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Abstract

This study’s objectives were to test correlations among groups of biomarkers that are associated with condylar morphology and to
apply artificial intelligence to test shape analysis features in a neural network (NN) to stage condylar morphology in temporomandibular
joint osteoarthritis (TMJOA). Seventeen TMJOA patients (39.9 + | 1.7 y) experiencing signs and symptoms of the disease for less than
10 y and 17 age- and sex-matched control subjects (39.4 + 15.2 y) completed a questionnaire, had a temporomandibular joint clinical
exam, had blood and saliva samples drawn, and had high-resolution cone beam computed tomography scans taken. Serum and salivary
levels of 17 inflammatory biomarkers were quantified using protein microarrays. A NN was trained with 259 other condyles to detect
and classify the stage of TMJOA and then compared to repeated clinical experts’ classifications. Levels of the salivary biomarkers
MMP-3, VE-cadherin, 6Ckine, and PAI-1 were correlated to each other in TMJOA patients and were significantly correlated with
condylar morphological variability on the posterior surface of the condyle. In serum, VE-cadherin and VEGF were correlated with one
another and with significant morphological variability on the anterior surface of the condyle, while MMP-3 and CXCLI6 presented
statistically significant associations with variability on the anterior surface, lateral pole, and superior-posterior surface of the condyle.
The range of mouth opening variables were the clinical markers with the most significant associations with morphological variability at
the medial and lateral condylar poles. The repeated clinician consensus classification had 97.8% agreement on degree of degeneration
within | group difference. Predictive analytics of the NN'’s staging of TMJOA compared to the repeated clinicians’ consensus revealed
73.5% and 91.2% accuracy. This study demonstrated significant correlations among variations in protein expression levels, clinical
symptoms, and condylar surface morphology. The results suggest that 3-dimensional variability in TMJOA condylar morphology can be
comprehensively phenotyped by the NN.
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initial stages may be subclinical until the disease process has
progressed (Su et al. 2014).

Introduction

Temporomandibular joint disorders (TMDs) are a major cause
of orofacial pain of nondental origin (Gauer and Semidey
2015). TMD is the second most commonly occurring musculo-
skeletal condition resulting in pain and disability and affecting
approximately 5% to 12% of the population (Schiffman et al.
2014). TMD involves a wide spectrum of syndromes: myofas-
cial pain disorder, disk derangement disorders, and osteoarthri-
tis (OA) (Gauer and Semidey 2015). Joint degeneration occurs
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from the loss in equilibrium of anabolic and catabolic
processes involving chondrocyte initiation, proliferation, dif-
ferentiation, and matrix synthesis and degradation (Wadhwa
and Kapila 2008). Temporomandibular joint osteoarthritis
(TMJOA) was once thought to be a “wear-and-tear” condition
and of noninflammatory origin. It is now classified as a “low-
inflammatory arthritic condition” (de Souza et al. 2012) and
associated with inflammatory mediators that lead to harmful
effects on the temporomandibular joint’s (TMJ’s) cartilage,
bone, and synovium (Berenbaum 2013). TMJOA typically pro-
gresses very slowly (Rousseau and Delmas 2007), and the
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Advances in the health care field have led the drive to use
biological markers as diagnostic markers of OA. Collecting
saliva has become a popular trend to gain real-time levels of
biomarkers due to its noninvasiveness, constant availability,
and cost-effectiveness (Yan et al. 2009). Changes in protein
levels have shown to be detectable in serum years before OA
becomes radiographically evident (Ling et al. 2009). The dis-
ease process of OA is characterized by deterioration of the
articular cartilage and its disc surfaces along with thickening
and remodeling of the subchondral bone (Tanaka et al. 2008).
Subchondral bone angiogenesis during early OA progression
may facilitate increased crosstalk between cartilage and sub-
chondral bone, leading to cartilage degradation (Sharma et al.
2013; Lepage et al. 2019).

Cevidanes et al. (2014) were the first to report an associa-
tion between specific OA biomarkers and 3-dimensional (3D)
morphological variations at specific anatomic regions on the
TMJ condylar surface. Synovial fluid and serum samples were
collected to measure levels of 50 biomarkers of arthritic
inflammation (Cevidanes et al. 2014). Areas along the articular
surface indicative of bone resorption were found particularly at
the lateral pole of the condyle while bone apposition/reparative
proliferation was found to occur on the condyle’s anterior sur-
face (Cevidanes et al. 2014).

Computerized methods are a great help to clinicians to dis-
cover hidden patterns in data. These methods often employ
data-mining and machine-learning algorithms, lending them-
selves as the computer-aided diagnosis tool that assists clini-
cians in making diagnostic decisions (Li 2018). Neural network
(NN) applications in computer-aided diagnosis represent the
main stream of computational intelligence in medical imaging
(Qian et al. 2007). This study aims to combine a state-of-the-
art machine-learning technique with a biological and clinical
identification scheme to provide novel insights into the molec-
ular basis of TMJOA. We hypothesized that variations in pro-
tein levels and clinical symptoms would correlate to the
patterns of bone morphology on the condylar articular surfaces
of TMJOA subjects, and there is a high degree of conformity
between the NN and expert clinicians in classifying the condy-
lar degree of OA.

Materials and Methods

Seventeen TMJOA subjects (aged 39.9 = 11.7 y) who experi-
enced signs and symptoms of the disease for less than 10 y and
17 age- and sex-matched asymptomatic control subjects (aged
39.4 + 15.2 y) were consented and enrolled in this study
(Appendix). Clinical and radiographic diagnosis of TMJOA fol-
lowed the diagnostic criteria for temporomandibular disorders
(DC/TMD) (Schiffmanetal. 2014). The STROBE (Strengthening
the Reporting of Observational Studies in Epidemiology) state-
ment was reviewed, and this study was compliant with the
checklist. The data acquisition and analysis in this study was
approved by the University Institutional Review Board.

All TMJOA subjects had a clinical examination of their
TMIJs by an orofacial pain specialist while all control subjects
had a dental specialist perform the clinical examination to rule

out signs of TMD. Clinical information describing the signs
and symptoms comprised and followed standardized DC/TMD
clinical exam and questionnaire forms (Schiffman et al. 2014).
Pain-related questions following a 0 to 10 visual analog scale
and the amount of assisted and unassisted mouth opening mea-
surements were included in the integrative analysis for the
clinical markers. Age, a demographic variable, was also
evaluated.

Saliva and blood samples were collected and measured
(Appendix). Custom human Quantibody protein microarrays
obtained from RayBiotech (Appendix Fig. 1) quantitatively
assessed the saliva and serum samples for 17 specific biomark-
ers (Appendix Table 1) previously found to be expressed
in synovial fluid and serum of TMJOA subjects: 6Ckine,
ANG, BDNF, CXCL16, ENA-78, GM-CSF, IFN-y, IL-1a,
IL-6, MMP-3, MMP-7, PAI-1, TGF-B1, TIMP-1, TNF-q,
VE-cadherin, and VEGF (Cevidanes et al. 2014). Each partici-
pant had duplicates run for the saliva and serum samples.

Subjects were scanned using a hr-CBCT scanner (Morita
3D Accuitomo; J. Morita MFG. CORP; see Appendix). The
region of interest included the inferior border of the squamous
portion of the temporal bone to the condylar neck, the narrow-
est portion of the condyle process. Reconstruction of the sur-
face models of the right and left condyles from the cone beam
computed tomography (CBCT) images of each subject was
performed as shown in Figure 1A using ITK-SNAP v.2.4
(Yushkevich et al. 2006). Each subject had both TMJs scanned,
but the biological and clinical data that refer to each subject
would be analyzed without being side specific. The joint side
of choice used for analysis on the 3D surface meshes data was
the side with the most severe symptoms in the TMJOA group
and the matching control condyle. The surface mesh recon-
structions of all left condyles were mirrored in the sagittal
plane using a 3D slicer (Fedorov et al. 2012) to be in the same
orientation as the right condyles to facilitate bilateral compari-
sons. A validated regional superimposition technique (Schilling
et al. 2014) was used for across-subject comparisons in a com-
mon coordinate system when all of the registered condylar sur-
face models were cropped, as shown in Figure 1B, C.
SPHARM-PDM (Styner et al. 2006; Paniagua et al. 2017) soft-
ware was used to generate a mesh with 1,002 correspondent
points (Fig. 1D) through spherical mapping and spherical
parameterization of the surface to analyze the areas of most
significant morphological variability (Brechbiihler et al. 1995;
Styner et al. 2006; Paniagua et al. 2011).

Deidentified patient data were stored in a flexible secure
web-based system: Data Storage, Computation, and Integration
(DSCI) (Appendix Fig. 2). The training of the NN was per-
formed in the DSCI system, where the classifier learns from
features extracted from the 3D meshes of the condyles. In total,
259 condyles (105 control and 154 from patients with a diag-
nosis of TMJOA), collected from previous studies (Gomes
et al. 2015; Paniagua et al. 2017), were used to train the NN
(Appendix). The 34 condyles from the subjects enrolled in the
current study were then used to test the NN. The total study
data set consisted of 3D surface meshes of 293 condyles.
The NN module computed the average shape of each group of



Figure 1. (A) Segmentation (labeling) of a participant’s left condyle from the CBCT image using ITK-SNAP software. The ITK-SNAP user interface
shows 3 orthogonal views (top 2 views and lower right view) of a volumetric image, linked by a common cursor (light blue crosshairs). A fourth
panel (lower left view) was used to view the segmented structures in 3D. (B) The anterior and lateral views of the registered condyles. An arbitrary
condyle of | OA subject was used as a template or reference for a common spatial orientation of all condyles. The reference condyle is shown in
red, and the other TMJOA and control condyles are shown in white with 5% transparency. (C) Anterior and posterior surface model displaying the
landmarks for surface registration. Sixteen landmarks were placed on the reference condyle. (D) The surface model on the left contains nonevenly
distributed triangles, and the surface model on the right established correspondence between each of the 1,002 points on the condylar surface model
after spherical mapping and spherical parameterization of the input volumes run in SPHARM-PDM. CBCT, cone beam computed tomography; OA,
osteoarthritis; TMJOA, temporomandibular joint osteoarthritis; 3D, three-dimensional.

condylar dysmorphology as well as geometric features at each
vertex of the mesh.

The NN in this study was trained to distinguish different
degrees of shape deformation of TMJOA condyles. Two expert
clinicians (A.R. and M.Y.) performed a consensus visualiza-
tion and interpretation of 3D condylar surface morphology and
classified the condylar morphology into 6 groups as shown in
Figure 2, which included 5 subgroups with different degrees of
condylar degeneration (groups 1-5). The clinicians scored
each condyle based off of the shape, size, and morphology in a
3D overlay compared to the average control group condylar
morphology. Group 0 included healthy control-shaped con-
dyles, and group 5 included a condyle exhibiting the most
degeneration and lacking any resemblance to a normal shape
of a condyle. To test reproducibility, the clinicians’ classifica-
tion was repeated for a subset of 46 condyles of the 259 con-
dyles in the training data sets.

Our training database contained fewer samples for some of
the disease stage groups. In order not to overtrain the NN for
one of the groups, the training procedure required the same
number of meshes in each training group (LeCun et al. 2015).
To increase the number of data sets in each training group, we
simulated data by adding perlin noise (VTK.org 2017) of small
magnitude to each coordinate in the shape, and then the fea-
tures were recomputed, which provided us with 530 total 3D

condylar meshes, including the 259 condyles from the training
database (de Dumast et al. 2018). Data were simulated to
ensure that 74 meshes were available per group (Fig. 2). For
groups that had more than 74 meshes, the preprocessing step
randomly selected 74 condyles. Thereafter, the NN was used to
classify the stage of TMJOA of the testing data sets (34 condy-
lar surface meshes from the subjects enrolled in the current
study) and then compared to the clinical experts’ classifica-
tions twice.

Statistical Analysis

Data analysis was performed using the SPSS software (version
24.0; SPSS, Inc.). We applied multivariate functional shape
data analysis (MFSDA) to test the integrating information of
3D mesh coordinates, clinical markers, and levels of biological
markers. The multivariate varying coefficient model (Zhu et al.
2012; Huang et al. 2017) in MFSDA was introduced to build
an integrative statistical model of clinical, biological, and
imaging markers (Appendix).

Results

Eleven of the 17 proteins (ANG, MMP-3, MMP-7, PAI-1,
TIMP-1, VE-cadherin, 6Ckine, CXCL16, ENA-78, IL-1q,
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Figure 2. Distribution of the training and testing data sets in | group representing the control/normal condyles and 5 subgroups characterizing
different degrees of condylar degeneration following the clinicians’ visual classifications. Group 0, control; group |, close to normal; group 2,
degeneration |; group 3, degeneration 2; group 4, degeneration 3; group 5, degeneration 4. 3D, 3-dimensional.

Table I. Preprocessing Statistics prior to Running MFSDA: Clinical Variables.

Pearson Correlation Coefficients and P Values

Clinical Variables Status BPY CcpP WP AP PL WPMO UMO AMO H MS

Begin pain years TMJOA -ﬂ 0.462 0.400 0.003 0.197  -0432 -0.484 0.441 0.457

Current facial pain rate TMJOA 0.435 iliii 0.608 0.113 0.099 -0.373 —-0.362 0.173 0.370

Facial worst pain rate TMJOA  0.062 0.017 -0.057 -0.108  -0.149  -0.145 0.390 0.193

Average rate 6 mo TMJOA  0.111 0.010°  0.000° — -0.201 -0.201 -0.202 0.235 0.293

Pain location TMJOA  0.989 0.665 0.827 0.851 —0.051 -0.065 -0.287 0.129

Range without pain mouth TMJOA  0.449 0.704 0.679 0.440 0.237 0.086 -0.017 -0.247 -0.099
opening*

Range unassisted mouth TMJOA 0.083 0.140 0.568 0.439 0.846 0.742 0.981 -0.375 | -0.795
opening"

Range assisted mouth opening® TMJOA 0.049 0.154 0.578 0.437 0.804 0.948 0.000° iliii —-0.789

Headaches TMJOA  0.077 0.508 0.121 0.365 0.264 0.338 0.138 0.127

Muscle soreness TMJOA  0.065 0.144 0.459 0.254 0.622 0.707 0.000° 0.000°  0.229

Pearson correlation coefficients are shown. The values above the main diagonal describe the Pearson correlation coefficients and below the main
diagonal represent the P values. Gray-shaded values describe only the variables after multivariate functional shape data analysis statistics that presented
statistically significant correlations with specific regions of morphological variability (as shown in Fig. 3).

AMO, range assisted mouth opening; AP, average rate 6 mo; BPY, begin pain years; CP, current facial pain rate; H, headache; MFSDA, multivariate
functional shape data analysis; MS, muscle soreness; PL, pain location; TMJOA, temporomandibular joint osteoarthritis; UMO, range unassisted mouth
opening; WP, facial worst pain rate; WPMO, range without pain mouth opening.

P < .05.
°P < .001.
“Measured in millimeters.

VEGF) were found to have protein concentrations of quantifi-
able levels and found to have a coefficient of determination
value greater than 0.96 (Appendix Fig. 3). These biomarkers
were quantified and used for further analyses in conjunction
with the clinical and imaging markers (Tables 1 and 2,
Appendix Table 2). When comparing the serum and saliva lev-
els for each biomarker between the control and TMJOA groups,
there was no significant difference found (Appendix Table 3).
The MFSDA model tested correlations with morphology of
subjects’ age, pain-related clinical variables, ranges of mouth
opening, and the 11 biological markers that were expressed
at the best confidence levels in saliva and serum samples
(Fig. 3). Age showed significant Pearson correlations with

morphological variability on the anterior surface of control
condyles and the lateral pole and posterior surface of the
TMIJOA condyles, which are areas of resorptive changes in
TMIJOA. The clinical markers “current facial pain rate,” “aver-
age rate 6 mo,” and “facial worst pain rate,” were correlated
among themselves and together with “begin pain years,” which
showed statistically significant associations with the superior-
posterior articular surfaces. “Range assisted mouth opening”
and “range unassisted mouth opening” demonstrated statisti-
cally significant associations with variability in medial and lat-
eral poles of the condyles.

Expression levels of MMP-3, VE-cadherin, 6Ckine, and
PAI-1 were correlated among themselves in saliva in the



Table 2. Preprocessing Statistics prior to Running MFSDA: Biological Variables.

Pearson Correlation Coefficients and P Values

VE-

Biological Variables  Fluid Status: ANG MMP-3 MMP-7 PAl-l TIMP-1 Cadherin 6Ckine CXCLI6 ENA-78 IL-lo. VEGF
ANG Serum  TMJOA ] 0.194 -0295 0.042 —0.365 0293 = 0557 0.4I3 0.034 -0.058
MMP-3 Serum  TMJOA 0.125 & -0.184 —0.098 -0.029 0050 = 0712 0017 -0079 0.058
MMP-7 Serum  TMJOA 0.456 . 0.012° & 0277 0413 0.120 '~ 0551  0.384 -0265 0.093
PAI-| Serum  TMJOA 0251 0480 040l ﬂ 0321 -0.170 -0266  0.162 -03I11  0.205
TIMP-1 Serum  TMJOA 0.873 0707 0281 | 0.003° “ -0.189 -0.133  0.176 —0.053 -0.118
VE-cadherin Serum  TMJOA 0.150 0911 0099 0208 0411 —0.140 0206 0276 = 0516
6Ckine Serum  TMJOA 0254 0.847 0645 0514 0468  0.106 % 0.651 0569 0.751
CXCLI6 Serum  TMJOA 0.020° 0.001° 0.022° 0302 0610 059I 0.287 -0.018  0.074
ENA-78 Serum  TMJOA 0.100 0949 0128 0534 0500 0427 0.005° 0.057 &“ 0.347
IL-la Serum  TMJOA 0896 0763 0304 0225 0841 _ 0284 00170 0944  0.662 m
VEGF Serum  TMJOA 0.826 0723 0431 0652 | 0.034° 000> 0779 0.73 | 0039

ANG Saliva TMJOA & 0601 087 0453 _ 0.158 0.094  0.163 0048 0305 0.487
MMP-3 Saliva TMJOA 0.393 && 0946 0219 = 0988 0962 0297 0.077 0404 0.175
MMP-7 Saliva TMJOA 0.011* 00I1I° 0.155 = 0.601 0563 0384 0286 0346 0.407
PAII Saliva TMJOA 0471 ' 0.000° 0.019* ﬂ 0.947 0951 0233 -0050 0.338 _ 0.032
TIMP-1 Saliva TMJOA 0.068 0399 0553 0488 % 0.099 0391  0.087 0379 | 0.699
VE-cadherin Saliva TMJOA 0.545 = 0.000° 0.0I1*> 0.000° 0478 0301 0075 0393 0.133
6Ckine Saliva TMJOA 0720 ' 0.000° 0.019*° 0.000° 0.705 ' 0.000° & -0.032 0360 0017
CXCLI6 Saliva TMJOA 0533 0247 0128 0368 0.121 024l 0.347 0.186 | 0.688
ENA-78 Saliva TMJOA 0.855 0.768 0266 0850 0741 0774 0.902 ' 0.020* & 0.434
IL-la Saliva TMJOA 0234 0.107 0174 0.185 _0.134  0.119 0.156 0475  0.165 ﬂ ﬂ
VEGF Saliva TMJOA 0.501  0.105 0903 | 0.002° 0610 0.948 = 0.002° 0.082  0.208

ANG Serum  Control & 0.097 -0.172 —0.124 _ 0.268 0.134 = 0749 -0036 0528 -0.110
MMP-3 Serum  Control ' 0.005° “ 0.0l —0.001 | 0485 0.063 ' 0850 -0209 ' 0778 0.203
MMP-7 Serum  Control 0712  0.640 & —0206 0048 —0.189  0.355 -0.039 0077 _ 0.043
PAII Serum  Control 0508 0.978  0.205 ﬂ 0232 ' -0584  0.090 = 049 -0.192 | 0.572
TIMP-1 Serum  Control 0637 0997 0428 0.822 & 0404 -0.187 0360 —0.326 0434
VE-cadherin Serum  Control 0297 | 0.048" 0.855 0371  0.609 & 0435 —0.022 | 0596 0.54I
6Ckine Serum  Control 0.608 0.810 0467 | 0014 0.107 0614 % -0.081 _ 0449 —0.364
CXCLI6 Serum  Control ' 0.001° 0.000° 0.163 _ 0732 0472  0.08I 0.746 0760  0.044
ENA-78 Serum  Control 0.890 0421 0881 . 0043 0.156 _ 0933 0.756 _ 0.568 — -0.117
IL-lo Serum  Control . 0.029*° 0.000° 0769 0461 0201 . 00122 0071 0000 0.825 &

VEGF Serum  Control 0435 0870 ' 0016* 0082  0.025 0.15] 0868 0654 0807 &
ANG Saliva Control ﬂ 0.738 0323 | 0506 0418 0559 0671  0.199 0363 04l
MMP-3 Saliva Control 0.783 % -0.093 0459 -0.065 -0.030 _ 0408 -0212 = 0862 0.158
MMP-7 Saliva Control | 0.001° 0.203 0527 0349 0444 | 0710 -0066 0397 0333
PAIl Saliva Control 0206  0.724 | 0.044° % —0.115 —-0.146 0431 -0242 _ 0.106  0.303
TIMP-1 Saliva Control | 0.038® 0064 ' 0.030° 0.495 % 0340 ' 0686  0.169 = 0634  0.692
VE-cadherin Saliva Control 0.095 0.804 0.169 0.659 0.305 0.194 0.565 -0.138 0.159
6Ckine Saliva Control = 0.020° 0910 0074  0.577 0.182  0.002° % 0591 -0.064 0.186
CXCLl6 Saliva Control 0.003° 0.104 | 0.001> 0.085 | 0.002° 0456 0.574 0.621  0.687
ENA-78 Saliva Control 0445 0414 0801 0350 0517 0018 0013 0823 — 0.233
IL-lo Saliva Control 0.153 | 0.000° O0.115 0.685 | 0.006° 0.596 0.807 = 0.008° 0.471 %
VEGF Saliva Control 0.101 0545 0.92 0237 0002 0.543 0475 = 0.002° 0367 0.143 ﬂ

Pearson correlation coefficients are shown. The values above the main diagonal describe the Pearson correlation coefficients and below the main

diagonal represent the P values. Gray-shaded values describe only the variables after MFSDA statistics that presented statistically significant correlations
with specific regions of morphological variability (as shown in Fig. 3).
MFSDA, multivariate functional shape data analysis; TMJOA, temporomandibular joint osteoarthritis.

P < .05.
bp < .0I.
P <.001.

TMIJOA group and showed significant Pearson correlations
with condylar morphological variability on the posterior sur-
face of the condyle. In serum, VE-cadherin and VEGF levels
were correlated with one another and with significant morpho-
logical variability on the anterior surface of the condyle, a

region that is typically associated with bone proliferation,
while MMP-3 and CXCL16 levels were found to have statisti-
cally significant associations with variability on the anterior
surface, lateral pole, and superior-posterior surface of the con-
dyle. In the control group, it was found that expression levels



Correlation Maps between 3D Morphology and Biological and Clinical Variables
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Figure 3. MFSDA statistics graphically displays statistically significant Pearson correlations between biological (from serum and saliva) and clinical
marker levels, as well as specific locations on the 3D morphology of the mandibular condyle. MFSDA, multivariate functional shape data analysis;

TMJOA, temporomandibular joint osteoarthritis; 3D, 3-dimensional.

of MMP-7 and ENA-78 in saliva and VEGF in serum showed
significant Pearson correlations with condylar morphological
variability. The level of MMP-7 in saliva was correlated with
morphological variability on the anterior surface of the con-
dyle near the condylar neck and posterior surface. The level of
ENA-78 in saliva was associated with morphological variabil-
ity on the lateroposterior surface of the condyle. In serum, the
level of VEGF was correlated with significant variability in
small regions of the medial pole of the articular surface, as well
as anterior and posterior surfaces of the condylar neck.

The performance of the 2 clinical experts’ assessments is
considered the “control” for the NN to be compared against.

From the different combinations of features that were used to
train the network, the features that led to higher accuracy of the
morphological classification compared to the clinical experts’
assessments were normal vectors, mean curvature, and the dis-
tances to the average meshes at each mesh vertex. The tests of
repeatability of the clinicians’ classification for both the train-
ing and testing data sets and the NN performance are shown in
the confusion matrices (Stehman 1997) in Figure 4. Each col-
umn represents the instances in the NN classification group,
and each row represents the group instances as assessed by the
consensus between 2 clinical experts. Agreement between the
clinician consensus classifications and the NN classification is
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Clinicians’ 0 1 2 3 4
Repeated Classification

46 condyles in
the NN training
97.8%

34 condyles in
the NN testing
97.1%

NN

Expert 0 1 2 3 4 5
Clinicians

1st classification
91.2%

2nd classification
73.5%

Figure 4. Confusion matrices: rows and columns show the classification of 5 stages of condylar degeneration, where 0 is the control group.

(A) Agreement of the expert clinicians’ first classification and expert clinicians’ repeated consensus classification for the training and testing data

sets. (B) Agreement of the expert clinicians’ repeated consensus and the NN classification. The main diagonal cells (highlighted in green) show when
the group was classified by the NN exactly the same as the clinicians. The cells in | diagonal to the right and | diagonal to the left show number of
condyles where the prediction differed from clinicians by only | group and still indicates an acceptable estimate of condylar characterization in TMJOA
patients and disease staging. NN, neural network; TMJOA, temporomandibular joint osteoarthritis.

located in the main diagonal of the table. Cells adjacent to the
main diagonal (1 diagonal to the right and 1 diagonal to the
left) indicate the classification of the degree of degeneration
was within 1 group difference. The repeated clinician consen-
sus classification had 97.8% agreement on degree of degenera-
tion within 1 group difference for the training data sets and
97.1% for the testing data sets. Predictive analytics of the NN’s
staging of TMJOA compared to the repeated clinicians’ con-
sensus revealed 73.5% and 91.2% degree of conformity.

Discussion

This is the first study to test biomarkers in pairs or groups to
evaluate their correlation with condylar morphology and to
apply artificial intelligence to test the shape analysis features in
a NN for the staging of condylar morphology in TMJOA.
Although significant progress has been made in TMJOA
research in recent years, very little is known about the molecu-
lar mechanisms of OA initiation and progression. The lateral
surface of condyles usually demonstrates resorption in TMJOA
patients, with resultant flattening on the lateroposterior condy-
lar (Nah 2012). There has been a need for the development of
a comprehensive diagnostic model that integrates clinical,
morphological, and biomolecular assessments.

The first part of this investigation aimed to detect levels of
known inflammatory biomarkers in systemic (serum and
saliva) samples, to identify clinical markers, and then to cor-
relate these markers to 3D models of TMJOA. The previous
pilot quantitative assays of localized joint synovial fluid and
serum samples from TMJOA patients (Cevidanes et al. 2014)
were limited by the inability to test biomarkers in pairs or
groups to evaluate whether or not there is cross-reactivity

between them that is associated with condylar morphology.
The present investigation tested biomarkers in groups to likely
be a more accurate representation of the in vivo state.

No significant difference being found when comparing bio-
markers in serum and saliva between the (asymptomatic) con-
trols and TMJOA groups may be explained by the normal
presence of these proinflammatory proteins in systemic fluids of
both groups. The biomarkers that were measured and evaluated
in this study serve various physiologic and pathophysiologic
processes and may simply play different roles in the progressive
degeneration in OA compared to control groups. The application
of MFSDA statistics determined a comprehensive model of the
integrative correlations between biological and clinical marker
levels and morphological condylar surface changes at the 1,002
vertices of 3D meshes. The regional correlations between bio-
logical markers and morphology for the control group may indi-
cate the roles of these biomarkers in the physiological remodeling
with maintenance of homeostasis that occurs in healthy TMJs. In
the TMJOA group, the pain-related variables tested were corre-
lated among themselves and showed statistically significant
associations only with the superior-posterior articular surfaces,
while range of mouth opening variables were correlated among
themselves and with the morphological variability in the medial
and lateral poles of the condyles.

Interestingly, levels of VE-cadherin, VEGF, MMP-3, and
CXCLI16 in serum were highly correlated to areas of bone
apposition/reparative proliferation that occurs on the anterior
surface of condyles and leads to characteristic changes in con-
dylar torque and morphology. Bone resorption with flattening
and reshaping of the lateral pole of the condyle involves
molecular pathways with interaction of 5 proteins measured in
this study: VE-cadherin and MMP-3 both in saliva and serum,



CXCL16 in serum, and 6Ckine and PAI-1 in saliva. In a previ-
ous study (Cevidanes et al. 2014), these same serum biomarkers,
as well as ENA-78, 6Ckine, TIMP-1, ANG, PAI-1, GM-CSF,
IFN-y, IL-1a, IL-6, TNF-a, TGF-1, BDNF, and other biomark-
ers not evaluated in this study, were found to be correlated with
morphological variability on different regions of the condylar
surface. It should be noted that the statistical shape analysis,
MFSDA, used in the present study was more rigorous and robust
than the multivariate analysis of covariance (MANCOVA) used
in the previous study (Cevidanes et al. 2014).

The second part of this investigation aimed to classify dif-
ferent degrees of 3D joint degeneration through novel pheno-
typing using a NN. The deep learning architecture chosen for
this study was able to capture complex morphology patterns.
Interestingly, the confusion matrix found adequate agreement
between the clinical experts and the NN when classifying the
testing data set condyles. The differences in classification
between the clinicians’ assessment and the NN may be due to
the need to increase the training database to improve NN clas-
sification, limitations in the clinicians’ visual perception, or the
fact the registration and correspondence/homology of vertices
in the surface meshes affect the computation of shape features
in the NN (de Dumast et al. 2018).

Variability in patient symptoms and imaging findings can
create challenges in diagnosing, which leads to frequent dis-
agreement among clinicians and sometimes misdiagnosis. The
difficulties of TMJOA diagnosis include the subjectivity of
radiographic interpretation and the pain threshold of an indi-
vidual. The diagnosis itself may be the biggest barrier in creat-
ing biomarker disease profiles for diseased and healthy groups
(Ebrahim et al. 2017). This study sample of biological and
standardized DC/TMD clinical survey data consisted of only
17 TMJOA and 17 asymptomatic controls, while the NN
TMJOA morphology disease staging used a larger training
sample for which only imaging data and clinical diagnosis are
available. A more accurate NN may be trained when larger
standardized omics data become available. This study’s DSCI
data management system has the capability to integrate,
securely store, compute, and analyze all omics, beyond the
clinical, biological, and 3D meshes morphology included in
this study. The developments in this study and advances in data
science in the TMJ health and disease field may aid researchers
to gain further insight into biomarkers for diagnosis purposes
to help guide treatment choices for TMJOA.

Previous studies have collected and evaluated specific
synovial fluid biomarkers in the TMJ of subjects with internal
joint derangement (Kubota et al. 1997; Srinivas et al. 2001,
Tominaga et al. 2004; Yoshida et al. 2006). In this study, veni-
puncture, minimally invasive in comparison to arthrocentesis,
was performed to evaluate biomarkers. While venipuncture
involves insertion of a needle to collect blood from a vein,
arthrocentesis involves intravenous or general anesthesia to be
performed along with monitoring of respiratory drive through-
out the procedure (Mehra and Arya 2015). Both methods may
share similar complications in swelling, hematoma, and possi-
ble nerve damage (Galena 1992; Vaira et al. 2018); however,
arthrocentesis is impractical in everyday practice.

This study established associations between the biochemi-
cal/clinical indicators and TMJOA morphology, as well as used
a preliminary NN to link TMJOA morphology to clinical diag-
noses. The associations computed with the MFSDA statistical
modeling, as shown in Figure 3, were based on the diagnosis of
TMIJOA or asymptomatic control using the DC/TMD diagnos-
tic criteria. Even though the current NN disease staging is lim-
ited by subjective clinician classification of 3D morphological
variability and sole dependence on morphologic assessments,
this study is the first to train a NN for TMJOA staging of sever-
ity of bone degenerative disease. Future studies will train the
NN to also include biochemical/clinical indicators, as well as
objective quantitative radiomic features of the subchondral
bone structure, when larger samples including such data are
collected. The future mining of high-dimensional clinical, bio-
logical, and imaging patient data has the potential to allow cli-
nicians to address the heterogeneity among the TMJOA
patients and guide personalized management of the disease.

Conclusions

Levels of VE-cadherin, VEGF, MMP-3, and CXCL16 in
serum, as well as MMP-3, VE-cadherin, 6Ckine, and PAI-1 in
saliva, were significantly correlated with specific regions of
condylar morphological variability. The ranges of mouth open-
ing were the clinical variables with most significant associa-
tions with morphological variability at the medial and lateral
condylar poles. The NN presented a high degree of conformity
in classifying and categorizing condyles based on the stage and
degree of OA the mandibular condyle has exhibited.
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