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Abstract. This study aimed to investigate imaging statistical approaches for classifying three-dimensional (3-D)
osteoarthritic morphological variations among 169 temporomandibular joint (TMJ) condyles. Cone-beam com-
puted tomography scans were acquired from 69 subjects with long-term TMJ osteoarthritis (OA), 15 subjects at
initial diagnosis of OA, and 7 healthy controls. Three-dimensional surface models of the condyles were con-
structed and SPHARM-PDM established correspondent points on each model. Multivariate analysis of covari-
ance and direction-projection-permutation (DiProPerm) were used for testing statistical significance of the
differences between the groups determined by clinical and radiographic diagnoses. Unsupervised classification
using hierarchical agglomerative clustering was then conducted. Compared with healthy controls, OA average
condyle was significantly smaller in all dimensions except its anterior surface. Significant flattening of the lateral
pole was noticed at initial diagnosis. We observed areas of 3.88-mm bone resorption at the superior surface and
3.10-mm bone apposition at the anterior aspect of the long-term OA average model. DiProPerm supported
a significant difference between the healthy control and OA group (p-value ¼ 0.001). Clinically meaningful
unsupervised classification of TMJ condylar morphology determined a preliminary diagnostic index of 3-D osteo-
arthritic changes, which may be the first step towards a more targeted diagnosis of this condition. © 2015 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.2.3.034501]
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1 Introduction
Temporomandibular joint (TMJ) osteoarthritis (OA) has been
described as a progressive degenerative joint disorder caused
by a pathological imbalance between the dynamic processes
of breakdown and repair of the organic tissues.1–5 The complex
pathogenesis of the disease has remained unclear,6 and its course
challenges experts given the different morphological patterns of
progression observed in its various stages.7 It may evolve into
repair and morphological adaptation, featuring a functional
remodeling.8,9 However, it may present an adverse course char-
acterized by aggressive bone destruction, deformity of related
structures, and functional impairment.2,7,8 This unpredictable
scenario hampers the development of valid therapies.3,10

The TMJ differs from other joints because it is covered by a
layer of fibrocartilage, instead of hyaline cartilage.10 The bone of
the mandibular condyles is located just beneath the fibrocarti-
lage, making it particularly vulnerable to inflammatory damage

and a valuable model for studying arthritic bony changes. The
bone in the TMJ condyle is the site of numerous dynamic
morphological transformations, which are an integral part of
the initiation/progression of arthritis, not merely secondary
manifestations to cartilage degradation. Thus, a strong rationale
exists for therapeutic approaches that target bone resorption and
formation.11–15

Clinical and pathological presentation of TMJ OA ranges
from mild failure of the joint components with disk displace-
ment and degeneration, to loss of articular fibrocartilage, syno-
vitis, and subchondral bone alterations such as sclerosis,
flattening, erosions, and bone overgrowth with osteophytes for-
mation.1,5,16 Early diagnosis of such conditions is important to
monitor bone destruction, either localized to the TMJ or sys-
temic, before loading the joints with orthodontic/orthopedic
forces or undertaking jaw surgery. Therefore, further investiga-
tion on the different morphological osteoarthritic patterns,
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particularly on their initial stages, is necessary in order to better
understand the specific features involved in the disease process.

Although magnetic resonance imaging (MRI) of the TMJ has
now been used for many years, its diagnostic and therapeutic
efficacy remains unclear.17,18 MRIs have provided essential
information about disk position, morphology, and integrity.
However, the value of this exam for supporting clinicians in their
diagnoses and treatment decisions has been questioned given
its potential disadvantages in evaluating osseous structures.19

Computed tomography (CT) is generally accepted as the most
useful technique for assessing OA changes in the TMJs, being
able to provide clinicians and researchers with detailed informa-
tion on bone remodeling.18,20–26

Cone-beam computed tomography (CBCT) has assumed a
prominent role in the diagnosis of condylar remodeling.18 It pro-
vides a clear visualization of the hard tissues of the TMJ1,16,18

and markedly reduces radiation and cost compared to multislice
spiral computed tomography.16 Through the analysis of different
tomographic slices, it becomes possible to identify specific
changes in the anatomy of the mandibular condyles with OA.
Moreover, new technologies such as the use of three-dimen-
sional (3-D) surface models allow for a comprehensive evalu-
ation of the overall morphological alterations.

Detailed knowledge about osteoarthritic bone changes is fun-
damental for correctly diagnose the dysfunctions associated with
the disease and for adequate treatment planning.27 The 3-D
shape correspondence analysis (SPHARM-PDM) has aroused
the interest of the medical community due to its accuracy in
locating and quantifying morphological changes between healthy
and pathological structures.28 This innovative method for diag-
nosing TMJ OA minimizes the importance of examiner’s expe-
rience, reducing intra- and inter-rater-related errors, standardizes
findings, allowing new discoveries, and also contributes to the
development of new imaging markers for risk factors.1

This study objective was to investigate imaging statistical
approaches to classify 3-D osteoarthritic morphological varia-
tions, as determined by 1002 correspondent landmarks in the
TMJ condylar surface, using CBCT-based models. Specifically,
this study proposed to identify differences among the asympto-
matic controls and the TMJ OA group by means of supervised
classification. Then, the unsupervised classification categorized
such complex disease, making it possible the development of
a preliminary diagnostic index of TMJ condylar OA.

2 Methods
The study group consisted of 91 individuals initially divided
into three groups: 69 subjects (39.1� 15.7 years) that presented
with signs and symptoms of TMJ OA for more than 1 year were
assigned into the long-term diagnosis group; 15 subjects
(44.9� 14.8 years) that experienced signs and symptoms of
the disease for less than 2 months composed the initial diagnosis
group; and 7 subjects (43� 12.4 years) that did not show any
sign or symptom of OA formed the healthy control group.
Subjects were recruited from the university clinic or through
advertisement, and underwent a clinical exam by an orofacial
pain specialist using diagnostic criteria guidelines. Following
clinical diagnosis of TMJ OA or health, a 20-second CBCT scan
was taken on all participants, using the same machine (i-CAT
Next Generation, 120 kV, 18.66 mA, Imaging Sciences,
Hatfield, Pennsylvania) and a large field of view to include both
TMJs. The study was approved by the University of Michigan

Institutional Review Board under the protocol IRB00000246
and all subjects consented to the investigation.

The 3-D surface mesh models of the right and left mandibu-
lar condyles were constructed by outlining the cortical bounda-
ries of the condylar region using semi-automatic discrimination
procedures, that allowed manual editing, checking slice by slice
in all three planes of space (ITK-SNAP software v.2.4).29 After
generating all 3-D surface models, left condyles were mirrored
in the sagittal plane to form right condyles to facilitate compar-
isons. Twenty-five landmarks were placed on the surface of each
condyle by one observer at corresponding (homologous) areas
to closely approximate the various anatomic regions of all indi-
viduals who present marked morphological variability (Fig. 1).
The regional superimposition technique used in the present
study for across subject comparisons was validated by Schilling
et al.30 After registration, all condylar models were simultane-
ously cropped to define the condylar region of interest.
SPHARM-PDM software (SPHARM-PDM software)31 was
used to generate a mesh with 1002 correspondent points, via
spherical mapping and spherical parameterization of the input
volumes. An average 3-D condylar shape was generated for the
TMJ OA groups and control group [Fig. 2(a)] (Linux MeshMath
script).31 The core of the ability to compute the group average
and group variability is the establishment of correspondence
between each of the 1002 points in the condylar surface models
across all subjects.

The Linux MeshMath script was then used to calculate 3-D
point-wise linear distances between each group’s average mor-
phology [Fig. 2(a)]. Semi-transparent overlays between the
average models in 3-D slicer software32 were used to visually
compare the different morphologies [Fig. 2(b)]. The computed
1002 vector differences were displayed on the condyle surface,
scaled according to the magnitude of the difference and pointing
in the direction of the change. The patterns of variation across
TMJ OA and control samples were determined through the cal-
culation of signed distances, where the areas of bone resorption
were displayed as negative values (blue), no differences (0 mm

Fig. 1 (a) Twenty-five points in the ramus and condyle surfaces used
for the landmark-based registration, (b) reference condylar model
(purple) with the overlay of multiple condyles approximated in the
same coordinate system, (c) parameterization of 1002 correspondent
surface mesh points for statistical comparisons and detailed morpho-
logical characterization.
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surface distances, white), or bone proliferation as positive (red)
[Fig. 3(a)].

The statistical framework for testing morphological varia-
tions of the 169 condyles included supervised and unsupervised
classifications. A Hotelling T2 test, in a multivariate analysis
of covariance (Shape analysis MANCOVA software),33 assessed
statistically significant morphological variations between
the average condyle models. Direction-projection-permutation
(DiProPerm) was used for testing high dimensional hypotheses.

The DiProperm method was aimed at rigorous testing of
whether lower dimensional visual differences were statistically
significant34 through three steps: (1) determining direction by
projecting samples onto an appropriate direction; (2) projection
by calculating univariate two sample statistics; and (3) permuta-
tion by assessing significance using 1000 permutations of group
membership. Distance weighted discrimination (DWD)35 calcu-
lated a direction vector to classify high dimensional datasets,
and their principal components (PCs) were graphically plotted.
Given the fact that the control and OA samples have different
sample sizes, an appropriately weighted version of DWD, the
weighted DWD (wDWD), was used to find a direction vector
in the feature space separating the morphology groups. Unsu-
pervised classification using hierarchical agglomerative cluster-
ing (HAC) was conducted in order to group unlabeled data into
subsets (clusters) that are believed to reflect the underlying
structure of the data, based on morphological similarity.

3 Results
Qualitative assessment of the semi-transparent overlays revealed
that, even at their initial diagnostic appointment, OA subjects
already presented with noticeable morphological bone changes
that were more marked in the group with long-term history of
TMJ OA [Fig. 2(b)]. Quantitative assessment of group compar-
isons was reported using signed distance maps locally computed
at each correspondent point. Compared to the healthy control
group, the long-term OA average model was of smaller size
in all dimensions except its anterior surface, and areas of sta-
tistically significant differences were observed along the whole
condylar surface except at the pterygoid fossa and part of the
lateral aspect of the condylar neck (p < 0.05). Considering the
comparison between the healthy control and initial diagnosis
average models, areas of statistically significant differences

Fig. 3 (a) Quantitative assessment of condylar morphology is shown in signed distance color-coded
maps computed locally at each correspondent surface point: blue areas are indicative of bone resorption
and red areas are indicative of bone overgrowth. (b) In the p-value map, highly significant differences
(p < 0.01) are color-coded with red, intermediate significant differences are color-coded with green
(0.01 > p > 0.05), and nonsignificant differences are color-coded with blue (p > 0.05).

Fig. 2 (a) Average condylar morphology, (b) semi-transparent over-
lays of group average morphologies. At their initial diagnostic appoint-
ment, osteoarthritis (OA) subjects already presented marked bone
changes that are more severe in the group with long-term OA.
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were noticed in the superior articular surface of the condyles,
particularly in the anterior and superior portions of the lateral
pole and also in the medial pole and medial aspect of the con-
dylar neck (p < 0.05). Areas indicating 2.38-mm bone resorp-
tion were observed at the superior surface of the initial diagnosis
average model and 3.88 mm in the long-term group as compared
to the healthy control group. In the anterior surface of the con-
dyle, a small area of 1.86 mm of bone apposition was noted at
initial diagnosis and 3.10 mm at the long-term OA average mod-
els compared with healthy controls. When the initial diagnosis
and long-term OA average models were compared, statistically
significant differences indicative of disease progression were
also noticed (p < 0.05). Weobserved an area of 1.98-mm bone
apposition at the anterior surface and 2.64-mm bone resorption
at the superior articular surface of the long-term OA average
model [Fig. 3].

Regarding the supervised classification, the DiProPerm
test found a statistically significant morphological difference
between the healthy control and the OA group (p-value ¼
0.001). The projected plots of the healthy control condyles
tended to cluster and were clearly separated from the OA
groups. Most projected plots of initial diagnosis condyles were
located within the bounds of the plots of the long-term diagnosis
condyles. The maximal partition of condylar morphology, as
established by 1002 points in each individual condyle, was
observed in the graphic plots of the PC refined in the wDWD
direction. The wDWD direction onto the PC was shown by the
angle in the PC analysis score plots [Fig. 4]. The maximum vari-
ability in this cohort (both OA and healthy) occurred in condylar
head morphology as a whole (PC1), then in the medial pole
(PC2), and in the lateral pole (PC3). The projections in the
wDWD direction indicated the characteristic condylar remodel-
ing from healthy condyles to OA groups. Figure 5 illustrates the
condylar morphology variability considering the first, second,
and third PCs of deformation. Links for a 3-D visualization of
each deformation are available in the online version of this paper.

Clinically meaningful unsupervised classification of condy-
lar morphology was obtained using hierarchical agglomerative
clustering. A detailed cluster dendogram classified individual

condyles to subgroups that identified distinct condylar morphol-
ogies Fig. 6). The y-axis of the dendogram is a measure of
closeness (i.e., linkage criterion) of linked clusters. The lower
linked cluster means that those condyles were morphologically
similar as compared with condyles in the next upper cluster or
other clusters. The height on the y-axis is a distance between

Fig. 4 Direction-projection-permutation (DiProPerm) graphic results. The left panel shows the distribu-
tion of the data projected onto the wDWDdirection, illustrating howwell the groups can be separated. The
curves in the left panel are smooth histograms, with each color showing the subhistograms for the differ-
ent groups. The center and right panels show principal component (PC) graphics, where each condyle is
plotted in the first, second, and third principal directions. The horizontal x -axis is the projected value, and
the vertical y -axis reflects order in the dataset, to avoid overplotting. (a). wDWD shows the direction that
represents the best dissociation among the three classes. This classification includes nonuniform, com-
plex condylar head surface modeling, as well as neck torque, overall condylar morphological variability,
considering both the lateral and medial poles. (b) PC1 shows general condylar morphological variability
in the wDWD direction. (c) PC2 shows medial pole morphological variability in the wDWD direction.
(d) PC3 reports lateral pole morphological variability in the wDWD direction.

Fig. 5 Shapes are shown at �1 SD from the mean considering each
one of the principal components in study. (a) PC1 shows general
condylar morphological variability (Video 1); (b) PC2 shows medial
pole variability (Video 2); (c) PC3 reports lateral pole variability
(Video 3). (Video 1, MOV, 2.1 MB [URL: http://dx.doi.org/10.1117/1
.JMI.2.3.034501.1]; Video 2, MOV, 3.1 MB [URL: http://dx.doi.org/
10.1117/1.JMI.2.3.034501.2]; Video 3, MOV, 2.5 MB) [URL: http://
dx.doi.org/10.1117/1.JMI.2.3.034501.3].
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connected groups to the next higher cluster. Thus, greater height
difference means more morphological difference between clus-
ters. The x-axis shows a metric (a measure of distance between
pairs of observations) and a Euclidean distance that was used to
calculate the distance between pairs. Along with the x-axis, clus-
ters with the most similarity are lined up from left to right: a
cluster on the very left side will be most different than a cluster
on the very right side. In Fig. 6, we can see in detail the condyles
that were the most dissimilar. Figure 7 illustrates all the 169 con-
dyles superimposed on the average control following the same
sequence exhibited in the dendogram.

4 Discussion
The mandibular condyle is the site of numerous dynamic morpho-
logic transformations in the initiation/progression of OA,36–39

which are not merely secondary manifestations to cartilage
degradation. Thus, a strong rationale exists for therapeutic
approaches that target bone resorption and formation and take
into account the complex cross-talk between all of the joint
tissues. The present study showed a new statistical modeling
of condylar morphology that revealed specific patterns of bone
resorption and repair at the articular surfaces of OA condyles
even in early stages. Such approach may allow the development
of more targeted classifications of this condition than previously
possible.

A proper method for the 3-D registration was essential for the
measurement of subtle bony differences in condylar morphol-
ogy. Considering the great individual morphological variability
across subjects, rigid voxel-based approaches were not appro-
priate to register anatomic structures from different subjects
in populational or group average studies. The across subjects

registration in this study used an landmark-based approach to
approximate all condyles in a common coordinate system, mak-
ing it possible the automatic computation of 1002 correspondent
surface points for all the 169 different condyles.30

DiProPerm offered a rigorous way to statistically assess if
differences in lower dimensional projections reflect true differ-
ences in the original high dimensional data.34 Through the
DiProPerm graphic results [Figs. 4(a)–4(c)], it was possible
to observe that most plot projections of initial diagnosis con-
dyles were located within the bounds of the long-term diagnosis
group. Even though both groups presented with characteristic
osteoarthritic changes, there was a trend of some condyles
from initial diagnosis group to shift towards the health control
group. It may be explained by the fact that in subjects with diag-
nosis of OA, the disease progression usually affects one joint
first. Therefore, morphological changes may be less evident in
the contralateral TMJ.

Characteristic osteoarthritic changes observed in this study
consisted of flattening of the superior articular surface of the
condyles, particularly in the anterior and superior portions of
the lateral pole, and bony projections in the anterior condylar
surface, even at initial diagnosis. Significantly more marked flat-
tening of the lateral pole and reduction in size of the condyle as a
whole, as well as bone apposition at the anterior and medial
poles were important findings observed at long-term diagnosis.

By using different imaging diagnostic approaches, studies
observed resorption of the lateral pole of the condyle,40 shrink-
age in its horizontal size and reduction in size with advancing
stages of TMJ internal derangement (ID).41 Other authors
reported flattening of the anterior surface of the condyle23,42

and overgrowth, which was seen primarily as enlargement in the

Fig. 6 Cluster dendogramwith a complete-linkage method of all 169 condyles. Note that in the detail, the
greatest different condyles (red) superimposed on the same average control (white) for comparison.
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horizontal direction.43 However, most of the literature reports only
the presence or absence of osteoarthritic changes without provid-
ing details regarding location and amount of change.21,27,44–49

Our results clearly showed that subjects that had experienced
long-term history of TMJ OA presented with more marked mor-
phological changes in the mandibular condyle than the ones at
initial diagnosis of the disease. Therefore, we may infer that such
characteristics are interrelated in a progressive scale, i.e., the
longer the subjects presented with signs and symptoms of the dis-
ease, the more marked condylar changes may be observed.

The authors have stated that the OA presents with a long
“silent” period that is commonly diagnosed in a late stage,
when significant joint damage has already occurred.50–52 It is
possible that, even though the initial diagnosis group included
only subjects with history of TMJ discomfort within the last 2
months, the condition could have been active but asymptomatic
long-standing, characterizing different levels of remodeling.
However, significant differences between the initial diagnosis
and the long-term diagnosis groups were still noticed in the cur-
rent study.

Controversy exists regarding the association between osteo-
arthritic morphological changes and clinical signs and symp-
toms of the disease. Researchers have found that TMJ pain is
related to imaging findings of OA,46,53–56 whereas other studies
have shown that they are not interrelated.1,21,57–61 Researchers
have explained that the nonassociation between pain and imag-
ing findings may be due to the differences in the onset of pain
and detectable radiographic bony changes, because radiographs
do not depict ongoing processes but the effect of a previous
process.61 Furthermore, methods used for assessing pain symp-
toms in the literature are not well-standardized, which may con-
tribute to the poor associations.

Pain is defined by the International Association for the Study
of Pain as a sensory and emotional experience.62 Thus, it is
almost impossible to standardize pain reports by rating the inten-
sity level on a verbal rating scale. Different subjects, even pre-
senting the same clinical condition may report it differently due
to other emotional aspects that may be involved. Moreover, mas-
ticatory muscle pain often accompanies TMJ OA, and subjects
are unable to distinguish pain of masticatory origin from pain of
TMJ origin owing to the proximity of the structures.61

Future studies should utilize multidimensional instruments to
measure pain including the cognitive, motivational, and evalu-
ative components instead of just the sensory discriminative
aspect.61,63 In the current study, all subjects underwent a com-
plete clinical exam by an orofacial pain specialist using diagnos-
tic criteria guidelines.64 Whereas pain is an important clinical
symptom, joint bone destruction may progress asymptomati-
cally, and bone degeneration may be detected only in later stages
of the disease and after marked structural damage has already
occurred.52 Rather than to correlate symptoms with the amount
of bone destruction, it was the goal of this study to propose a
method to evaluate condylar morphology, since researches have
stated that knowledge about these bone changes is fundamental
for correctly diagnosing the dysfunctions associated with the
disease and for adequate treatment planning.27

After observing significant differences among the groups
during supervised classification procedures, an unsupervised
clustering was conducted, using a complete-linkage method, in
order to automatically group the condyles considering specific
morphological characteristics. This procedure allowed the devel-
opment of a preliminary diagnostic index of 3-D osteoarthritic
changes in TMJ condylar morphology. Figure 7 exhibits differ-
ent image blocks grouped according to peculiar characteristics

Fig. 7 The entire sample (169 condyles) divided into six blocks according to the unsupervised classi-
fication. All condyles (red) were superimposed on the same average control (white).

Journal of Medical Imaging 034501-6 Jul–Sep 2015 • Vol. 2(3)

Gomes et al.: Diagnostic index of three-dimensional osteoarthritic changes. . .



automatically detected through unsupervised statistical calcula-
tions. It was noticed consistently from the method given a pro-
gression in the disease process that went from Block 6 (large
condyles; included the healthy controls) to Block 3. Block 1,
the leftmost block, showed the most severe cases (small con-
dyles due to huge resorptions) and Block 2 was characterized by
condylar deformation with considerable proliferation changes,
which constitutes a specific morphological variation of the
disease.

Even though the ability to predict progression is not properly
addressable in a cross-sectional study design, the present findings
can be reasonable surrogate biomarkers of tissue destruction
and/or repair overtime. By using such a standardized method
for identifying detailed 3-D overall changes in the condylar mor-
phology, future studies may be able to establish correlations
with other clinical signs and symptoms of the disease, and there-
fore determine different treatment approaches for each particu-
lar case.

Wadhwa and Kapila stated that all current approaches to
treatments of TMJ diseases are largely palliative. A definitive
and rational diagnoses or treatments can only be achieved
through a comprehensive understanding of the etiologies, pre-
disposing factors, and pathogenesis of TMJ diseases.10

Much work remains to be done in this field to better under-
stand the mechanisms involved in the disease process.10 As we
continue to increase the control and OA sample sizes, our results
may allow statistical description of combinatorial biomarker
assessments such as receiver operating characteristic curves on
disease versus health, as well as classification-based schemes for
computer-aided diagnosis of TMJ OA.

5 Conclusions
The OA condyles presented evident reduction in size, with bone
resorption at the superior articular surface, particularly at the
lateral pole, and reparative bone apposition at the anterior sur-
face and medial pole. Supervised classification revealed that
subjects who had experienced long-term history of TMJ OA
presented with more marked morphological changes in the man-
dibular condyle than the ones at initial diagnosis of the disease.
Unsupervised classification provided a preliminary diagnostic
index of 3-D osteoarthritic changes in TMJ condylar morphol-
ogy, which may be the first step towards a more targeted diag-
nosis of this condition.
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