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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." ® 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.” 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.'® 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.'' 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 theory'® 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.*>'"!?
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 Mah'® 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 studies'*'® have
applied the superimposition method
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introduced by Choi and Mah' 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.'”

Creating CBCT volumes with different
spatial orientations

The DICOM files corresponding to the pre-
treatment CBCT scans of the 10 growing
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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.'®'? 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
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