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Objectives: To investigate the reliability of regional three-dimensional registration and
superimposition methods for assessment of temporomandibular joint condylar morphology
across subjects and longitudinally.
Methods: The sample consisted of cone beam CT scans of 36 patients. The across-subject
comparisons included 12 controls, mean age 41.3 ± 12.0 years, and 12 patients with
temporomandibular joint osteoarthritis, mean age 41.3 ± 14.7 years. The individual
longitudinal assessments included 12 patients with temporomandibular joint osteoarthritis,
mean age 37.8 ± 16.7 years, followed up at pre-operative jaw surgery, immediately after and
one-year post-operative. Surface models of all condyles were constructed from the cone beam
CT scans. Two previously calibrated observers independently performed all registration
methods. A landmark-based approach was used for the registration of across-subject condylar
models, and temporomandibular joint osteoarthritis vs control group differences were
computed with shape analysis. A voxel-based approach was used for registration of longitudinal
scans calculated x, y, z degrees of freedom for translation and rotation. Two-way random
intraclass correlation coefficients tested the interobserver reliability.
Results: Statistically significant differences between the control group and the osteoarthritis
group were consistently located on the lateral and medial poles for both observers. The
interobserver differences were #0.2 mm. For individual longitudinal comparisons, the mean
interobserver differences were #0.6 mm in translation errors and 1.2° in rotation errors, with
excellent reliability (intraclass correlation coefficient .0.75).
Conclusions: Condylar registration for across-subjects and longitudinal assessments is
reliable and can be used to quantify subtle bony differences in the three-dimensional condylar
morphology.
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Introduction

The temporomandibular joint (TMJ) is a complex joint
that is submitted to high loading activity, often owing to
parafunctional oral habits or to alterations of the sto-
matognathic system. The health of a TMJ depends on
the capacity of its joint components to adapt to normal
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or abnormal function. TMJ pathologies that result in
alterations to the size, form, spatial and functional
relationships of the joint components can lead to pro-
gressive changes and compensations that may ulti-
mately affect the jaw and tooth positions and occlusion.
Recent studies have shown that TMJ osteoarthritis

(OA) is a local inflammatory conditionwhich occurswhen
the dynamic equilibrium between the breakdown and re-
pair of the joint tissue is compromised.1–3 The spectrum of
the clinical and pathological presentation of TMJ OA
ranges from structural and functional failure of the joint
with disc displacement and degeneration to subchondral
bone alterations (erosions), bone overgrowth (osteo-
phytes), loss of articular fibrocartilage and synovitis. Al-
tered bone morphology4,5 and associated mechanical
properties may distort joint mechanics, leading to joint
degeneration such as that shown in Figure 1. The exact
role of the bone under the articular cartilage in the aeti-
ology of arthritis is unclear.Much of our understanding of
arthritic bone changes comes from animal models or ca-
daveric specimens as opposed to assessments of patients
with arthritis. Quantification of three-dimensional (3D)
bony changes is critical to compare the ability of different
treatment modalities to arrest progression of bone de-
struction (i.e.methotrexate, biological agents such as anti-
tumour necrosis factor a6,7 or surgical interventions).8,9

The Research Diagnostic Criteria for Temporoman-
dibular Disorder validation project10–12 concluded that
clinical criteria alone, without the use of imaging, are in-
adequate for valid diagnosis of TMJ arthritis. The appli-
cation of cone beam CT (CBCT) to craniofacial imaging
provides a clear visualization of the hard tissues of TMJ
and markedly reduces radiation and cost compared
with medical CT.13–23 The Osteoarthritis Initiative, a Na-
tional Institutes of Health-sponsored consortium, focused
on identifying imaging biomarkers of development and
progression of kneeOAusingMRI.24Although ultrasound
andMRI are effective in monitoring synovitis,25–27 MRI
and panoramic radiography have poor to marginal sen-
sitivity in detecting arthritic bony changes in TMJ.11

CBCT has recently replaced other imaging modalities
and become the modality of choice to study TMJ ar-
thritic bony changes because it provides high-quality
images for quantification of bone changes, such as ero-
sions, osteophytes, flattening, sclerosis and abnormal
condylar shape.22,23,28 However, the standardization of
cross sections in the assessment of multiplanar images is
challenging in longitudinal and across-subject studies.
The use of 3D surface models and quantitative morpho-
logical assessments now offers the possibility of additional
diagnostic information that is difficult to achieve by as-
sessing the multiplanar images. This study proposes
methods for the registration of 3D condylar morphology
as essential procedures for the measurement of subtle
bony differences in condylar morphology. Specifically,
the aims of this study were to test the reliability of re-
gional superimposition techniques for populational across-
subject comparisons and for the assessment of bony
changes on serial CBCT scans in longitudinal studies.

Materials and methods

Sample
The sample consisted of CBCT scans from 36 patients
acquired for a parent study. All the scans were taken
with an i-Cat® CBCT (120 kV, 18.66 mA; Imaging Sci-
ences International, Hatfield, PA). The secondary anal-
ysis of deidentified CBCT data in this study was
approved by the university institutional review board.
These scans included two independent samples for
across-subject and longitudinal experiments. After clin-
ical examination and diagnosis of TMJ OA or health,
a 20 s cone beam CT scan with 0.3 mm original resolu-
tion was obtained for all participants, using a large field
of view to include both TMJs.

The sample to test the reproducibility of across-
subject and group comparisons included surface models
of 48 right and left condyles constructed from CBCT
scans of 12 healthy control subjects, with a mean age of
41.3 ± 12.0 years, and 12 patients with a clinical diagnosis
of OA, with a mean age of 41.3 ± 14.7 years.

The sample to test the reproducibility of individual
longitudinal assessments included surface models of 24
condyles constructed fromCBCT scans acquired at 3 time
points for 12 patients with a clinical diagnosis of TMJ
OA10 (mean age, 37.8 ± 16.7 years): before surgery (Time
1), immediately after jaw surgery (Time 2) and 1 year after
jaw surgery (Time 3). All patients in this study sample
presented marked skeletal discrepancies between the
maxilla and the mandible. Selection of the appropriate
radiographical imaging techniques was approved by the
institutional review board based on the principle that each
radiation exposure was justified clinically and that all ap-
propriate measures to minimize patient radiation exposure
while optimizing maximal diagnostic benefit were taken.

Image analysis methods
To standardize voxel size, all scanswere resliced to a voxel
size of 0.5mm3, to decrease the computational power and
time required to compute the automated registration,
using 3D Slicer v. 4.2.2 (open-source software, http://
www.slicer.org).29 The flow chart in Figure 2 describes an
overview of the image analysis procedures for the regional
3D superimposition of mandibular condyles.

Construction of surface models (segmentation): The
process of construction of surface models to perform
the regional superimposition is called segmentation
and was performed using the ITK-SNAP software v.
2.4 (open-source software, www.itksnap.org).30–33

Segmentation of the right and left mandibular condyles
consisted of outlining the cortical boundaries of the
condylar region using semi-automatic and manual
discrimination procedures that allowed manual edit-
ing, checking slice by slice in all three planes of space
(sagittal, coronal and axial). The output of the ITK-SNAP
segmentation was a 3D surface mesh reconstruction
model. In this study, the surface mesh was saved as a bi-
nary *.stl (stereolithography) file for the across-subject
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comparisons or as a *.gipl (guys image processing lab)
volume file for the longitudinal assessments.

Registration: Two observers, one oral and maxillofacial
radiologist (JS) and one orthodontist (LRG) collaborated

to perform the regional registration across subjects and of
serial CBCT images using sets of images not included in
this study. After calibration, each observer analysed the
CBCT scans independently, performing all registration
procedures described below.

Figure 1 Clinical relevance of condylar and ramus adaptive bone remodeling changes over 6 years of follow-up for a patientwhowas treatedwithmaxillary
impaction for correction of openbite, as seen in the pre-surgerymodel (white) voxel-based automated registration is used usingdifferent anatomical structures
of interest for reference to assess in detail the bone remodeling over time. (a) Cranial base superimposition with the pre-surgerymodel shown as awhite semi-
transparent overlay with the surfacemodel at splint removal (blue), 1 year post-surgery (grey) and 6 years post-surgery (red). (b)Mandibular overall changes
in amandibular regional superimposition.Note the condylar changes andoverall ramus adaptive changes that hadbeganas shown in theoverlaybetweenpre
surgery and 1 year post surgery and progressed a further 6 years post surgery. (c) Condylar regional superimposition showing the progression of condylar
resorptive changes inmore detail. (d)Close-upviewsof the left and right ramus changes betweenpre surgery and6years post surgery in amandibular regional
superimposition. The colour maps show about 5mm of condylar changes and in some regions in the ramus surface. Colour visible in online version only
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Across-subject and group comparisons

Mirroring: Left condyles were mirrored to form right
condyles using Imconverter software v. 1.2 (open-source
http://www.ia.unc.edu/dev/download/imconvert/index.
htm)34 to assess the morphology of all condyles in the
same co-ordinate system.

Standardization of co-ordinate system—landmark-based
registration: Owing to great individual morphological

variability across subjects, voxel-based approaches fail
and a landmark-based approach to consistently ap-
proximate all condyles in the same co-ordinate system
was tested in this study. The .stl surface mesh files for
each condyle were opened in VAM® v. 3.7.6 (Canfield
Scientific Inc., Fairfield, NJ),35 and 25 landmarks were
placed on each condylar surface model: 4 points evenly
spaced along the superior surface of the sigmoid notch, 4
on the medial and lateral portions of the ramus adjacent

Figure 2 Study methodology flowchart. 3D, three dimensional; CBCT, cone beam CT; DOF, degrees of freedom; Lat, lateral; OA, osteoarthritis;
SPHARM, SPHARM-PDM software v. 1.12 output of 4002 surface points
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to the sigmoid notch, 3 along the posterior neck of the
condyle, 3 on the medial portion and 3 on the lateral
portion of the condylar neck and on the medial, lateral,
anterior, and posterior extremes of the condylar head
(Figure 3A). Using a landmark-to-landmark best-fit
alignment, each condyle was approximated to a chosen
reference condyle; the reference condyle was one of the
reconstructed condyles that presented preserved and
clearly defined anatomical surfaces (lateral and medial
poles, a well-defined sigmoid notch and the posterior
border of the mandibular ramus), to establish a com-
mon co-ordinate system where all the individual con-
dyles are approximated within the three-dimensional
space (Figure 3B). The condyles were then simultaneously
cropped to consistently define the region of interest using
a line perpendicular to the long axis of the mandibular
condyle, passing through the deepest point of the sigmoid
notch.

Computation of corresponding points between all
condyles: SPHARM-PDM software v. 1.12 (open-source,
http://www.nitrc.org/projects/spharm-pdm)32,33,36,37 was then
used to compute the correspondence across 4002 sur-
face points among all right and mirrored left condyles.
These 4002 surface points and the location of their re-
spective XYZ coordinates were optimized for each cor-
responding condyle mesh.

Quality control of the correspondence across all data
sets: SPHARM-PDM output of 4002 correspondent
point-based condylar models determined co-ordinate poles
on each model that allow these point-based models to be
displayed as colour-coded maps. Maps for each condyle
model could be visually compared with each other to
confirm that the parameterization was consistent across all
condyles (Figure 4).

Creation of the average mesh: The core of the ability to
compute the group average and group variability is the
establishment of correspondence for each point in the
surface models. This allows the association of any loca-
tion on the condyle of subject A with the corresponding
location on the condyle of subject B. Considerable
intersubject variability is also accounted for in the model
that captures the average condylar morphology and

variability around that average morphology. A Linux
MeshMath script (open-source software, http://www.
nitrc.org/projects/spharm-pdm)37 was used to create av-
erage meshes based on all condyles in the OA group and
all condyles in the control group. The 4002 original
surface point correspondences were propagated through
all stages of deformations and were used for surface mesh
averaging. The affine transformations were then applied
to the points individually. In geometry, an affine trans-
formation is a transformation which preserves ratios of
distances between points lying on a surface model, where
parallel lines will remain parallel to each other after an
affine transformation. Grouping all the mean points
provided the linear and nonlinear deformation fields that
resulted in the average condyle shape for each group.

Calculation of absolute and vector differences and signed
distances: The MeshMath script was then used to calcu-
late 3D point-wise subtractions between the groups’ av-
eragemorphology. The computed 4002 vector differences
were displayed on the condyle surface, 1 for each point on
the surface mesh, scaled according to the magnitude of
difference and pointing in the direction of change. The
patterns of variation across TMJOA and control samples
were determined through calculation of signed distances,
where the areas of bone resorption were displayed as
negative values (blue), no differences (0 mm surface dis-
tances, white) or bone proliferation as positive (red).

Control of the quality of the signed distances: Semi-transparent
overlays between the average models in 3D Slicer soft-
ware were used to visually compare the signed distance
patterns for both observers. The signed distance maps
were used to qualitatively assess whether the areas
of differences were consistent and quantitatively com-
pare the measured 3D signed distances between the
observers.

Longitudinal assessments

Voxel-based registration: The first step in the voxel-
based registration of longitudinal scans was to manually
approximate the CBCT scans taken at different time
points using the 3D Slicer software to facilitate the
automated voxel-based registration. The registration

Figure 3 Landmark-based registration used to approximate condyles from all subjects in the group comparisons. (a) 25 points in the ramus and
condyle surfaces used for landmark-based registration, (b) reference condylar model (red) with the overlay of multiple condyles approximated in
the same co-ordinate system. Colour visible in online version only
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was then performed using the 3D Slicer craniomax-
illofacial registration module (CMFreg, open source
software, http://www.nitrc.org/plugins/mwiki/index.php/
cmfreg:MainPage).38 The software compares the intensity
greyscale for each voxel of the images at pre surgery, splint
removal and 1 year post surgery, to avoid observer-
dependent reliance on subjectively defined anatomical
landmarks. This procedure extracts the mandibular con-
dyles as the region of interest, generating CBCT images
that contain only the right or left condyle. All follow-up,
scans were registered to the pre-surgery CBCT scan as
a reference. The automatic registration outputs three files
for split-removal and 1 year post-treatment time points:
a registered CBCT image, a registered condyle surface
model and a text file with the transformation matrix used
to change the position of these images with six degrees of
freedom (DOF) when registered to the pre-surgery image.
The DOF text file contains information of the translation
on the Xt, Yt and Zt axes, respectively, of left–
right, anteroposterior and inferosuperior displacements
and on the rotation of the sagittal axis up and down (Xr,
pitch), the coronal axis mediolaterally (Yr, roll) and the
axial axis mediolaterally (Zr, yaw).

Statistical analysis
Statistical shape analyses were carried out to test cross-
patient group differences as measured by both observers.
A multivariate analysis of covariance (http://www.nitrc.
org/projects/shape_mancova)39 is a statistical shape anal-

ysis method that allows for a localized analysis of shape.40

Multivariate analysis of covariancewas used in this study to
estimate and compare average groupmorphologymodel of
control and of TMJ OA patients, the average TMJ OA for
Observer 1 vs Observer 2 and the average control for Ob-
server 1 vs Observer 2. The p-value maps (p, 0.05) for
testing group differences were calculated using Hotelling’s
T-squared metric based on covariance matrices.

The registration procedures for longitudinal assess-
ments are automatic and avoid observer-dependent
errors such as training and fatigue. For this reason,
systematic error was not included in the statistical
model. The intraclass correlation coefficient (ICC) was
computed using SPSS® v. 20 (SPSS Inc., Chicago, IL)
statistical analysis suite. A two-way random effect ICC
model and its 95% confidence interval (CI) were used
to test the interobserver variability of DOF values of
the translation and rotation axes for all subjects.

Results

The semi-transparent overlays, vector and signed distance
differences in Figure 5 graphically display the location

Figure 4 Quality control of the correspondence across 4002 points in the
condylar surface models and between observers using parametric colour
maps. These colourmaps display one of the two spherical parameters, Phi,
which is equivalent to geographical longitude. Eight condyles in the
Observer 1 evaluation are shown in the left columns and the same condyles
in Observer 2 evaluation are shown in the right columns. Note the con-
sistency of the colour maps across all condyles and between observers.
Colour visible in online version only

Figure 5 Group comparison results for both observers. The top row
shows the group average models [temporomandibular joint osteoarthri-
tis (TMJ OA) group in red and control group in white]. The middle row
shows semi-transparent overlays for group comparisons. Note the
similar patterns for both observers findings with slight difference in the
anterior portion of condylar neck. The bottom row shows the colour
maps of the quantitative subtractions both as signed colour-coded maps
(where blue indicates areas of bone loss in the TMJ OA group and red
indicates areas of bone proliferation).Colour visible in online versiononly

Regional 3D condylar registration
6 of 12 J Schilling et al

Dentomaxillofac Radiol, 43, 20130273

http://www.nitrc.org/plugins/mwiki/index.php/cmfreg:MainPage
http://www.nitrc.org/plugins/mwiki/index.php/cmfreg:MainPage
http://www.nitrc.org/projects/shape_mancova
http://www.nitrc.org/projects/shape_mancova
http://www.nitrc.org/projects/shape_mancova


and magnitude of the group average comparisons show-
ing similar patterns for both observers.

Statistically significant differences between the control
group and the OA group were consistently located on the
lateral and medial poles for both observers (Figure 6),
with small interobserver differences in the extension of
the significant areas shown in the p-value colourmap. The
interobserver differences were #0.18 mm (Table 1). The
multivariate analysis of covariance group comparisons
of the average TMJ OA morphology for Observer 1 vs
Observer 2 and the average control morphology for
Observer 1 vs Observer 2 were not significant.

Figure 7 illustrates the results of the longitudinal reg-
istration for one of the patients treated with bi-maxillary
advancement surgery, where small changes in the supe-
rior condylar surfacewere found between pre-surgery and
splint removal (2 months interval between the scans), and
the progression of bone destruction with marked re-
sorption of the superior articulating surface of the condyle
at 1 year post surgery. Table 2 shows the descriptive sta-
tistics of the interobserver differences for the six DOFs in
the automatic voxel-base registration of the serial CBCT
condylar images. No right or left differences were ob-
served and, for this reason, their absolute values were
averaged. The direction of the registration of six DOFs
(displacements on anteroposterior, inferosuperior, left–
right translational axes or rotation of the sagittal axis
up–down, coronal and axial axes yaw mediolaterally)
showed concordance for between observers in all cases and
the amount measured presented only small variability. The
mean interobserver differences were smaller than 0.6mm in
translation errors and 1.2° in rotation errors, with excellent
reliability (ICC . 0.75). For the pre-surgery to splint re-
moval superimposition, theZ axis of translation (left–right)
presented amean interobserver error of 0.6 ± 0.8mm (ICC
5 0.81, lower limit of the 95% CI5 0.55). For the splint
removal to 1 year post surgery superimposition, the Y axis
of translation (anteroposterior) presented a mean in-
terobserver error of 0.4mm±0.5mm (ICC5 0.76, lower
limit of the 95%CI5 0.45) and theZ axis of rotation (axial,
yaw) presented a mean interobserver error of 0.7 ± 0.8°
(ICC5 0.8, lower limit of the 95% CI5 0.53).

Discussion

This study tested the reliability of the novel methods for
registration of 3D condylar morphology, across subjects
and longitudinally, as described above. The registration,
superimposition and quantitative assessments across sub-
jects have diagnostic applications, whereas the registration

Figure 6 The p-value colour maps of areas of statistically significant
differences between the control group and the temporomandibular joint
osteoarthritis (TMJOA) group. Similar statistical significance was found
by both observers, with some variability in the extent of areas of the
statistically significant differences between TMJ OA and control groups.
Colour visible in online version only

Table 1 Surface distances (in millimetres) of the subtraction of
average control and temporomandibular joint osteoarthritis condylar
morphology

Group comparisons Observer 1 Observer 2
Interobserver
differences

Bone loss at the superior
surface of the medial
and lateral poles

22.8 22.7 20.1

Bone proliferation at
the anterior surface

13 1.1 0.2

Figure 7 Longitudinal registration of the left condyle of a patient
treated with bi-maxillary advancement. The top row shows the three
time points registered and overlaid in the same co-ordinate system. The
middle row shows the superimposition of pre-surgery (white) to splint
removal (cyan) and pre-surgery to 1 year post-surgery (red). The
bottom rows show closest point surface distances colour-coded maps
showing slight condylar resorption in the 2 months between the pre-
surgery and splint– removal scans andmore the progression of the bone
resorption at 1 year post-surgery. Colour visible in online version only
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of longitudinal scans can be applied for the assessment of
growth, progression of disease, treatment outcome and
stability after treatment.41

The methods used in this study included open source
image analysis software. Commercial software pack-
ages, such as Geomagic (Geomagic Inc., Morrisville,
NC)42,43 InVivo (Anatomage, San Jose, CA),44,45 Max-
ilim (Medicim, Mechelen, Belgium),46,47 OnDemand
3D� (CyberMed, Seoul, Republic of Korea)48 and
Amira® (Visualization Sciences Group, Burlington,
MA)49 produce adequate surface reconstructions and/or
offer landmark, surface and/or voxel-based registration
methods, but they are not open source, cannot be mod-
ified, do not interact well with each other, do not provide
flexibility for customization and, moreover, do not ad-
dress the 3D correspondence problem across patients
with different facial morphology or from pre- and post-
surgery scans of the same patient. Software development
in 3D image analysis is structurally different than it was
a decade ago owing to the maturation of open source
libraries like the Visualization ToolKit (VTK),50 the
National Library of Medicine Insight Segmentation and
Registration Toolkit (ITK)51,52 and of open source
development tools, such as SVN and CMake.53 More
recently, whole software frameworks for medical image
analysis have become available as open source, such as
OsiriX (Pixmeo, Bernex, Switzerland)54 for radiological
applications and 3D Slicer29 for general medical image
processing and interventional guidance. Owing to its
open licensing, 3D Slicer is increasingly being adopted as
an interactive medical imaging platform. 3D Slicer v. 4
provides powerful tools for multimodal imaging, volume
rendering, registration and visualization. All these open
access or open source developments have contributed
significantly to the field of medical image analysis and
now have potential applications in dentistry as well.
As part of the methodology used in this study, the re-

gional condylar registration required a number of different
procedures for across-subject/group experiments compared

with the longitudinal experiments. The differences in the
methods of the two experiments are three-fold. First, the
group comparisons in this study used mirroring techni-
ques where left condyles were mirrored to form right
condyles and allowedmorphological comparisons. Right
and left condylar changes were assessed separately in
longitudinal studies, but right and left differences in in-
terobserver errors were not observed, and for this reason,
their absolute values were averaged.

Second, owing to great individual morphological var-
iability across subjects, rigid voxel-based approaches
(which compute differences in rotation, translation with
or without scaling) fail to register anatomical structures
from different subjects in populational or group average
studies. Other voxel-based registration approaches, that
are fluid or semi-fluid, deform the surface models,55 and
the deformation or morphing would hamper adequate
evaluation of individual morphology. For these reasons,
the registration across subjects in this study used an initial
landmark-based approach to approximate all condyles in
the same co-ordinate system as shown in Figure 3. Al-
though this initial procedure was observer-dependent for
manual identification of landmark locations, it only
aimed to approximate all condyles and allow the auto-
matic computation of 4002 correspondent surface points
for all condyles in a consistent way, as highlighted by the
very similar findings for both observers independently
shown in Table 1 and Figures 4–6. In the present study,
the intersubject variability was also accounted for in the
model that captures the average condylar morphology
and variability around that average morphology.

Third, the sequence of procedures for longitudinal
registration is simpler than across-subject registration
(flowchart in Figure 2). The voxel-based approach for
longitudinal registration outputs files of the six DOFs of
translation and rotation between registered time points.
On the other hand, in the sequence of procedures for
across-subject comparisons, the landmark-based ap-
proach is only a first approximation of the condyles, and

Table 2 Descriptive statistics and intraclass correlation coefficients (ICCs) for the interobserver variability in the six degrees of freedom computed
for registration of CBCT scans at three time points

Registration Degrees of freedom

Interobserver differences

ICC

95% Confidence interval of the ICC

Mean Standard deviation Lower Upper
Pre-surgery to splint removal Translation (mm)

Xt 0.2 0.2 0.98 0.94 0.99
Yt 0.4 0.4 0.92 0.81 0.97
Zt 0.6 0.8 0.81 0.55 0.92

Rotation (degrees)
Xr 1.2 1.0 0.94 0.85 0.97
Yr 0.7 0.8 0.92 0.82 0.97
Zr 0.5 0.5 0.95 0.88 0.98

Pre-surgery to 1 year post surgery Translation (mm)
Xt 0.2 0.2 0.99 0.97 0.99
Yt 0.4 0.5 0.76 0.45 0.90
Zt 0.5 0.5 0.92 0.82 0.97

Rotation (degrees)
Xr 0.9 1.0 0.95 0.89 0.98
Yr 0.5 0.7 0.94 0.86 0.98
Zr 0.7 0.8 0.80 0.53 0.92

Xr, Yr and Zr are the pitch, roll and yaw, respectively.
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it is still necessary to compute correspondence to control
for the across-subject variability.

Only rotations and translation parameters were con-
sidered in all registration approaches in this study, and
no scaling was performed, because small condyles may
be either indicative of the history of bone resorption or
normal individual variability. As variability in size is
normally present in populational/group studies, quan-
titative measures of differences between each individual
condyle in the TMJ OA group compared with the
control average were not reported in this study. Meas-
ures of individual variability have been recently applied
to work in progress on imaging statistical modelling
towards a diagnostic index of arthritic deformation that
may still require larger control groups for adequate
assessments of individual morphological variability.

As the aim of this study was to evaluate the re-
producibility of the registration methods used, possible
differences in the construction of the condylar surface
models were eliminated with the use of the same surface
model by both observers. Various segmentation methods
have previously been validated, and although in-
terobserver errors in segmentation present only small dif-
ferences, these errors would be added to registration
errors.32,45,47,56 The artefacts generated from restorative
dentistry, movement of the patient, partial volume aver-
aging, incorrect selection of kVp/mA and threshold set-
tings can affect the volume image and segmentation.48,57–60

In the absence of artefacts, Luu et al45 clearly described that
when defining the true boundary of an object, at best, the
line for this boundary will cross directly through the
centre of a voxel. At worst, when attempting to select a
boundary that truly goes between voxels, one is forced to

select the centre of one of the surrounding voxels. In this
study to reduce computational time, all CBCT images
were reformatted to isotropic 0.5 mm voxels. The open-
source image tools proposed in this study are robust and
can be applied to smaller voxel sizes even at the micron
level, at the expense of highly increased computational
time. Considering quantitative approaches of condylar
changes with no registration errors, the accuracy for the
selection of a single voxel of 0.5 mm sides could be un-
avoidably off by the equivalent of half the diagonal of
the voxel or 0.43. Given that a two point measurement
requires the selection of two voxels, then, we would expect
errors in accuracy to be as much as two voxel half–
diagonal distances or around 0.86 mm.

Longitudinal assessments of changes in the bone mor-
phology of the condyles require precise quantitative
measurements between different time points.Registration
of longitudinal images must be based on stable structures
of reference.61 An automatic voxel-based approach that
uses thousands of voxels located in the region of interest
was applied in this study to avoid observer-dependent
landmark identification as shown in Figure 8. The voxel-
based registration in this study extracted the mandibular
condyles and neck as the region of interest, generating
CBCT images that contained only the right or left con-
dyle. The choice of the condyle and condylar neck as the
region of reference for the voxel-based registration avoids
includingmandibular ramus areas that frequently present
bone surface remodeling in patients with TMJ arthritis
and/or following jaw surgery as shown in Figures 1 and 9.
The interobserver error observed in the automated reg-
istration procedures in this study, although small, can be
explained by slight differences in the observer-dependent

Figure 8 Comparison of interobserver variability in landmark-based vs voxel-based registration of a right condyle from pre-surgery to splint
removal. Lateral views of overlaid condyles are shown. (a) Overlay resultant of landmark-based registration performed by Observer 1. (b) Overlay
resultant of landmark-based registration performed by Observer 2. (c) Overlay resultant of voxel-based registration performed by Observer 1. (d)
Overlay resultant of voxel-based registration performed by Observer 2. Colour visible in online version only
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cropping of the anatomical region of interest. This study
showed that mean interobserver differences were#0.6mm
in translation errors and 1.2° in rotation errors, with
excellent reliability (ICC . 0.75).
The methods tested in this study have the potential to

allow quantitative studies of arthritic condylar changes,

shifting the focus on articular cartilage/disk to bone
changes. TMJ differs from other joints because a layer
of fibrocartilage, and not hyaline cartilage, covers it.
The bone of the mandibular condyles is located just
beneath the fibrocartilage, making it particularly vul-
nerable to inflammatory damage and a valuable model
for studying arthritic bony changes. Although extensive
assessments of OA in other joints have focused on loss
or damage of hyaline cartilage,62 the capacity of carti-
lage to repair and modify the surrounding extracellular
matrix is limited in comparison to bone. The bone in
TMJ condyle is the site of numerous dynamic mor-
phological transformations, which are an integral part
of the initiation/progression of OA, not merely sec-
ondary manifestations to cartilage degradation. Thus,
a strong rationale exists for therapeutic approaches that
target bone resorption and formation.

Conclusions

Condylar registration for across-subject and longitudi-
nal assessments is reliable, and allows quantification of
subtle bony differences in the 3D condylar morphology.

These registration methods have the potential to be
used with other applications beyond the scope of this
project. As part of the National Institutes of Health
National Centers for Biomedical Computing program,
the National Alliance for Medical Imaging Computing
has implemented an open source platform that includes
an end-user application (the 3D Slicer). This computa-
tional platform supports patient-specific decision making
and assessment of the disease progression via registration
of serial images.
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