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Objectives: To evaluate the registration of 3D models from cone-beam CT (CBCT) images taken
before and after orthognathic surgery for the assessment of mandibular anatomy and position.
Methods: CBCT scans were taken before and after orthognathic surgery for ten patients with
various malocclusions undergoing maxillary surgery only. 3D models were constructed from the
CBCT images utilizing semi-automatic segmentation and manual editing. The cranial base was used
to register 3D models of pre- and post-surgery scans (1 week). After registration, a novel tool
allowed the visual and quantitative assessment of post-operative changes via 2D overlays of
superimposed models and 3D coloured displacement maps.
Results: 3D changes in mandibular rami position after surgical procedures were clearly illustrated
by the 3D colour-coded maps. The average displacement of all surfaces was 0.77 mm
(SD ¼ 0.17 mm), at the posterior border 0.78 mm (SD ¼ 0.25 mm), and at the condyle 0.70 mm
(SD ¼ 0.07 mm). These displacements were close to the image spatial resolution of 0.60 mm. The
average interobserver differences were negligible. The range of the interobserver errors for the
average of all mandibular rami surface distances was 0.02 mm (SD ¼ 0.01 mm).
Conclusion: Our results suggest this method provides a valid and reproducible assessment of
craniofacial structures for patients undergoing orthognathic surgery. This technique may be used to
identify different patterns of ramus and condylar remodelling following orthognathic surgery.
Dentomaxillofacial Radiology (2005) 34, 369–375. doi: 10.1259/dmfr/17102411

Keywords: cone-beam CT; 3D models; superimposition

Introduction

The correction of maxillomandibular skeletal discrepan-
cies requires teeth and jaws to be manipulated in all three
dimensions.1 While more rotation and displacement in the
condyles occur as a result of orthognathic surgery that
include a ramus procedure, there is no information on the
degree to which maxillary procedures induce condylar
remodelling. A quantitative assessment of condylar
rotation/displacement that was not feasible previously
can now be accomplished using a cone-beam CT (CBCT)
specialized for maxillofacial imaging. CBCT scanners
render high-resolution images with lower doses of radiation
compared with spiral CT.2,3 For these reasons, 3D CBCTs
are the method of choice in evaluating the complex
dentofacial structures. Cross-sectional cuts in axial, coronal

and sagittal planes permit access to the internal morphology
of soft tissues and skeletal structures, but the localization
and relationship among various facial components can be
difficult to interpret. The 3D modelling of the anatomical
structures can facilitate this interpretation.4

The challenges in utilizing the 3D CBCT images
include compilation of software for construction of the
3D models and for the assessment of changes with time as
a result of treatment. Various techniques for the recon-
struction of 3D CT images have been used in diagnosis,
treatment planning and simulation.5–10 Image superimpo-
sition for assessment of changes with treatment poses
challenges not only because of registration and homology
issues, but also because of the choice of landmark locations
in anatomic surfaces that lack suitable operational
definitions in the three planes of space.11–15

The purpose of this study was to evaluate a new system
to register models constructed from 3D CBCT, utilizing
the grey value image information of the cranial base,
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instead of landmarks to register pre- and post-surgery
scans. Specifically, this study assessed whether mandibular
structures remain unchanged after maxillary surgery. A
new tool was used for graphical overlay and 3D display to
visually assess the location and quantify changes between
superimposed models.

Methods

Ten patients with various malocclusions were recruited
who were undergoing maxillary surgery at the UNC
Dentofacial Deformities Program (3 males and 7 females;
20.6 ^ 5.2 years). Only individuals with dentofacial
disharmony due to a developmental problem severe
enough to warrant surgical correction were included.
Informed consent was obtained from all subjects and the
experimental protocols were approved by the Institutional
Review Board. CBCT scans were taken before and
1 week after orthognathic surgery with the NewTom
9000 (Aperio Services LLC, Sarasota, FL, 34236). The
second CBCT data was acquired immediately after surgery
(1 week) to assess changes due to surgical procedures, and
not changes due to remodelling or adaptive response to
treatment.

Image acquisition
The imaging protocol involved a 70 s head CBCT scanning
with a field of view of 230 mm £ 230 mm. Primary
reconstruction of 3608 projections used filtered back-
projection techniques to build the 3D data volume similar
to conventional CT.16 After completion of the primary
reconstruction, the maximum spatial image resolution was
0.3 mm.

3D reconstruction and segmentation
Using a trilinear interpolation algorithm, the images were
reformatted to yield a voxel size of 0.58 mm £ 0.58
mm £ 0.6 mm and then cropped to facilitate image
analysis. Segmentation of the cranial base and mandible
was done with the Insight SNAP software,17 an interactive
image segmentation program. Image segmentation refers
to a process of examining cross-sections of a volumetric
data set and outlining the shape of structures visible in
these cross-sections. A key feature of SNAP is the ability
to segment and navigate through the volumetric data set in
any of the orthogonal slice windows (sagittal, coronal and
axial views) with a linked cursor system that allows
tracking of a single voxel. SNAP allows regional semi-
automatic segmentation employing user-initialized
deformable implicit surfaces that evolve to the most
appropriate border between neighbouring structures. After
the segmentation, a 3D graphical rendering of the
volumetric object allows navigation between voxels in
the volumetric image and the 3D graphics with zooming,
rotating and panning (Figure 1).

Reproducibility
A subset of ten CBCT scans (before and after surgery for
five patients) was measured independently by three

observers for the purpose of assessing interobserver
reliability. The reproducibility of our method was also
assessed using the hypothesis that mandibular structures
remain unchanged after maxillary surgery, except for
possible autorotation relative to the maxillary displace-
ment with surgery.

Superimposition and assessment of mandibular
displacement
The pre- and post-surgery models were registered based on
the cranial base surface, as the cranial base structures are
not altered by the surgery, unlike the maxilla and/or
mandible. The fully automated registration was computed
by the MIRIT software.18 MIRIT computed the rigid
registration (translation and rotation) that optimally aligns
the pre- and post-operative dataset with subvoxel accuracy
at the cranial base (Figure 2). The computed registration
was then applied to the segmented structures in order to
measure mandibular rami alterations.

VALMET,19 a new tool for comparison of 3D models,
was used for studying intraobserver and interobserver
variability of segmentations. VALMET allowed both
visual and quantitative assessment of the location and
magnitude of segmentation differences via graphical
overlays and 3D displays (Figures 2 and 3). Inputs to
VALMET are the registered pre- and post-surgery
segmented models of the mandibular rami. Quantitative
evaluation includes intraclass correlation of the resulting
volumes and shape distance metrics such as the mean
absolute distance between the segmentations. These
volumetric and shape measures are calculated for the full
3D segmentations. The resulting 3D graphical display of
the structure is colour-coded with the regional magnitude
of the displacement between the pre- and post-surgery
segmentations (Figure 2). The pre- or post-operative
segmentation results are overlaid on the CBCT image
data for visual comparison (Figure 3).

The direction of 3D displacement varies at different
surfaces at the right or left sides of the face. For this reason,
colour-coded maps indicate inward (blue) or outward (red)
displacement between pre- and post-surgery segmenta-
tions. At the medial surfaces of the mandible, a blue colour
code indicates an inward displacement of that surface after
surgery, i.e. the displacement occurred in a lateral
direction. This lateral displacement is depicted by the red
colour in the lateral surfaces of the rami, indicating the
outward (lateral) direction of displacement. If there was a
medial displacement of the condyles and rami with
surgery, the medial surfaces would be red colour coded
and the lateral surfaces would be blue coded. For anterior
surfaces, an inward blue colour code indicates posterior
displacement (setback). This posterior displacement is
shown at the posterior surfaces in red (outward displace-
ment). Forward displacement (advancement) is shown in a
red colour code in the anterior surfaces (outward), and blue
colour code in the posterior surfaces (inward). Absence of
surgical displacement is indicated by the green colour code
(0 mm displacement).

VALMET computes several cumulative measures of the
surface distances between pre- and post-surgery models.
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The most relevant of these measures, the mean surface
distance, quantifies how much on average the two surfaces
differ from each other.

The mandibular rami models of pre- and post-surgery
images were also analysed for specific regions of
interest: the condyles and the posterior border of the rami
(Figure 4). The definition of the region of interest was
performed in SNAP using combined pre- and post-
segmentation models to ensure that the regions of interest
would be comparable. The posterior border region of
interest was defined by a plane tangent to the anterior
contour of the condyles and parallel to the posterior border
of the rami. The inferior limit of the condylar region of

interest was defined by the interface of the posterior border
cut. After cutting, each region of interest was analysed
separately in VALMET. The statistical analysis included
one-sample t-tests to assess statistical significance of the
mandibular displacement. The level of significance was set
at 0.05.

Results

The 3D changes in post-operative mandibular rami
position of 3D models constructed by three observers
are illustrated with 3D colour-coded maps in Figure 5.

Figure 1 Visualization tool used (Insight SNAP) for visualization of 185 axial, 228 lateral (sagittal), and 203 anteroposterior (coronal) cross-sections for
each CT image acquisition. A frontal view of the 3D surface models displays the segmentation of all slices stacked together without any smoothing

Figure 2 Demonstration of superimposition of pre- and post-surgery models of a case treated with maxillary advancement and mandibular setback. This
case is shown for illustration only and was not included in this study sample. The surface of the cranial base was used for registration performed with
MIRIT. Note that the cranial base colour map is green (0 mm surface distance), showing adequate match of the before and after models for the cranial base
structures
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The similarity of the 3D colour-coded maps as well as
the small differences documented in Table 1 show that
interobserver variability was negligible. Pre- to post-
surgery surface distance measurements differed amongst
the three observers by not more than 0.26 mm (maximal
error measured as inward displacement at the mandib-
ular rami surface). The colour-coded maps in Figure 5
also show clearly the similarity of the surface distances
along all the mandibular rami surfaces among the three
observers.

The reproducibility of the method was confirmed by the
colour-coded maps. The colour-coded maps shown in
Figure 6 reveal that mandibular structures remained
unchanged after maxillary surgery for most patients with

predominantly green colour coded maps. All subjects
showed small backward rotation of the mandibular rami
(mean 0.78 mm, SD ¼ 0.25 mm), with only one subject
having a larger surface distance change (Figure 6 and
Table 2).

The average displacement in condylar position was
0.70 mm (SD ¼ 0.07 mm), and the average surface
distance for all surfaces of the mandibular rami was
0.77 mm (SD ¼ 0.17 mm, Table 2).

The average inward displacement for all surfaces was
smaller than the image spatial resolution of 0.6 mm.

The one-sample t-test P-values are statistically signifi-
cant at all surfaces, despite the small values of displace-
ments that were observed.

Discussion

CBCT may be an ideal method for evaluating alterations in
the position of mandibular condyles and rami after surgical
correction.20,21 The choice of image modality is affected by
the excellent imaging of bone components of the
temporomandibular joint with CT, while MRI allows
more accurate rendering of the soft tissues.3,7,22 –24 The use
of CBCT addresses the issue of radiation dose with lower
cost compared with spiral CT.2,16

Our choice of CBCT acquisition parameters was
directed toward centring the condyles in the field of view
to avoid a low signal-to-noise ratio in the periphery of the
cone-beam. In the reconstruction parameters, the small
slice thickness, 0.6 mm, improved the visual quality of 3D
reconstruction. Further improvement is possible with a
smaller slice thickness, but this would result in increased
image size, requiring greater computational power and
higher user interaction time.

The image analysis included 3D construction,17 regis-
tration and superimposition of pre- and post-surgery
models,18 as well as surface distance calculation.19 All
these methods were automated by applying in-house
computer tools. This explains our negligible interobserver

Figure 4 Lateral view of regions of interest in the mandibular rami,
specifically the condyles (red) and the posterior border (green)

Figure 3 Lateral views of 3D models of a patient treated with maxillary advancement and mandibular setback. The model labelled in red was
constructed from a CBCT image acquired 1–2 weeks before surgery. The model labelled green was constructed from a 1 week post-surgery CBCT scan.
The other anatomical structures are masked for better visualization of changes in the mandibular ramus and condyle. In the semi-transparent
superimposition of mandibular models, red shows the pre-surgery model, blue shows the area where the pre- and post-surgery models overlap, and green
shows the post-surgery

Superimposition of 3D cone-beam modelsSuperimposition of 3D cone-beam models
LHS Cevidanes et al372

Dentomaxillofacial Radiology



variability, and allows image analysis procedures largely
independent of observer errors. The observation that
mandibular structures remained unchanged after maxillary
surgery, except for small autorotation relative to the
maxillary displacement with surgery, suggests that
the method is valid. The average surface distances
at the mandibular surfaces indicated a small rotation/
displacement induced by maxillary procedures that was
statistically significant. When the image spatial resolution
is 0.6 mm, future long term follow up will assess whether
observed changes in position of 0.7 mm are not clinically
significant allowing for adaptive remodelling without
negative sequelae.

The complexity of rotations and displacements in 3D
make the colour-coded maps seem complex at first
when describing outward and inward directions of
displacement. As clinicians learn how to effectively
use 3D imaging, it is necessary to think in 3D directions
instead of 2D directions. For this reason, a lateral
displacement of the ramus is described with two
different colours for the medial and lateral surfaces of
the ramus.

The fully automated superimposition using voxel-wise
rigid registration of the cranial base represents advance-
ment to the technique described by Kawamata et al.7

They used an observer dependent technique to super-
impose and rotate the post-surgery CT until anatomical
landmarks overlapped these same structures in the pre-
surgery semi-transparent model. Interestingly, the semi-
transparency tool is similar to the one used for
visualization of the 3D overlay in this study. Other

studies1,25 that described methods for 3D imaging super-
imposition in orthognathic surgery utilized Procrustes
analysis with errors of ,2 mm for some anatomical
landmarks.

This study applied surface distance calculation
to quantify mandibular rotations and displacement.
The calculation of surface distance for each boundary
point is computationally expensive, as each contour
point is compared with all the other ones. These
methods differ from Cevidanes et al11,12 and Hajeer
et al,1 who quantified 3D displacement using the x, y, z
vectors of landmark displacement. Kawamata et al7 and
Harris et al26 describe methods referring to linear and
angular measures. VALMET calculates all the 3D
Euclidean Distances from the pre-surgery model to the
overlaid post-surgery model, to measure the displace-
ment. This measure does not reflect properties integrated
along the whole boundary and surface. For these
reasons, the measure of surface distances needs to be
complemented by visualization of the 3D colour-coded
maps. Subsol et al,13 Andresen et al,14 and Mitteroecker
et al15 proposed methods that have guided our studies in
progress, using semi-landmarks on the surface to
incorporate information about vectors in the vicinity of
the landmark.

Condyles may have been displaced in 3D during surgery
in both position and in inclination; therefore it is difficult to
differentiate condylar displacement from errors in conven-
tional radiography.7,27 The increasing availability of CT
scans has led to innumerable publications on condylar
position following bilateral sagittal split osteotomy,1,26 –30

Figure 5 Lateral view of the surface distances between pre- and post-surgery mandibular models of the same patient constructed by three different
observers to assess interobserver variability. Note the similarity of the colour maps

Table 1 Interobserver errors for the average of all mandibular rami surface distances (mm)

Mandibular rami surface
Posterior border of the
mandibular ramus Condyles

Interobserver error Inward Outward Inward Outward Inward Outward

Range 0.26 0.24 0.15 0.11 0.05 0.13
Standard deviation 0.12 0.10 0.07 0.04 0.02 0.08
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but no data have previously shown whether maxillary

procedures induce condylar remodelling. Tuinzing, dis-

cussing the studies of Harris et al, emphasised that

comparisons between similar investigations are difficult

because of variations in osteosynthesis screws and plates,

the type of dentofacial deformity, and timing of assess-

ment.26 The 3D superimposition method described in our

study allows identification of even small changes, which

helps overcome the limitations that have been described

previously.

Conclusion

The technique used in this study provides a valid and
reproducible 3D assessment of craniofacial structures.
These methods may be used to identify treatment
outcomes and different patterns of remodelling follow-
ing orthognathic surgery.

The visualization of 3D model superimposition and the
surface distance calculations can help orthodontists,
surgeons and other healthcare providers to better plan
treatment. (Supported by NIDCR DE005215-26).

Figure 6 Ten subjects were treated with maxillary advancement only. Note that only one subject had a maximum surface distance change 2 mm
(red along the posterior border of the rami). For all other patients, mandibular surface displacement was minimal

Table 2 Mean distance (mm) between the surface of the pre- and post-surgery 3D models

Direction of displacement after surgery

Mandibular rami surface
Posterior border of the mandibular

ramus Condyles

Surgery Inside Outside Inside Outside Inside Outside

Maxilla only 0.28 ^ 0.10 0.77 ^ 0.17 0.15 ^ 0.09 0.78 ^ 0.25 0.26 ^ 0.12 0.70 ^ 0.78
P-value ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001
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