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Abstract

The aim of this study was to investigate imaging statistical approaches for classifying 3D 

osteoarthritic morphological variations among 169 Temporomandibular Joint (TMJ) condyles. 

Cone beam Computed Tomography (CBCT) scans were acquired from 69 patients with long-term 

TMJ Osteoarthritis (OA) (39.1 ± 15.7 years), 15 patients at initial diagnosis of OA (44.9 ± 14.8 

years) and 7 healthy controls (43 ± 12.4 years). 3D surface models of the condyles were 

constructed and Shape Correspondence was used to establish correspondent points on each model. 

The statistical framework included a multivariate analysis of covariance (MANCOVA) and 

Direction-Projection- Permutation (DiProPerm) for testing statistical significance of the 

differences between healthy control and the OA group determined by clinical and radiographic 

diagnoses. Unsupervised classification using hierarchical agglomerative clustering (HAC) was 

then conducted. Condylar morphology in OA and healthy subjects varied widely. Compared with 

healthy controls, OA average condyle was statistically significantly smaller in all dimensions 

except its anterior surface. Significant flattening of the lateral pole was noticed at initial diagnosis 

(p < 0.05). It was 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. 1000 permutation 

statistics of DiProPerm supported a significant difference between the healthy control group and 

OA group (t = 6.7, empirical p-value = 0.001). Clinically meaningful unsupervised classification 

of TMJ condylar morphology determined a preliminary diagnostic index of 3D osteoarthritic 

changes, which may be the first step towards a more targeted diagnosis of this condition.
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1. INTRODUCTION

TMJ’s osteoarthritis 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 course of the disease challenges experts given the different 

morphological patterns of progression observed in its various stages.6 It may evolve into 

repair and morphological adaptation, featuring a functional remodeling.7, 8 However, it may 

present with an adverse course characterized by aggressive bone destruction, deformity of 

related structures and functional impairment.2, 6, 7 This unpredictable scenario hampers the 

development of valid therapies.3, 9

The TMJ differs from other joints because it is covered by a layer of fibrocartilage, instead 

of hyaline cartilage.9 The bone of the mandibular condyles is located just beneath the 

fibrocartilage, 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.10–14

Clinical and pathological presentation of TMJ OA range from mild failure of the joint 

components with disc displacement and degeneration, to loss of articular fibrocartilage, 

synovitis, and subchondral bone alterations such as sclerosis, flattening, erosions and bone 

overgrowth with osteophytes formation.1, 5, 15 Upon diagnosis of initial signs of active TMJ 

destruction, it is essential to monitor the disease, either localized to the TMJ or systemic, 

before loading the joints with orthodontic/orthopedic forces or undertaking jaw surgery.

CBCT has assumed a prominent role in the diagnosis of condylar resorption.16 It provides a 

clear visualization of the hard tissues of the TMJ1, 15, 16 and markedly reduces radiation and 

cost compared to medical CT.15 Through the analysis of different tomographic slices it 

becomes possible to identify specific changes in the anatomy of the mandibular condyles 

with osteoarthritis. Moreover, new technologies such as the use of 3D surface models allows 

for a comprehensive evaluation of the overall morphological alterations.

3D 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.17 This innovative method for diagnosing TMJ 

osteoarthritis minimizes the importance of examiner’s experience, 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

Gomes et al. Page 2

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2015 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This study objective was to investigate novel imaging statistical approaches to classify 3D 

osteoarthritic morphological variations, as determined by 1002 bone imaging markers in the 

TMJ condylar surface. Specifically, this study proposed to identify differences among the 

asymptomatic 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 osteoarthritis.

2. METHODS

Sixty nine patients with long-term TMJ OA (39.1 ± 15.7 years), 15 patients at initial consult 

diagnosis of OA (44.9 ± 14.8 years) and 7 healthy controls (43 ± 12.4 years), recruited from 

the university clinic and through advertisement, underwent a clinical exam by an orofacial 

pain specialist using diagnostic criteria guidelines. Following clinical diagnosis of TMJ 

osteoarthritis or health, a 20-second CBCT scan was taken on all participants, using the 

same machine (i-Cat® CBCT, 120 kV, 18.66 mA, Imaging Sciences, Hatfield, PA) and a 

large field of view to include both TMJs. The study was approved by the university 

institutional review board and all subjects consented to the investigation.

3D surface mesh models of the right and left mandibular condyles were constructed by 

outlining the cortical boundaries 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, www.itksnap.org).18 After generating all 3D surface models, 

left condyles were mirrored in the sagittal plane to form right condyles to facilitate 

comparisons. 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 individuals who present marked morphological variability (Figure 1). The 

regional superimposition technique used in the present study for across subject comparisons 

have been validated by Schilling et al.19 After registration, all condylar models were 

simultaneously cropped to define the condylar region of interest. SPHARM-PDM software 

(SPHARM-PDM software, http://www.nitrc.org/projects/spharm-pdm)20 was used to 

generate a mesh approximation from the volumes, whose 1002 points were mapped to a 

sphere. An average 3D condylar shape was generated for the TMJ OA groups and control 

group (Figure 2A) (Linux MeshMath script, http://www.nitrc.org/projects/spharm-pdm).20 

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 3D point-wise subtractions between 

each group’s average morphology (Figure 2A). Semi-transparent overlays between the 

average models in 3D Slicer software 21 were used to visually compare the different 

morphologies (Figure 2B). 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 calculation of signed distances, where the areas of bone resorption 

were displayed as negative values (blue), no differences (0 mm surface distances, white) or 

bone proliferation as positive (red) (Figure 3A).
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The statistical framework for testing morphological variations of the 169 condyles included 

supervised and unsupervised classifications. A Hotelling T2 test, in a multivariate analysis of 

covariance (Shape analysis MANCOVA software)22 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 significant 23 through three steps: (1) determining Direction by projecting 

samples onto an appropriate direction; (2) Projection by calculating univariate two sample 

statistics; and (3) Permutation by assessing significance using 1000 permutations of group 

membership. Distance Weighted Discrimination (DWD)24 calculated a direction vector to 

classify high dimensional datasets, and their principal components (PC) were graphically 

plotted. Given the fact that the control and OA samples have different sample size, an 

appropriately weighted version of DWD, the wDWD, was used to find a direction vector in 

the feature space separating the morphology groups. Unsupervised classification using 

hierarchical agglomerative clustering (HAC) was conducted in order to group unlabelled 

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 patients already presented with noticeable morphological bone 

changes that were more marked in the group with long-term history of TMJ osteoarthritis 

(Figure 2B). Quantitative assessment of group comparisons were reported using signed 

distance maps computed locally 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 statistically 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 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 condylar 

neck (p < 0.05). Areas indicating 2.38 mm bone resorption 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 condyle, 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 models compared to 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). It was observed 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 (Figure 3).

Regarding the supervised classification, DiProPerm test found a statistically significant 

morphological difference between the healthy control and the OA group (p-value = 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 
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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 principal component refined in the wDWD 

direction. The wDWD direction onto the PC was shown by the angle in the PC analysis 

score plots (Figure 4). The maximum variability 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 remodeling from healthy condyles to OA groups.

Clinically meaningful unsupervised classification of condylar morphology was obtained 

using hierarchical agglomerative clustering (HAC). A detailed cluster dendogram classified 

individual condyles to subgroups that identified distinct condylar morphologies (Figures 5). 

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 to condyles in the next upper cluster or other clusters. The height on the y-axis is 

a distance between connected groups to the next higher cluster. Thus, greater height 

difference means more morphological difference between clusters. 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, clusters 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 Figure 5, we can see in the detail the 

condyles that were the most dissimilar. Figure 6 illustrates all the 169 condyles 

superimposed on the average control following the same sequence exhibited in the 

dendogram.

4. NEW OR BREAKTHROUGH WORK TO BE PRESENTED

These novel statistical approaches revealed imaging biomarkers of the bone resorption and 

repair at the articular surfaces of the condyle. Even tough the ability to predict progression is 

not properly addressable in the cross-sectional study design, these biomarkers can be 

reasonable surrogate biomarkers of tissue destruction and/or repair overtime. Unsupervised 

classification provided a preliminary diagnostic index of 3D osteoarthritic changes in TMJ 

condylar morphology, which may be the first step towards a more targeted diagnosis of this 

condition. As we continue to increase the control and OA sample sizes, future studies may 

allow statistical description of combinatorial biomarker assessments such as receiver 

operating characteristic (ROC) curves on disease versus health, as well as classification-

based schemes for computer-aided diagnosis of TMJ OA.
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Figure 1. 
A. 25 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 morphological characterization.
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Figure 2. 
A. Average condylar morphology. B. Semi-transparent overlays of group average 

morphologies. At their initial diagnostic appointment OA patients already presented marked 

bone changes that are more severe in the group with long-term OA.
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Figure 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 non-significant differences are 

color-coded with blue (p > 0.05).
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Figure 4. 
DiProPerm graphic results. The left panel shows the distribution of the data projected onto 

the wDWD direction, illustrating how well the groups can be separated. The curves in the 

left panel are smooth histograms, with each color showing the sub-histograms for the 

different groups. The center and right panels show principal component graphics, where 

each condyle is plotted in the first, second and third principal direction. The horizontal x-

axis is the projected value, and the vertical y-axis reflects order in the data set, to avoid 

overplotting. A. wDWD shows the direction that represents the best dissociation among the 

three classes. This classification includes non-uniform, complex 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.
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Figure 5. 
Cluster Dendogram with a complete-linkage method of all 169 condyles. Note in the detail 

the greatest different condyles (red) superimposed on the same average control (white) for 

comparison.
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Figure 6. 
The whole sample (169 condyles) divided into 6 blocks according to the unsupervised 

classification. All condyles (red) were superimposed on the same average control (white).
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