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Traditionally, the superimposition of serial, two-dimensional cephalometric

radiographs has been used for the evaluation of growth and treatment

effects. Nowadays, the superimposition of cone-beam computed tomogra-

phy (CBCT) images has become an important tool for three-dimensional (3D)

assessment of changes with growth or treatment. However, the assessment

of changes with 3D image superimposition poses many challenges such as

accuracy and reproducibility. Various methods for the reconstruction of 3D

CBCT images have been used in diagnosis, treatment planning, and

simulation. In this article, the various 3D CBCT superimposition techniques

and relevant evidences are discussed. Furthermore, their clinical applications,

benefits, and limitations are addressed. (Semin Orthod 2015; ]:]]]–]]].) & 2015
Elsevier Inc. All rights reserved.
Introduction

C one-beam computed tomography (CBCT)
is considered as a supplemental imaging

technique when two-dimensional (2D) imaging
does not provide sufficient information in ortho-
dontic clinical assessments.1,2 Common errors with
2D cephalometric radiographs include patient and
hardware orientation errors and geometric error
which is due to differential magnification and
association error, which makes it difficult to identify
an identical point seen from different angles on
separate projections.3

CBCT scanners were introduced in the late
1990s as an evolutionary process, resulting from
the demand for three-dimensional (3D) infor-
mation obtained by conventional computerized
tomography (CT) scans.4,5 3D CBCT images have
Elsevier Inc. All rights reserved.
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been used in orthodontic diagnosis, treatment
planning, and simulation to overcome common
2D cephalometric errors.6–8

In dentistry and orthodontics, high resolution
CBCT is used to acquire a low distortion digital
image of the hard and soft tissues of the cra-
niofacial structures. CBCT machines have a cone
shape x-ray beam that is the source of the cone-
beam name, which is unlike conventional CT.
Conventional CT uses a fan-shaped beam to
create multiple thin slices. In CBCT systems, the
resolution is measured in voxels instead of pixels,
which is often sharper than a conventional CT.
Panoramic and cephalometric projections that
are produced by CBCT are transformed into a 3D
format after the data has been reformatted in a
volume by computer software.9

3D CBCT can be used to gather diagnostic
information on temporomandibular joints, ana-
tomic features of the mandible, and the mor-
phology of the palate, and to measure the width
of alveolar bones, to determine the position of the
dental roots and supernumerary and impacted
teeth, and to identify sites for implant placement
or osteotomies.10 CBCT imaging is also used to
plan for orthodontic and orthognathic surgery
treatment, to assess skeletal displacements after
osteotomies, to verify treatment outcomes, and to
determine stability.11
1, No ] (), 2015: pp ]]]–]]]
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Figure 1. Multi-planar reconstruction (MPR) and volume rendered images. (A) Pre- and post-treatment
superimposed MPR images and soft tissue volume rendered image. (B) Volume rendered hard tissue. (C) Volume
rendered hard tissue overlaid by translucent soft tissue.
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Multi-planar reconstruction (MPR) and vol-
ume rendered are the most commonly used 3D
planes for measuring CBCT-derived cephalo-
grams (Fig. 1).12–15 When comparing physical
skull measurements with 3D image measure-
ments, point-to-point MPR measurements have
been found to be highly accurate, while minor
error is seen with volume rendered mode
measurements, most likely due to surface con-
tour estimations.16,17 Therefore, identification
and targeting of anatomical landmarks should be
done in the MPR display mode.15

Superimposition of orthodontic 3D CBCT
images is usually used for evaluating a patient’s
craniofacial growth or for comparing craniofacial
structures before and after treatment.11,18 The
superimposition can be performed by registering
stable anatomic landmarks or by software-assisted
best-fit registration of stable anatomic structures
such as the anterior cranial base.18 A variety of
software tools have been designed for 3D CBCT
superimposition, which align the registered
landmarks or cranial base structures.19 For
example, one of the anatomical structures that
is commonly used for CBCT registration is the
anterior cranial base.11,18 It should be remem-
bered that the accuracy and reproducibility of
these superimposition methods are directly
dependent on the accuracy of the landmarks and
anatomic structures.

Superimposition of CBCT images has become
an important tool for 3D assessment of changes
with growth or treatment. 3D CBCT super-
imposition methods and clinical applications,
benefits and limitations are discussed in this
review.
3D CBCT superimposition in
orthodontics

Two common 2D superimposition methods are
the best-fit method and the structural method.
The usual approaches for 3D superimposition are
registration points or mathematical algorithms.3 In
the registration point approach, certain landmarks
are registered on two volumetric images, which will
coincide when the superimposition is made. After
initial superimposition of the two images, the
operator can manually move the superimposed
images for further 3D fine-tuning. Inmathematical
algorithms, the initial 3D CBCT scan is considered
to be the volume of interest (VOI) or the reference
volume. Software, based on probability and
information theory, then superimposes the second
scan over the VOI in its best-fit position. The fusion
process of the two images occurs automatically. It is
not dependent on an operator’s skill and is faster
than manual methods.3

Various 3D superimposition methods are used
for clinical diagnosis and treatment evaluation
purposes in orthodontic treatment and cranio-
facial surgeries. There are valuable benefits and
some limitations with each method. They are
discussed in this article. A summary of 3D CBCT
superimposition methods, applications, advan-
tages, and limitations is presented in Table 1.

3D CBCT superimposition methods

With most software programs, a clinician does
the initial alignment of the landmarks or
anatomic structures of the two images to be
superimposed, then computer software
measures the changes in other anatomic



Table 1. 3D CBCT superimposition

Methods Clinical applications Advantages Limitations

Registration points: soft-
ware-assisted best-fit
registration of arbi-
trary selected points,
also called point-
based

Information theory and
mathematical algorithm:
software-assisted
superimposition of
the registered
structures:
Surface-based:
iterative closest
point (ICP)
method

Voxel-based: voxel
by voxel best-fit
registration
method

Evaluating patients’
craniofacial
growth and/or
craniofacial
structures before
and after ortho-
dontics and
orthognathic sur-
gery treatment

Quantifying and
visually assessing
hard and soft tis-
sue changes
between the two
scans relative to
the registered
landmarks or
structures;
i.e., evaluating
mid-facial soft tis-
sue changes in
the condyles,
rami, chin, max-
illa, and denti-
tion, quantifying
transverse dimen-
sions and axial
inclinations of
dentition, and
ramus displace-
ment and airway
assessments in 3D

3D assessments by the
fusing of two 3D
images in growing
patients and/or dur-
ing treatment process

Observation of
bilateral structures
such as condylion, in
real size 3D images is
more precise and
more reproducible
than conventional 2D
cephalometric images

Provides a more realistic
way to evaluate the
changes

A comprehensive visual
and quantitative
analysis

Software-assisted 3D
CBCT analysis

Human error is
eliminated during the
automated superim-
position processes

Final manual
fine-tuning in some
of the techniques

Creates accurate 3D
surface models and
accurate measure-
ments with multi-pla-
nar reconstruction
and color-coded
imagesa

Great repeatability and
reproducibilitya

Minimal errorsa

Creates an unbiased
scientific set up for
the superimposition
processa

Time consuming and
computing
intensive

Measurement
outcomes of a
CBCT images can
differ depending
on window set-
tings, plane defi-
nition, number
and thickness of
sections

Slightly inferior to
reality when
threshold-based
measurements
are used

Clinical
measurements
may be impacted
by segmentation
process

Landmark
identification and
registration errors

aSubjects of controversy in the literature.
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structures relative to the registered points or
structures. The final superimposed image
shows changes that have resulted from growth
or treatment.15,19–22
Choi and Mah23 reported a 3D superimposition
method that is performed without prior landmark
designation. This method is based on a matching
criterion that uses the information theory and
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mutual information or relative entropy that was
originally used for conventional CT images and
magnetic resonance imaging.24 By applying this
theory, an operator is able to acquire geometrical
information from a software program and use it in
another one for a pre-segmented surface model
comparison. In this way, it is possible to achieve a
clear and precise registration plus subvoxel accu-
racy.25 Moreover, with this system, it is possible to
superimpose images and scans from different
CBCT devices and software programs.23

With the iterative closest point (ICP) method,
a more accurate measurement can be made by
using the same points on the same surface with
fusion at different time points.26,27 The accuracy
of linear measurements in 2D cephalograms and
3D scans are not the same because of a difference
in the size and location of the objects in the two
imaging systems.28 Unlike conventional cephalo-
metric radiographic analysis, the ICP method
allows for the precise fusing of two 3D images
from growing patients.26,27 In the ICP technique,
an operator manually defines a certain domain
on the surface of the CBCT scans such as the
outline of the anterior cranial base from the
superior view (Fig. 2). Then the software
automatically matches and registers the identical
landmarks of the selected domains on the two scans
and completes the superimposition process. The
operator can evaluate and measure the changes
relative to the registered surfaces. Learning to take
image measurements is not difficult, but as with
Figure 2. The iterative closest point (ICP)method. (A) Cra
cranial base except the peripheral growing zone. (B) Mer
scans, superimposed at the cranial base.
other software programs, it takes time to become
proficient. After mastering the use of the software,
image measurements can be made with great
repeatability.26 With the ICP 3D superimposition
technique, registration of the scans over the cranial
base is reported to be an accurate method for
superimposition.29–31 This method can be used for
a valid and reproducible assessment of treatment
outcomes for growing subjects. ICP is also consid-
ered to be clinically valuable because of the man-
ageability and 3D accuracy of data comparison with
MPR images (Fig. 3).30

The other method is voxel-based image reg-
istration, which is an accurate and reproducible
semi-automated technique for 3D CBCT super-
imposition.32,33 For example, when a patient is
fully grown and developed, registration of the
superimposed CBCT images of the zygomatic
arches can be considered as an alternative to the
anterior cranial base.34 After superimposition,
the differences between the two surfaces are
mapped with about 600,000 color-coded surface
distances in millimeters, which helps a practi-
tioner quantify and visually assess the hard and
soft tissue changes between the two scans relative
to the cranial base.19,35

Gianquinto et al.36 introduced a reproducible
CBCT superimposition method based on the
posterior cranial base in a single software
package using a step-by-step manual technique.
With this method, the craniofacial volume for
each of their patients is imported to their 3D
nial base superimposition performed on all areas of the
ged image of pre-(T0) and post-treatment (T1) CBCT



Figure 3. Superimposition using the iterative closest point (ICP) method. (A) The combined images, pre- (gray)
and post-treatment (light blue) images, with illustration of an arbitrary coronal plane (green). (B) To facilitate
measurement, the 3D sections were converted to 2D data. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

3D CBCT superimposition 5
CBCT superimposition software. The software
resamples the scans to a 0.5 mm voxel size, and
then superimposes the images with a mutual
information algorithm. At this stage, the operator
uses a semi-automatic technique to extract pos-
terior cranial base surface data, which results in a
colored map based on the distance between the
two volumes relative to the cranial base.37

Triple voxel-based CBCT superimposition is
another method, which is used to build an
augmented 3D skull model using rigid registra-
tion points from three separate CBCT scans
made at a certain time point; the first scan with
wax bite wafer in place and the second low-dose
scan with a triple tray bite registration in place.
Then the third CBCT scan is taken from the
triple tray bite registration. With this method, the
three scans are fused to create detailed occlusal
and intercuspation data without the use of dental
models.33
Clinical applications of 3D CBCT
superimpositions

3D CBCT superimposition can be used to eval-
uate facial growth, craniofacial anomalies, and
skeletal changes after orthodontics and orthog-
nathic surgery (i.e., nasal morphologic and
maxillary or mandibular skeletal changes after bi-
maxillary surgery), and to create 3D virtual
craniofacial models (Fig. 4).37–39 In addition,
CBCT images can be used to evaluate mid-facial
soft tissue changes,21,40 to assess changes in the
condyles, rami, chin, maxilla, and dentition,11,18

and to measure the transverse dimensions and
axial inclinations of dentition.26

CBCT imaging has been proven to be an
essential tool for assessing growth and development,
which provides the most comprehensive visual and
quantitative analysis.11,18 While some researchers
consider 3D superimposition systems to be accu-
rate,15,41,42 there are some scientific reports that
question the accuracy of these techniques.34,43

The anterior cranial base has been used as a
reference structure for CBCT superimposition
after orthognathic surgery in cases of skeletal
Class III malocclusion to evaluate the post-
operative mid-facial soft-tissue changes (Fig. 4B
and C).26,44 Anterior cranial bases are super-
imposed using the best fit of certain anatomic
landmarks of the anterior cranial base followed
by an automated voxel-based superimposition by
the software. The anatomic landmarks of the
anterior cranial base might be the inner cortical
layer of the frontal bones, superior surfaces of the
orbital roofs, superior aspect of the ethmoid and
cribriform plate and cortical ridges on the
medial, lesser wings of the sphenoid, planum
sphenoidale, anterior clinoid processes, or the
anterior wall of sella.19 Cevidanes et al.19 stated that



Figure 4. Different ways of visualization of the treatment outcome using overlay of registered 3D models. (A) The
displacement magnitude of interface distances of pre- and post-treatment, registered by voxel-based method, is
expressed by the different colors using quantitative color mapping by Morpheus3D CT Viewer (Morpheus). (B)
Pre-treatment scan shown as a dotted red mesh and post-treatment scan shown in light blue, registered by ICP
method, by Micro AVS (Cybernet). (C) The displacement magnitude of interface distances of pre- and post-
treatment, registered by ICP method; quantitative color mapping by 3D-Rugle (Medic Engineering). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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a precise registration on the anterior cranial base
provides a reliable 3D assessment of craniofacial
changes during growth and development by
evaluating displacement of facial structures rela-
tive to the cranial base. In addition, clinicians can
evaluate and describe treatment outcomes and
changes due to future remodeling after treatment
in a more comprehensive manner.

The anterior cranial base is reported to be one
of the most accurate registration structures for
3D superimposition. However, with the anterior
cranial base superimposition method, clinicians
cannot definitively describe mandibular move-
ment relative to the maxilla.45,46 In order to
evaluate mandibular changes relative to the
maxilla, practitioners can register the two scans
on a maxillary structure and perform the
superimposition. This process is conventionally
used in 2D structural superimposition methods.
For this purpose, the registration points or
structures can arbitrarily be selected by the
operator, i.e., registering CBCTs over zygomatic
structures in order to evaluate the changes in
craniofacial structures relative to the zygomatic
bones as a mid-face structure.34
Advantages of 3D CBCT superimposition

The accuracy of CBCT-derived cephalograms has
been noted in numerous peer-reviewed articles,
and it is reported that there is no statistical
difference when comparing linear and angular
measurements of traditional cephalograms and
CBCT-derived cephalograms.15,18,41,42 However,
the accuracy is still a subject of some controversy
in the literature because of the errors that could
be introduced in CBCT scans.26,32–34,43

Observing full-scale 3D superimposed images
of bilateral structures offers a more realistic way
to evaluate the changes.18,19,44 Comparison of 3D
surfaces is also more reliable and precise than
traditional 2D cephalometric evaluations.18 By
visualizing 3D model superimpositions, the
location, magnitude, and direction of the hard
tissue changes can easily be determined. This
allows quantifying the ramal displacement in
three dimensions.47

The availability of automated software for
analyzing 3D CBCT scans is a big advantage of 3D
digital systems over conventional 2D analyzing
methods. In addition, using software for cranial
base superimposition is better than conventional
superimposition methods, since errors relative to
landmark identification are eliminated and it is
possible to determine anatomic structures and
their contours. The software creates an unbiased
scientific method for using the superimposition
process.18,42

3D CBCT superimposition software offers
operators the ability to superimpose 3D CBCT
scanned surfaces, but it also provides a platform for
performing quantitative analysis, which can pro-
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vide valuable information.48 Some software allows
the operator to open two CBCT scans at the same
time to register common landmarks more
precisely. This software creates a cross-sectional
visualization of the superimposed data set with
different colors, which makes it possible to eval-
uate the differences between the two CBCT scans
relative to the registered landmarks (Fig. 4).42
Limitations of 3D CBCT superimposition

Even though CBCT is now widely used in
orthodontics,47–49 orthognathic surgery treat-
ments18,25,47 and airway assessments,1,9,10,50 only
limited evidence is currently available in the lit-
erature regarding the accuracy of 3D CBCT
superimposition techniques and the options for
registration points or structures.34 Certain errors
have been associated with 3D superimpositions
such as errors during visualization and improper
identification or location of landmarks. It is also
challenging to use the anterior cranial base as a
registration structure.3 In addition, reliable
directional tendencies relative to growth are
hard to determine since different structures grow
and move in different directions. In the future, the
development of vectorial analysis tools may help to
clarify the displacement directions.10,18,19

Moreover, while the use of CBCT super-
imposition has significantly increased for assess-
ing changes between serial CBCT scans, the
accuracy of CBCT scan superimposition techni-
ques and a standardized method of selecting
anatomical structures for 3D superimposition has
not yet been established.34 The measurement
outcomes from CBCT images can differ depen-
ding on window settings, plane definition, and the
number and thickness of sections. Therefore,
universal software should be used for CBCT
image measurement as well as software with an
ability to control variables.43

One of the other limitations of 3D CBCT
superimposition is the fact that even though
CBCT images can be used to create very accurate
3D surface models, they are somewhat inferior to
reality when threshold-based methods are used.
Differences in the segmentation process of CBCT
analysis can result in clinically significant var-
iances between measurements that can affect
treatment. Therefore, when making a decision
based on CBCT measurement on a 3D surface
model, special attention must be given in the
areas of the condyle and the lingual side of the
mandible, as it is reported that the risk of
measurement errors is higher in these areas.51

Even though 3D CBCT superimposition soft-
ware can provide a significant amount of quan-
titative data, this high amount of information
sometimes makes it difficult for the practitioner
to formulate a straight and concise conclusion.18

This problem can be overcome by limiting the
quantitative analysis to particular landmarks and
very particular surfaces or points at each
intervention and quantitative analysis.

In order to apply 3D CBCT superimposition
techniques in routine orthodontic treatment
planning, a faster, simpler, and more user-
friendly method must be implemented. It is
imperative that scientific studies on the current
3D superimposition techniques be conducted in
orthodontic clinical practices and graduate
programs, to further the developmental process
of these techniques.11
Photographs/digital models and CBCT
superimposition

More recently, CBCT has been used with the
registration of skin surface images,29 so clinicians
can quantitatively assess 3D maxillofacial
morphology, and evaluate linear and angular
changes in facial soft and hard tissues in clinical
procedures. Standard normative 3D values for
the craniofacial hard and soft tissues of normal
women were calculated by Terajima et al.,52 and
were then compared with 3D CT measurements
before and after patients had orthognathic
surgery. It is reported that with this method,
they were able to quantitatively assess craniofacial
structure deviation from the norm before surgery
and the changes in the hard and soft tissues after
surgery. While this method is reliable and clinically
sound, they reported that more investigation is
needed with before this method is used in other
diagnostic and treatment planning applications.52

Cevidanes et al.19 also reported that because 3D
surface models superimposition is currently time
consuming and computing intensive, its use in
routine clinical practice is not very practical.
Therefore, more simplified analysis techniques
are required for 3D superimposition techniques to
be viable in routine daily practice.

Clinicians, scientists, and engineers have
developed techniques for superimposing facial



Figure 5. 2D photograph and 3D stereophotograph superimposition over CBCT scan. (A) Limited view of a 2D
photographs superimposed over volume rendered maxillary dentition from a CBCT scan with InVivoDental
software by Anatomage. (B) The matching process of CBCT soft tissue, and 3D stereophotograph, captured by 3D
MDfaceTM stereophotograhic system; initial registration surfaces are shown in green. (C) Merged image of the 3D
soft tissue stereophotograph and the 3D CBCT hard tissue image. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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2D photographs48 and 3D photographs,29,37,39,53

and digital models40,42,54,55 over CBCT scans. It is
reported that the integration of 3D photographs
and CBCT images has shownminimal errors in the
assessment of bone and soft tissue.56 Therefore,
this process can be used as an objective tool for
diagnosis and treatment planning in orthodontics
and orthognathic surgery (Figs. 5 and 6).56

Multi-sensor image fusion techniques have
allowed for more advanced diagnosis and treat-
ment strategies in the field of 3D imaging.57 In
addition, image fusion is considered to be a
dependable and precise method which is not
affected by surgical and longitudinal changes.19,58

There has also been an increase in use of image
fusion techniques in orthodontics and max-
illofacial surgery, which has provided more accu-
rate and reliable information for surgical
outcomes and treatment progress.10,25,59 However,
3D CBCT image superimposition via semi-
automatic registration methods is a relatively
new concept on which little research has been
conducted yet relative to its accuracy.58 The
superimposition of certain landmarks is a more
precise and reproducible method than conven-
tional 2D cephalometric images, especially with
the bilateral landmarks such as condylion, gonion,
and orbitale in 3D images. On the other hand, it is
more difficult to accurately define certain
landmarks in the third dimension of the medio-
lateral direction.60 A summary of photographs/
digital models and CBCT superimposition
methods, applications, advantages, and limita-
tions is presented in Table 2.
Conclusion

Superimposition of 3D CBCT scans in ortho-
dontics and orthognathic surgery is usually used
for craniofacial growth evaluations or for post-
treatment assessment of changes in the cra-
niofacial structures such as a 3D evaluation of
changes in the mid-facial soft tissue, the con-
dyles, rami, chin, maxilla, and dentition. Per-
forming quantitative analysis on superimposed
images and visualization of the craniofacial
changes at different time points by color-coded
fused images are two of the main advantages of
3D superimpositions.

Various 3D superimposition methods have
been developed including the use of registration
points, information theory such as the ICP
method and voxel-based image registration, a
single software package using a step-by-step
manual technique, and triple voxel-based
superimposition. These methods are mainly
based on registration of anatomic structures and
automated fusion of the images using compu-
terized mathematical algorithms. More recently,
superimposition of CBCT scans with 2D and 3D
skin surface photographs have been used to
assess 3D maxillofacial hard and soft tissue
morphology, in addition to the evaluation of
the linear and angular changes in clinical
procedures.

Even though the 3D superimposition meth-
ods are clinically more accurate and reprodu-
cible than conventional 2D methods, the
precision of these methods is still a subject of



Figure. 6. 3D photograph superimposition over CBCT scan with Morpheus3D CT software (Morpheus). The 3D
photographs superimposed over (A) volume rendered mandible, (B) mid-sagittal section of the CBCT (frontal
view), (C) mid-sagittal section of the CBCT (lateral view), (D) full CBCT (¾ view), (E) superior view with anterior
coronal section of the CBCT, and (F) inferior ¾ view with sectioned out mandible.
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controversy in the literature. Most of the
limitations of 3D superimposition techni-
ques are related to imaging and landmark
identification errors and software/hardware
related errors. In addition, most of the
methods that are currently being used in clinical
Table 2. Photographs/digital models and CBCT superim

Methods Clinical applications

Registration and superimposition
of 3D digital models, and/or
skin surface of facial 2D and 3D
photographs over CBCT scans

Quantitatively assess 3D m
morphology, and eval
and angular changes
and hard tissues in cli

Assessment of bone and
Advanced diagnosis and

planning in orthodont
orthognathic surgery

Provides a more accurate
information for cranio
surgical outcomes, and
progress than conventi
settings are time consuming. Therefore,
more research-based technological develop-
ments are required in this field to create
more efficient and faster 3D superimposition
techniques with higher accuracy and higher
reproducibility.
position

Advantages Limitations

axillofacial
uate the linear
in facial soft
nical procedures

Precise and
dependable
method

Expensive
Limited evidence
Time consuming
Technique sensitive

soft tissue
treatment
ics and

and reliable
facial growth,
treatment
onal methods
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