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Abstract. The aim of this study was to validate a method for fast three-dimensional
(3D) superimposition of cone beam computed tomography (CBCT) in growing
patients and adults (surgical cases). The sample consisted of CBCT scans of 18
patients. For 10 patients, as the gold standard, the spatial position of the
pretreatment CBCT was reoriented, saved as a reoriented volume, and then
superimposed on the original image. For eight patients, four non-growing and
four growing, the pre- and post-treatment scans were superimposed. Fast voxel-
based superimposition was performed, with registration at the anterior cranial
base. This superimposition process took 10–15 s. The fit of the cranial base
superimposition was verified by qualitative visualization of the semi-transparent
axial, sagittal, and coronal cross-sectional slices of all corresponding anatomical
structures. Virtual 3D surface models of the skull were generated via threshold
segmentation, and superimposition errors in the reoriented models and the results
of treatment for the treated cases were evaluated by 3D surface distances on
colour-coded maps. The superimposition error of the spatial reorientation and for
growing and non-growing patients was <0.5 mm, which is acceptable and
clinically insignificant. The voxel-based superimposition method evaluated was
reproducible in different clinical conditions, rapid, and applicable for research
and clinical practice.
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Cone beam computed tomography
(CBCT) has become a well-established
diagnostic tool in dentistry.1–8 In ortho-
dontics and in oral and maxillofacial sur-
gery, CBCT now allows clinicians to
better identify and distinguish treatment
outcomes. While two-dimensional (2D)
cephalometric superimposition is the con-
ventional method used to evaluate growth
and treatment outcomes, improvements in
image registration algorithms have made
the superimposition of CBCT volumes the
state-of-the-art technique for outcomes
assessment.

In medical imaging, the process of spa-
tially superimposing three-dimensional
(3D) images obtained from different im-
aging modalities is also called image reg-
istration, or fusion.9 The superimposition
of CBCT volumes in 3D space when
changes in shape and position of the cra-
niofacial components have occurred over
time or with treatment is challenging and
requires knowledge of the different types
of superimposition. The three basic types
of superimposition algorithm are: (1) point
landmark-based, (2) surface-based, and
(3) voxel-based.10 The latter, and most
efficient method, compares the non-
changing reference structures in volumet-
ric data voxel by voxel, does not depend
on landmark identification as in the point
landmark-based method, and is not limited
by segmentation errors as in the surface-
based method.

Cevidanes et al.11 were the first to in-
troduce the voxel-based method for fully
automated 3D superimposition of CBCT
volumes into dentistry. The method pro-
posed in that study was based on mutual
information theory10 and required the con-
struction of surface models of the refer-
ence structure prior to the registration
steps. The application of this method in
both growing and non-growing subjects
has been described in the literature.4,5,11,12

The drawbacks are that the superimposi-
tion process requires several different
steps in various software programmes
and is time-consuming (45–60 min). In
2010, Choi and Mah13 introduced a new
method for cranial base superimposition
that is also voxel-based, but does not re-
quire the construction of 3D surface models
prior to the registration process. They also
added volume and slice visualization capa-
bilities, providing a clinician-friendly user
interface. The result was a new software
programme (the fusion module of OnDe-
mand3D; Cybermed, Seoul, Korea) that
performs CBCT volume superimpositions
faster (10–15 s), with fewer steps required.
While some research studies14–16 have
applied the superimposition method
introduced by Choi and Mah13 in the OnDe-
mand3D software, there has been no pub-
lished validation study of this method for
fast CBCT volume superimposition in
growing patients and adults. There appears
to be a lack of scientific evidence regarding
the use of this method for fast superimpo-
sition of CBCT at the anterior cranial base,
especially for the longitudinal assessment
of growth and treatment changes in young
patients.

The aim of this study was to evaluate a
fast method for 3D superimposition of
CBCT volumes. Specifically, this study
first tested whether there are differences
when the same CBCT volumes, with dif-
ferent spatial orientations, are superim-
posed at the anterior cranial base.
Second, this study tested whether there
are differences in the anterior cranial base
when longitudinal CBCT volumes of
growing patients and adults, which also
present maxilla–mandibular changes due
to growth and/or treatment response, are
superimposed at the anterior cranial base.

Methods

This was a retrospective study. Records
were obtained from the patient database of
the department of orthodontics and includ-
ed pre-treatment and post-treatment
CBCT scans. The sample consisted of
the CBCT scans of 18 patients. For 10
patients, as a gold standard, the spatial
position of the pretreatment CBCT vol-
ume was reoriented, saved as a reoriented
volume, and then superimposed on the
original image (Fig. 1). For eight patients
– four non-growing and four growing –
pre- and post-treatment scans were super-
imposed. The 10 pre-treatment scans (gold
standard) were obtained from patients
with a mean age of 11.4 � 1 years. The
four non-growing adult patients (mean age
26.3 � 5.7 years) had CBCT scans taken
pre- and 1 year post-orthognathic surgery.
The four growing patients (mean age
9.5 � 1.8 years) had CBCT scans taken
pre- and post-treatment with rapid palatal
expansion (RPE). The CBCT scans were
obtained using an i-CAT scanner (Imaging
Sciences International, Hatfield, PA, USA)
set at 120 kVp, 8 mA, large field of view,
and scan time of 40 s. The images were
reconstructed with 0.25-mm slice thickness
and exported as Digital Imaging and Com-
munications in Medicine (DICOM) files.17

Creating CBCT volumes with different

spatial orientations

The DICOM files corresponding to the pre-
treatment CBCT scans of the 10 growing
patients (gold standard) were imported
into OnDemand3D software (version
1.0.9.1451; Cybermed, Seoul, Korea) and
organized in the database management
module. Each CBCT volume was opened
and the patient’s head was reoriented in
space (translation and rotation) to a differ-
ent spatial position and data exported in a
new DICOM file. Thus, for each original
CBCT volume, a second CBCT volume
was created with the same voxel size but
with different head orientation (Fig. 1A and
B). This procedure was performed for all
10 pre-treatment CBCT volumes, creating
10 additional CBCT volumes with different
head orientation.

CBCT volume superimposition

For the fully automatic voxel-based rigid
registration, the fusion module in OnDe-
mand3D was used. Axial, sagittal, and
coronal slice views of the volumes were
used to select the anatomical structures of
the anterior cranial base in the CBCT
volumes (Fig. 2A and B). Next, the OnDe-
mand3D automated registration tool was
used to perform the rigid registration
(translation and rotation) that optimally
aligned the reoriented CBCT volume to
the original CBCT volume, using the in-
tensity of the grey levels for each voxel in
the anterior cranial base of the two CBCT
volumes. The same voxel-based superim-
position procedure was used to align
pre-treatment and post-treatment CBCT
volumes of growing patients subjected
to RPE and adults subjected to orthog-
nathic surgery, using the anterior cranial
base as reference (Fig. 2C and D). The
superimposition process took a total of
10–15 s to complete.

Superimposition assessment

The precision of the OnDemand3D voxel-
based superimpositions was verified by
quantification of the surface distances
using closest-point colour maps on 3D
surface models, as done in previous stud-
ies for growing patients.18,19 It was also
assessed by qualitative visualization of
the semi-transparent axial, sagittal, and
coronal cross-sectional slices of all corre-
sponding anatomical structures between
the original and reoriented scans, as well
as the pre-treatment and post-treatment
scans (Figs 3–5). To measure the out-
comes of the superimposition, after the
registration process, the superimposed
CBCT volumes were exported as DICOM
files using the OnDemand3D programme
and imported into ITK-SNAP software
programme (http://www.itksnap.org) for

http://www.itksnap.org/
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Fig. 1. Example of a case used as the gold standard. (A) Original CBCT. (B) Same patient CBCT reoriented to a different spatial position. (C)
Slices of multiplanar reconstruction showing original (grey) and reoriented CBCT (red) before superimposition. (D) Slices showing both CBCTs
after superimposition at the anterior cranial base.
segmentation and construction of 3D vir-
tual surface models of the skull.20 In the
ITK-SNAP programme, automatic seg-
mentation was performed for each CBCT
volume in four different steps: mandible,
maxilla, frontal bone/anterior cranial fos-
sa, and middle cranial fossa. The 3D
virtual surface model of the skull generat-
ed was then exported as a stereolithogra-
phy file (STL) using the ITK-SNAP
programme and converted to an Open
Inventor file (IV) using STL to SGI Inven-
tor 2.0 Utility Beta programme (developed
by Reuben Reyes, hitechmax@austin.rr.
com). This IV extension allowed the 3D
virtual surface model of the skull to be
opened in the Cranio-MaxilloFacial appli-
cation software (CMFapp, developed at
the M. E. Müller Institute for Surgical
Technology and Biomechanics, Universi-
ty of Bern, Bern, Switzerland),21 which

mailto:hitechmax@austin.rr.com
mailto:hitechmax@austin.rr.com
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Fig. 2. OnDemand3D voxel-based superimposition process. (A) Anterior cranial base selection (blue rectangle) in multiplanar slices of pre-
treatment CBCT and (B) post-treatment CBCT. (C) Multiplanar slices view of pre-treatment (grey) and post-treatment (red) CBCT files before
superimposition and (D) after superimposition at the anterior cranial base. (For interpretation of the references to colour in figure legend, the reader
is referred to the web version of the article.)
calculates the closest point surface dis-
tance between thousands of surface trian-
gles in the 3D surface models; the
resulting colour-coded surface distance
maps allow quantification of the registra-
tion errors (Figs 3C, 4C, and 5C).
The complete method is summarized in
Table 1.

Results

The superimposition results for the origi-
nal and reoriented CBCT scans of the 10
growing patients were similar. The visu-
alization of the semi-transparent axial,
sagittal, and coronal cross-sectional slices
of all corresponding anatomical structures
confirmed the adequate registration of all
skull structures, including the anterior cra-
nial base, in all axial, sagittal, and coronal
slices (Fig. 3B). The quantification of the
superimposition errors by colour-coded
surface distances revealed that the error
was less than 0.25 mm (Fig. 3C).
The superimposition results for longi-
tudinal scans of growing patients and
adults were similar. The visualization of
the semi-transparent axial, sagittal, and
coronal cross-sectional slices of all corre-
sponding anatomical structures confirmed
the adequate registration of the extremely
complex cranial base structures, such as
the ethmoidal air cells, for both growing
patients (Fig. 4B) and adults (Fig. 5B).
The quantification of the superimposition
errors by colour-coded surface distances
revealed that distances in the anterior cra-
nial base between registered surface mod-
els were less than 0.5 mm for most regions
for both growing patients (Fig. 4C) and
adults (Fig. 5C).

Discussion

CBCT is currently a well-established di-
agnostic tool for the 3D evaluation of
patients, especially orthodontic–surgical
cases. This study validated a method for
fast CBCT superimposition in growing
patients and adults.

Improvements in image registration al-
gorithms have led to the development of
new methods for CBCT volume superim-
position. McCance et al. proposed a meth-
od for cranial base superimposition with
CT scans using five landmarks in areas not
affected by surgery in non-growing
patients.22 Kawamata et al. suggested a
similar method, rotating semi-transparent
pre-surgery and post-surgery models aim-
ing to overlap them in the same struc-
ture.23 These point landmark-based
methods for CBCT superimposition are
also presented in the 2014 versions of
the software programmes Dolphin3D
(Dolphin Imaging and Management Solu-
tions, Chatsworth, CA, USA) and InVivo
Dental (Anatomage, San Jose, CA, USA)
and have the disadvantage of being
observer-dependent. The first method
introduced by Cevidanes et al. is more
efficient than the point landmark-based
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Fig. 3. CBCT superimposition of a gold standard patient. (A) Multiplanar slices of original CBCT (grey) and reoriented CBCT (red) files before
superimposition and (B) after superimposition at the anterior cranial base, in OnDemand3D. Note the complete correspondence of registration in
all areas of the skull. (C) Skull models after superimposition showing 3D displacements (registration error) via colour maps with scales of 0.5 mm,
0.25 mm, and 0.10 mm. Positive and negative values indicate outward (red) and inward (blue) changes, respectively. Note the error was less than
0.25 mm (CMF application software). (For interpretation of the references to colour in figure legend, the reader is referred to the web version of the
article.)
method because it compares the
non-changing reference structures in vol-
umetric data voxel by voxel, is observer-
independent, and does not rely on specific
landmarks.11 However, this registration
process lacks a clinician-friendly user in-
terface and visualization tool, uses several
different steps in various software
programmes, requires extensive training,
and is time-consuming (45 to 60 min),
making the process unworkable for clin-
icians and only suitable for research. With
recent improvements in computing capa-
bilities, the time for image registration has
decreased. Nada et al.24 used the voxel-
based registration method of Maxilim
software (Medicim NV, Mechelen,
Belgium) for the evaluation of surgical
orthodontic patients. They reported that
it took 30 to 40 min to complete a single
superimposition of two longitudinal
CBCT volumes. Compared to these stud-
ies, the registration method evaluated in
the present study is faster (10–15 s).
This study validated the superimposi-
tion method introduced by Choi and Mah
for voxel-based registration.13 The meth-
od used in this study for superimposition
of longitudinal CBCT volumes in growing
patients and adults has advantages over
previously used voxel-based methods.4–

6,11,12 The advantages of this method are
that it is rapid (takes about 10 to 15 s), has
a user-friendly software interface, does
not require extensive training, uses only
one software programme, and can be used
by the clinician. Additional advantages of
the method presented are that the CBCT
volume superimpositions are fast, even
when the CBCT scans have small voxel
sizes (0.25 mm) and high spatial resolution,
and the registration process does not require
previous segmentation to designate the area
of superimposition. Also, CBCT superim-
positions with registration at areas outside
the cranial base are possible and can poten-
tially be applied for regional superimposi-
tions, although this was not tested in the
present study. Park et al. have recently used
regional superimpositions with OnDe-
mand3D software to evaluate the condylar
head remodelling after bimaxillary surgery
using rigid registration at the condylar neck
and posterior ramal area of pre- and post-
operative CBCT Images.14

In this validation study, the construction
of standardized 3D surface models and
part-comparison analysis with colour
maps confirmed the accuracy of the
voxel-based superimposition method.
The differences observed in the colour-
coded surface distance maps for the 10
pre-treatment CBCT scans were minimal,
at less than 0.25 mm (Fig. 3). However,
superimposition of the same CBCT
volumes, with different spatial orientation,
should be evaluated with caution because
they have the same grey level intensity and
no modifications by growth and/or treat-
ment. The challenge for image registration
is to superimpose CBCT volumes of
patients with craniofacial modifications
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Fig. 4. CBCT superimposition of a growing patient subjected to rapid palatal expansion (RPE) with 1-year follow-up. (A) Multiplanar slices of
pre-treatment CBCT (grey) and post-treatment CBCT (red) before superimposition and (B) after superimposition, in OnDemand3D. Note the
complete correspondence of registration at the anterior cranial base (yellow arrows). (C) 3D models after superimposition showing 3D
displacements via colour maps. In the 0.5-mm colour map, the black areas represent changes of 0.5 mm, blue/red areas represent changes less than
0.5 mm, and green areas represent no changes. In the 5-mm colour map, the areas in black, red, and blue are due to the RPE and normal growth. The
changes at the cranial base were minimal (green) (CMF application software). (For interpretation of the references to colour in figure legend, the
reader is referred to the web version of the article.)
due to the normal growth and/or treatment
response at different time-points. In these
situations, the CBCT volumes may have
different grey level intensity, field of view,
and dental/skeletal components modified
by growth and/or treatments, making the
registration process difficult and prone
to failure. Additionally, CBCT scans
obtained with different scanners may have
different grey levels,25 which could affect
the superimposition process.

For these reasons, this study tested the
superimpositions of longitudinal CBCT
volumes with a 1-year interval for growing
patients treated with RPE and adult
patients treated with orthognathic surgery.
The results of the colour-coded map anal-
ysis revealed that distances in the anterior
cranial base between registered surface
models were <0.5 mm (green colour-code
areas) for most regions, indicating ade-
quate superimposition for both growing
patients and adults. Some areas of larger
surface distances, as shown in black, red,
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Fig. 5. CBCT superimposition of an adult patient subjected to orthognathic surgery with 1-year follow-up. (A) Multiplanar slices of pre-treatment
CBCT (grey) and post-treatment CBCT (red) before superimposition and (B) after superimposition, in OnDemand3D. Note the complete
correspondence of registration at the anterior cranial base (yellow arrows). (C) 3D models after superimposition showing 3D displacements via
colour maps. In the 0.5-mm colour map, the black areas represent changes of 0.5 mm, blue/red areas represent changes less than 0.5 mm, and green
areas represents no changes. In the 5-mm colour map, the areas in black, red, and blue are changes due to the surgical treatment. The changes at the
cranial base were minimal (green) (CMF application software). (For interpretation of the references to colour in figure legend, the reader is referred
to the web version of the article.)
and blue colour-coded areas displayed in
the superior view of the anterior cranial
base (Figs 4C and 5C), did not represent
superimposition errors; this was confirmed
in the semi-transparent multiplanar cross-
sectional slices (Figs 4B and 5B). Since
the CBCT scans obtained at different
time-points had differences in grey levels
for the same anatomical structures (i.e.,
cranial base), the automatic segmentation
was not performed by using the same
threshold interval. This variation intro-
duced by the user input to define the
properties of 3D surface model creation
leads to small surface variations in the
cranial base. Additionally, areas with
low grey-scale contrast such as the eth-
moidal air cells were not included auto-
matically in the segmentation. In these
situations, manual editing was necessary
and produced slightly different outlining
of surface boundaries during the segmen-
tation process, as demonstrated in a previ-
ous study.26 This could explain the black,
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Table 1. Software programmes used in this study.

Software Purpose

OnDemand3D Superimposition process Registration of different CBCTs at the anterior cranial base
ITK-Snap Superimposition evaluation Construction of 3D surface models using DICOM files and export as STL
STL to SGI Inventor 2.0 Superimposition evaluation Convert files from STL to IV
CMF app Superimposition evaluation Provided closest point colour maps between registered 3D surface models

CBCT, cone beam computed tomography; 3D, three-dimensional; DICOM, Digital Imaging and Communications in Medicine; SGI, Silicon
Graphics Image file; STL, stereolithography file; IV, Open Inventor file.
red, and blue areas in the internal surface
of the cranial base.

For some scans, the registration of the
two CBCT volumes failed, requiring two
or three repeat procedures. In these cases,
it was necessary to resize the selection
area for registration (anterior cranial base)
in both primary and secondary volumes in
order to obtain an adequate superimposi-
tion. In a previous study, Alexandroni also
reported similar failed attempts using the
same superimposition method to evaluate
orthognathic surgery skeletal prediction in
44 patients.16 However, only visual in-
spection was used to verify adequate
CBCT volume superimpositions. The re-
quirement for repeated registration proce-
dures in the present study could have been
due to the small area used for CBCT
volume registration (anterior cranial base)
in comparison to the global anatomical
structure of the dry skull used by Lee
et al.27 In addition, the amount of mis-
alignment between the CBCT volumes
may have had some influence on the su-
perimposition process. According to
Pluim et al., when using registration meth-
ods based on mutual information theory,
results may be suboptimal, or may even
fail, if the initial misalignment of the two
images is large or if the overlay region of
the two images is relatively small.28 For
this reason, it is recommended that a quick
manual superimposition is performed pri-
or to the automated superimposition.

Lee et al.27 also evaluated the accuracy
of CBCT image registration with OnDe-
mand3D, but using a dry skull with titani-
um markers, simulating different head
orientations. The location of the titanium
markers was assessed by two examiners,
and the distance between the markers was
calculated using a 3D coordinates system.
The superimposition mean error was
0.39 mm (�0.142 mm) and there were
no significant differences in the dry skull
superimpositions. Although they did not
evaluate the accuracy of longitudinal
CBCT superimposition for growing
patients and used the whole cranial base
as reference instead of the anterior cranial
base, the superimposition results were
similar. Nada et al.24 tested the reliability
of another commercial voxel-based
method using Maxilim software for CBCT
superimposition on the anterior cranial
base and zygomatic arch of 16 surgical
orthodontic patients. The authors reported
small average superimposition errors.
However the closest-point colour-coded
maps used for quantification of errors do
not allow local quantification of surface
errors and minimize surface differences.

A potential limitation of the OnDe-
mand3D software is that it is only avail-
able commercially, whereas the method
proposed by Cevidanes et al. in previous
studies11,12,19 can be performed using
readily available open-source software
programmes. In this evaluation, the
voxel-based superimposition method test-
ed was precise and not time-consuming.
The fast 3D superimposition method of
CBCT volumes validated in this study
may be applied for the longitudinal assess-
ment of both growing patients and adults.
Furthermore, it is considered suitable for
both research and clinical practice in the
orthodontic and maxillofacial surgery
fields, since CBCT is indicated.
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