied until the two
models matched as closely as possible using
the buccal and lingual surface of the man-
dibular body basal bone from the external
part of the symphysis to the first molar as
the reference (Figure 3).

Comparison of accuracy, reliability, and
efficiency of the voxel- and surface-based
registrations

To evaluate the accuracy, the absolute
mean distance between the two models’ sur-
faces was measured using an iterative clos-
est point (ICP) algorithm technique, and it
was represented by a color-coded map. The
pre- and post-treatment models superim-
posed by the two methods were imported
into the Geomagic software. Seven round

Figure 3. Surface-based registration (a, b) Initial registration: Three selected reference points on the pre-
(a) and post-treatment (b) CBCT models to superimpose two models initially. (c) The yellow area indicates
the registration reference area. (d) Image of the surface-based CBCT mandible superimposition
CBCT, cone-beam computed tomography.
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areas that were about 100 mm2 were select-

ed around the chin, bilateral mental fora-

men, bilateral gonion region, and bilateral

ramus region of the mandible with the stan-

dard selecting tool in the software. The

absolute mean distance between the two
models’ surfaces of these seven areas were

measured to compare the accuracy of the

voxel- and surface-based registrations. The

3D deviation was also analyzed on the

basis of a color-coded map (Figure 4).

These selected areas were not influenced

by orthodontic tooth movement and alveo-

lar bone remodeling. This method of assess-

ment has previously been reported and is an

acceptable parameter.9,13 To compare the

reliability of the two methods, two observ-

ers performed the superimposition, and the

measurements were then made by the same

observer after 2 weeks. To evaluate the effi-

ciency of the two approaches, 10 out of 27

cases were randomly selected and the time
required by the same observer to use the

voxel- and surface-based registration meth-

ods was compared.

Statistical analysis

Statistical analysis was performed using

IBM SPSS Statistics software (ver. 22.0;

IBM Corp., Armonk, NY, USA). After

confirming normality of the data distribu-

tion using the Shapiro–Wilk test, the paired

t-test was used to test the accuracy and effi-

ciency of the two registration methods. The

level of significance was set at P< 0.05. The

inter-observer reliability of the measure-

ments was assessed using intraclass correla-

tion coefficients (ICCs, Model: two-way

mixed, Type: consistency).

Results

Twenty-seven adult participants (11 men

and 16 women; mean age, 22.5� 4.5

years) were included in this study.

Figure 4. Color-coded map and the absolute mean distance values of the registration procedure The
yellow and red regions represent the positive error areas, and the blue region represents the negative error
areas. Seven areas were measured including the basal bone at the mandibular symphysis (C, chin), areas
distal to the mental foramen on each side (LM, left side of the mental foramen region; RM, right side of the
mental foramen region), areas around mandibular angle on each side (LG, left side of the gonion region; RG,
right side of the gonion region), and areas of the buccal side of the ramus (RR, right side of the ramus region;
LR, left side of the ramus region).
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Three-dimensional superimposition error

Table 1 shows the descriptive analysis for

the absolute mean distance values of the

two registration methods. The results for

the right side of the ramus region (RR),

right side of the gonion region (RG), right

side of the mental foramen region (RM),

chin (C), left side of the mental foramen

region (LM), left side of the gonion region

(LG), and left side of the ramus region (LR)

for the voxel-based registration were

0.163� 0.070 mm, 0.140� 0.063 mm,

0.082� 0.046 mm, 0.103� 0.059 mm,

0.078� 0.046 mm, 0.152� 0.077 mm, and

0.176� 0.089 mm, respectively. For

surface-based registration, the values were

0.160� 0.100 mm (RR), 0.145� 0.090 mm

(RG), 0.072� 0.047 mm (RM), 0.103�
0.061 mm (C), 0.076� 0.044 mm (LM),

0.155� 0.072 mm of (LG), and 0.185�
0.105 mm (LR), respectively.

Accuracy comparison

A statistical description and the inferred

absolute mean distance differences between

the voxel- and surface-based registration

methods is shown in Table 2. The differen-

ces between the two registration methods

were not significant in the RR, RG, RM,

C, LM, LG, and LR, and the mean values

were all below 0.1 mm.

Reliability comparison

To evaluate the reliability of the method,

the two observers performed the superim-

position procedure independently. The

inter-observer reliability of the method

was determined by comparing the absolute

mean distance measurements of the two

observers, using ICCs and 95% confidence

intervals. Table 3 shows the ICC results for

the inter-observer reliability of all

Table 1. Descriptive statistics for differences between the two images after the registration procedure (mm).

Regions

Voxel registration Surface registration

Mean SD Mean SD

RR 0.163 0.070 0.160 0.100

RG 0.140 0.063 0.145 0.090

RM 0.082 0.046 0.072 0.047

C 0.103 0.059 0.103 0.061

LM 0.078 0.046 0.076 0.044

LG 0.152 0.077 0.155 0.072

LR 0.176 0.089 0.185 0.105

SD, standard deviation; C, chin; LM, left side of the mental foramen region; RM, right side of the mental foramen region;

LG, left side of the gonion region; RG: right side of the gonion region; RR, right side of the ramus region; LR, left side of

the ramus region.

Table 2. Differences in the absolute mean dis-
tance between the voxel-based and surface-based
registration methods (mm).

Mean SD t P

RR 0.033 0.112 0.153 0.880

RG �0.006 0.071 �0.411 0.685

RM 0.010 0.026 1.896 0.069

C 0 0.026 0.067 0.947

LM 0.003 0.027 0.573 0.572

LG �0.003 0.072 �0.212 0.833

LR �0.009 0.110 �0.411 0.684

SD, standard deviation; C, chin; LM, left side of the mental

foramen region; RM, right side of the mental foramen

region; LG, left side of the gonion region; RG: right side of

the gonion region; RR, right side of the ramus region; LR,

left side of the ramus region.
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measurements. The ICC values were consis-

tently above 0.91, indicating that both of

the methods had high reliability. The ICC

results of the surface-based registration

(from 0.918–0.990) were slightly lower

than those of the voxel-based registration

(from 0.984–0.996).

Efficiency comparison

A statistical description of the time required

between the voxel- and surface-based regis-

tration methods was shown in Table 4. The

time required for the voxel-based registra-

tion was 44.6� 2.5 s, which was much

shorter than that taken for the surface-

based registration (252.3� 7.1 s). This

time had already excluded any time that

was needed to transfer the data from one

software program to the other, indicating

that the voxel-based registration achieved

using the Dolphin software was more effi-

cient than the surface-based method that

was achieved using both the Dolphin and

Geomagic software (P< 0.05).

Discussion

This study aimed to compare the accuracy,

reliability, and efficiency of CBCT mandib-

ular superimposition between the voxel-

and surface-based registration methods in

adult orthodontic patients. The surface-

based registration method, which is initially

described for 3D image superimposition,

uses an ICP algorithm,14 while the voxel-

based registration method uses the volume

intensities that are stored in a CBCT

DICOM format.4 In the voxel registration,

the gray-scale differences in the voxels are

used to align the two DICOM images based

on a maximum mutual information algo-

rithm because each voxel has an individual

gray-scale value depending on the structure

opacity.15,16 Several researchers have

described superimposition of the voxel-

Table 3. Intraclass correlation coefficients and 95% confidence intervals for repeated measurements.

Regions

Voxel registration Surface registration

ICC 95% Confidence interval ICC 95% Confidence interval

RR 0.990 0.960–0.998 0.929 0.714–0.982

RG 0.995 0.981–0.999 0.918 0.668–0.980

RM 0.988 0.950–0.997 0.922 0.686–0.981

C 0.984 0.935–0.996 0.982 0.929–0.996

LM 0.994 0.977–0.999 0.990 0.961–0.998

LG 0.993 0.973–0.998 0.940 0.757–0.985

LR 0.996 0.985–0.999 0.990 0.958–0.997

ICC, intraclass correlation coefficient; C, chin; LM, left side of the mental foramen region; RM, right side of the mental

foramen region; LG, left side of the gonion region; RG, right side of the gonion region; RR, right side of the ramus region;

LR, left side of the ramus region.

Table 4. Differences in the time required to use the voxel-based or surface-based registration method.

Minimum Maximum Mean SD t P

Voxel registration (s) 41 49 44.6 2.5 �78.4 <0.001

Surface registration (s) 242 262 252.3 7.1

SD, standard deviation.
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based CBCT registration images on those
of anterior cranial base structures in both
growing and non-growing patients, and it
was shown to be accurate and reliable.17–20

The surface-based registration deals with
the surface mesh of the 3D structure while
the voxel-based registration deals with all
the contents of the volume of interest,
which may increase the accuracy of the
method theoretically. Comparison of two
registration methods based on an anterior
cranial base in patients who were treated by
orthognathic surgery has been reported pre-
viously.7 No significant difference between
the accuracy of the two methods has been
found. Similar to the results that were
found by the previous studies concerning
an anterior cranial base structure, there is
no significant difference for the mandibular
CBCT superimposition when comparing
the accuracy of the voxel- and surface-
based registration methods in the present
study. The ICC values were all above
0.91, indicating that both of the methods
are reliable.

In our study, the research method was
based on 27 pairs of pre- and post-
treatment CBCT scans of adult orthodontic
patients. We measured the accuracy and
reliability of both registration methods. In
the previous studies, the absolute mean dis-
tances of two superimposed surfaces were
chosen to be an index to evaluate the accu-
racy. To compare the accuracy of CBCT
voxel superimposition on the zygomatic
arches and anterior cranial base, Nada
et al.21 tested the absolute mean distances
of the two surfaces. Similarly, Almukhtar
et al.7 measured the absolute mean distan-
ces of superimposed anterior cranial base
surfaces to evaluate the accuracy between
voxel registration and surface registration
method on anterior cranial base structure.
The evaluation process of this study is sim-
ilar to these previous publications. Because
rotation and translation of two images in
three dimensions are involved in 3D

superimposition, the anterior and posterior
as well as bilateral areas should be selected
as evaluation areas, as we have done in this
study. The absolute mean distance for the
voxel-based registration was from 0.078
mm to 0.176 mm, and the value for the
surface-based registration ranged from
0.072 mm to 0.185 mm, which are
similar to those reported in previous publi-
cations.9,13 However, the absolute mean
distance cannot fully represent the charac-
teristics of all boundaries and surface dis-
tances, and the value has no direction, so it
is necessary to observe the registration
qualitatively in combination with the anal-
ysis of the color-coded map.

Although the accuracy of the two regis-
tration methods is similar, the voxel-based
registration is selected more frequently.
First, the voxel-based registration is more
efficient because it reduces processing time
and decreases the software that is required
without creating an extra surface model. To
execute the voxel-based superimposition,
only the Dolphin software was required,
while both the Dolphin and Geomagic
software programs were included in the
surface-based superimposition. Inaccurate
segmentation of the surface model may be
a possible source of error because the algo-
rithm depends on the Hounsfield value (HU
value) of CBCT images,22 which can cause
a false superimposition result. Second, it is
much easier to assess the inner surfaces
using the voxel-based registration, which
allows the superimposed structures to be
viewed in the multiplanar slices.

The voxel-based registration method
allows accurate structure matching using
high gray-scale levels. It could be applied
well to mandibles to evaluate the orthodon-
tic tooth movement and treatment out-
comes. For cephalometric radiograph
superimposition, the anterior cranial base
is considered to be a stable structure.
However, the stable regions for 3D image
superimposition are still controversial,

Han et al. 9



especially for mandibular regional superim-

position in growing patients. As reported

by Bj€ork,23 the following structures of the

mandible are believed to be stable on a

cephalometric radiograph in growing

patients: (1) the anterosuperior contour of

the chin; (2) the inner cortical structure of

the inferior border of the mandibular sym-

physis; (3) the trabecular structure in the

symphysis; (4) the contour of the mandibu-

lar canal; and (5) the lower contour of the

developing third molar tooth germ before

root development begins. However, they

may not be reliable for 3D superimposition,

which also involves the transverse dimen-

sion.24 Ruellas et al.25 evaluated three ref-

erence regions for mandibular

superimposition based on voxel registration

in growing patients, and they concluded

that the mandibular body mask is a reliable

reference for 3D regional registration. The

samples in this study were obtained from

adult patients; the mandibular basal bone

in adults was selected as the registration

area because it should be stable and unaf-

fected by treatment or growth. Therefore,

the two methods require further compari-

son in growing patients in a future study

because the stable registration area has

been confirmed.

Conclusions

The voxel- and surface-based registration

methods for CBCT mandibular superimpo-

sition are accurate and reliable. However,

the voxel-based registration method is

more efficient, and therefore, it has advan-

tages over the surface-based registration

method for CBCT mandibular superimpo-

sition analysis of orthodontic tooth

movement.
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