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Abstract

Bone degradation of the condylar surface is seen in temporomandibular joint osteoarthritis (TMJ
OA); however, the initial changes occur in the subchondral bone. This cross-sectional study was
performed to evaluate 23 subchondral bone imaging biomarkers for TMJ OA. The sample
consisted of high-resolution cone beam computed tomography scans of 84 subjects, divided into
two groups: TMJ OA (45 patients with TMJ OA) and control (39 asymptomatic subjects). Six
regions of each mandibular condyle scan were extracted for computation of five bone
morphometric and 18 grey-level texture-based variables. The groups were compared using the
Mann-Whitney U-test, and the receiver operating characteristics (ROC) curve was determined for
each variable that showed a statically significance difference. The results showed statistically
significant differences in the subchondral bone microstructure in the lateral and central condylar
regions between the control and TMJ OA groups (£ < 0.05). The area under the ROC curve (AUC)
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for these variables was between 0.620 and 0.710. In conclusion, 13 imaging bone biomarkers
presented an acceptable diagnostic performance for the diagnosis of TMJ OA, indicating that the
texture and geometry of the subchondral bone microarchitecture may be useful for quantitative
grading of the disease.
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Introduction

Osteoarthritis (OA) is the most common joint disease, affecting approximately 10% of
women and 18% of men over 60 years of age around the worldl. OA is a degenerative
musculoskeletal disease and its natural cycle occurs mainly in three inflammatory stages:
enzymatic, cartilaginous, and bony changes. In temporomandibular joint (TMJ) OA, the
signs and symptoms include pain, a continuous inflammatory process with articular cartilage
degradation, cortical and trabecular bone resorption, sclerotic bone formation, and synovial
proliferation. Clinically, TMJ OA patients often present deficiencies in TMJ functions and
facial asymmetry2:3,

The clinical assessment is a non-invasive method indicated prior to imaging examinations to
diagnose TMJ conditions, as part of the standardized diagnostic criteria for
temporomandibular disorders (TMD)*. However, signs and symptoms may manifest only at
more advanced stages of the disease, when bone, cartilage, and articular disc alterations have
irreversibly progressed. Complementary diagnostic examinations such as radiography and
magnetic resonance imaging (MRI)°>~7 continue to be used extensively, while advanced
quantitative texture analysis of imaging data is becoming more popular8. Machine learning
methods have recently been applied to automatically segment joint structures and automate
quantitative imaging grading®19. In light of these technological advances, image analysis
workflows are needed for predictive models harnessing the available multi-modality,
multiparametric, and demographic data .

As a progressive degenerative joint disorder, OA has long been viewed as a primary disorder
of articular cartilage. However, the microarchitecture of the subchondral bone has recently
been reported to play a vital role in the pathogenesis of OA, as evidenced by initial changes
in the subchondral bone organization!. Such diagnosis has been compromised by the
absence of quantitative methodologies to analyze and extract bone texture information6:12,
The relatively new high-resolution low radiation cone beam computed tomography (hr-
CBCT) has facilitated the analysis of the bone morphometry microstructure and textural
features, which was previously only possible using micro-computed tomography?:8.13-18,
The selection of the most informative textural and morphometric subchondral bone features
has the potential to change clinical practice from qualitative analysis to a more dynamic and
phenotypical characterization of suspected lesions, using integrated textural biomarkers that
combine subsets of collected patient datal®20. New software applications, with a user-
friendly interface, can now easily extract large amounts of quantitative features from hr-
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CBCT greyscale images?1-24, Towards these promising methodologies, a paradigm shift in
diagnosis is necessary, from the traditional radiological assessments to integrative statistical
models. Thus, diseases that have a silent onset, such as TMJ OA, may potentially be
detected using non-invasive examinations!2:25-27,

In view of the above, this study was performed to evaluate the diagnostic performance of
quantitative bone texture and morphometry imaging biomarkers extracted from hr-CBCT
scans for the diagnosis of TMJ OA. The main objective was to investigate the ability of these
biomarkers to differentiate control and TMJ OA patients. It was hypothesized that there
would be significant differences between control subjects and TMJ OA patients in the
microstructure of the condylar subchondral bone. The null hypothesis was that there would
be no differences in the tested imaging biomarkers between the control and TMJ OA groups.

Materials and methods

This study followed the STROBE guidelines for observational studies?S.

Study design and participants

This cross-sectional study was conducted at the University of Michigan, Ann Arbor,
Michigan, USA from January 2016 to December 2018. The study was approved by the
Institutional Review Board of the University of Michigan (HUMO00105204 and
HUMO00113199). All patients signed an informed consent and agreed to participate. The
following inclusion criteria were applied for all patients: age between 21 and 70 years, no
history of systemic disease, no history of TMJ trauma, surgery, or recent TMJ injections, no
current pregnancy, and no congenital bone or cartilage disease. The control subjects were
recruited by advertisements placed in the University of Michigan School of Dentistry and at
The University of Michigan Dentistry Hospital; potential participants were first screened by
telephone interview . The TMJ OA patients were recruited during personal interviews with a
single temporomandibular disorders (TMD) specialist from the University of Michigan, at
the first appointment. A total of 84 patients were selected, for a total 168 hr-CBCT scans of
the mandibular condyles. One condyle per patient was then selected, as explained below .

All subjects were clinically evaluated by the same TMD specialist according to their clinical
symptoms using the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD)2°,
They were then divided into two groups: a control group (/7= 39 patients, 39 condyles) and a
TMJ OA group (1= 45 patients, 45 condyles). The reason for choosing one condyle was to
reduce possible bias due to technical problems in the hr-CBCT image acquisition, imaging
artifacts, presence of large alterations in the condylar surface, poor image quality, and
presence of unilateral TMJ OA.

The inclusion criteria for control subjects were no history of clinical signs/symptoms of
TMD, as evaluated using the DC/TMD, and the absence of radiographic TMJ OA findings in
the CBCT evaluation?®. The inclusion criteria for the TMJ OA group were the presence of
TMJ pain for less than 10 years, with clinical signs and symptoms evaluated using the DC/
TMD: TMJ noise during movement or function in the last 30 days and crepitus detected
during mandible excursive movements. The radiographic CBCT assessment was conducted
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by a radiologist to confirm the presence of TMJ OA and was positive for at least one of the
following: subchondral cyst, erosion, generalized sclerosis, and/or osteophytes29. The
exclusion criteria for the TMJ OA group were subjects with more than 10 years since the
diagnosis of TMJ OA, or condyles with chronic or severe stages of bone destruction,
subchondral cyst, erosion, generalized sclerosis, and/or osteophytes.

Regarding demographic characteristics, the samples presented a similar age range, being a
mean 36 + 11.4 years for control subjects and 40.2 £+ 13.1 years for TMJ OA patients (mean
+ standard deviation). Both groups showed a higher number of female subjects than male
subjects, corroborating the sex distribution reported in the literature30-32 .

Imaging acquisition

All hr-CBCT scans were acquired using a 3D Accuitomo scanner (J. Morita Mfg. Corp.,
Tokyo, Japan). The TMJ acquisition protocol was as follows: field of view (FOV) of 40 x 40
mm, 90 kVp, 5 mAs, scanning time of 30.8 s, and a voxel size of 0.08 mm3. All scans were
performed at the University of Michigan, School of Dentistry . The images were exported in
DICOM format (.dcm files) using i-Dixel software (J. Morita Mfg. Corp., Tokyo, Japan).
The images were de-identified and coded to avoid investigator bias. The limitation of the
exposure to the smallest FOV possible is in accordance with the ALARA (as low as
reasonably achievable) principlel®, and this radiation reduction to the patient, maintaining or
even improving the level of precision and accuracy in the diagnasis, supports the concept ‘as
low as diagnostically acceptable’ (ALADA)33,

Image pre-processing

In order to standardize the grey-level hr-CBCT images, a novel detailed pre-processing
protocol was used, as shown in Fig. 1. Two imaging software were used: 3D Slicer34
(https://www.slicer.org) and ITK-SNAP3, The common orientation of each three-
dimensional (3D) condyle mesh allowed a standardized selection of the volumes of interest
(\VOIs). As each patient had a hr-CBCT scan taken in a different spatial position, the
mandibular condyles were approximated in a common coordinate system for all subjects

(Fig. 2).

Volumes of interest (VOI)

Six different VOI regions were selected and extracted using the ‘crop-volume” module of 3D
Slicer software (Fig. 1F). The VOIs were lateral, medial, posterior, anterior, superior, and
central (Fig. 2). For the lateral, medial, anterior, superior, and posterior regions, the VOI had
a rectangular prism shape and each was cropped with 25 x 25 x 50 slices; the central region
had a cube shape with 25 x 25 x 25 slices.

Bone imaging biomarkers

A total of 23 surrogate imaging biomarkers were evaluated36-40, as described in the
Supplementary Material (Table S1). The five bone morphometry features included trabecular
thickness (Th.Th), trabecular separation (Th.Sp), trabecular number (Th.N), bone volume per
total volume (BV/TV), and bone surface per bone volume (BS/BV). The 18 quantitative
bone texture features included two main groups of variables: (1) grey-level co-occurrence
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matrix (GLCM)37 and (2) grey-level run length matrix (GLRLM)38:3%, The GLCM variables
quantified the distribution of co-occurring pixel values and included energy, entropy;,
autocorrelation, inverse difference moment (IDM), inertia, cluster shade, cluster prominence,
and Haralick correlation (HC). The GLRLM variables quantified the size of homogeneous
runs for each grey level and included short run emphasis (SRE), long run emphasis (LRE),
grey-level non uniformity (GLNU), run length non uniformity (RLNU), low grey-level run
emphasis (LGLRE), high grey-level run emphasis (HGLRE), short run low grey-level
emphasis (SRLGLE), short run high grey-level emphasis (SRHGLE), long run low grey-
level emphasis (LRLGLE), and long run high grey-level emphasis (LRHGLE).

Computational parameters for bone imaging biomarker computation

The BoneTexture module of 3D Slicer software (https://www.slicer.org) was used to
compute the bone imaging biomarkers and obtain the subchondral bone microstructure
values3440, The software computation parameters were chosen based on the user manual
and our pilot calibration studies. The following computational software parameters were
selected in the BoneTexture module: (1) for GLCM: mask “inside’ value = 1; number of bins
= 10; voxel intensity range min = —1000, max = 2500; neighborhood radius = 4; (2) for
GLRLM: mask ‘inside’ value = 1; number of bins = 10; voxel intensity range min = -1000,
max = 2500; distance range min = 0, max = 1; neighborhood radius = 4. For bone
morphometry (BM), the software parameters were threshold = 250 and neighborhood radius
=4,

Statistical analysis

Results

The statistical analysis was performed using IBM SPSS Statistics version 25.0 (IBM Corp.,
Armonk, NY, USA). The intra-class correlation coefficient (ICC) was assessed with an
interval of 2 weeks to evaluate the study repeatability. The Mann-Whitney U-test for
independent samples was used to compare the two groups, and the bone imaging biomarker
rank values were computed due to the non-normal data distribution after analysis of kurtosis
and symmetry. Receiver operating characteristics curves (ROC) were computed to determine
the diagnostic performance of the biomarkers to diagnose TMJ OA*L. The correlations
among the imaging variables and the correlations between patient age and the imaging
variables was evaluated by Spearman correlation

Participants, descriptive data, and method error

The sex distribution in the control group was six male and 33 female (7= 39); in the TMJ
OA group, it was seven male and 38 female (n7= 45 patients). The ICC values are reported in
the Supplementary Material (Table S2) and exhibited moderate to high repeatability for all
variables (=0.7), except for cluster shade (ICC = 0.1), cluster prominence (ICC = 0.1), and
autocorrelation (ICC = 0.6). Due to the poor repeatability, these three variables were
excluded from the next computational and statistical analysis. The correlations among the
biomarkers and between the biomarkers and patient age (Spearman’s correlation) are
presented in the Supplementary Material (Table S3) . Correlations were found between most
of the variables, and age was correlated with the TMJ OA and control groups for imaging
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variables . These results suggest that the aging process might occur together with the disease
changes in the trabecular bone organization.

Statistical tests of TMJ OA diagnosis

Table 1 shows the Mann-Whitney U-test analysis and the ranked values for each variable.
Statistically significant bone changes in texture features were detected in the lateral and
central VOI regions of TMJ OA patients compared to control subjects (P < 0.05). The lateral
VOI region of the TMJ OA patients showed significantly decreased values of energy, IDM,
and LRE, and significantly increased values of entropy, inertia, HC, SRE, RLNU, HGLRE,
and SRHGLE. The central VVOI region of TMJ OA patients showed significantly decreased
values of LGRLE and significantly increased values of HGLRE and SRHGLE. Fig. 3
summarizes the results obtained using the Mann-Whitney (-test. Descriptive statistics for
each variable that showed statistical significance in differentiating the groups are reported in
the Supplementary Material (Table S4).

Fig. 4 shows the ROC curves for all of the variables that presented statistically significant
differences between the TMJ OA and control groups. The lines indicate the diagnostic
performance of the proposed biomarkers, showing a good prediction for energy and entropy
(AUC >0.7). Table 2 shows the values of the AUC for each variable, which ranged from 0.62
t0 0.71 (P< 0.05).

Discussion

This cross-sectional case-control study determined the diagnostic performance of novel
imaging bone biomarkers in hr-CBCT scans of TMJ OA patients. Surrogate bone
morphometry and textural features were tested and the study indicated 13 textural imaging
biomarkers for the diagnosis of subchondral bone changes in TMJ OA patients. These
results are based on six VVOIs of 84 condyles (control + TMJ OA groups), resulting in 504
localized hr-CBCT images. The image processing and computation of those large volumetric
images led to the novel and open-access methodology presented in this study to mine and
extract useful clinical data.

Rapidly progressive OA may involve multiple joints, and severe stages might require joint
replacement depending on the functional limitations#243. TMJ OA is often successfully
managed with conservative therapy that may include non-steroidal anti-inflammatory drugs,
splints, physical therapy, low-energy laser therapy, and arthrocentesis** . Both surgical and
non-surgical management require careful follow-up with validated tools to monitor
treatment outcomes. The greatest challenge in the treatment of OA is that the disease cannot
be diagnosed until it becomes symptomatic, at which point structural alterations are already
advancedC. Until recently, OA - frequently referred to as degenerative joint disease - was
considered a localized condition that may affect only one joint, but recent studies have
demonstrated that even though one joint may manifest symptoms before the other, OA is a
multi-joint disease*>. Furthermore, even with the addition of radiographic criteria to the
DC/TMD - the standardized and widely used protocols for TMJ OA assessment - there is
still a reliance on subjective radiological interpretation of pre-existing bone changes and
clinical symptoms2? . Chronic stages of this degenerative disease cannot be treated
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conservatively, as its natural cycle causes an intermittent inflammation with large bone
destruction, pathological remodeling, pain, and loss of function38. It is unlikely that a single
marker would drive this complex, and disease-modifying therapy is still unknown. Our
proposed imaging biomarkers extract quantitative information using mathematical
algorithms (GLCM and GLRLM)32 to identify the difference in greyscale patterns between
images of control subjects and OA patients®17:19.39 The results exhibited a good diagnostic
performance, especially for energy and entropy, with AUC of =0.70 (Table 2).

Previous studies have shown the role of subchondral bone tissue in the pathogenesis of OA,
including sclerosis and hypomineralization due to abnormal bone remodeling®3:48 |
Histopathological findings have shown that the changes occur by microdamage, bone
marrow edema-like lesions, and bone cysts in the subchondral regionl. Fig. 3 summarizes
the statistically significant increase in entropy and decreased energy in the present study,
suggesting higher porosity in TMJ OA mandibular condyles38, which is in agreement with
the histological findings described in the literature1:49,

The rationale for selecting VOIs in six different regions of the condyles in this study was
based on previous results that indicated changes occurring in different surface regions,
including increased bone formation in the anterior pole, bone resorption in the lateral pole
and superior region pole, and overall bone surface remodeling#6:20, The lateral surface of the
condyles has also been highly correlated with specific inflammatory proteins, indicating that
bone remodeling in this region may play an important role in the pathogenesis of TMJ OA>L,
Thus, a single quantitative value for the entire condyle cannot explain the different
inflammatory responses leading to bone apposition and repair in the anterior and medial
regions, while bone resorption occurs in other regions particularly the lateral condylar
surface. Statistically significant differences were found in this study for 10 imaging
biomarkers in the lateral region and three in the central region (Fig. 3). Bone resorption in
the lateral VVOI region of the condyles of TMJ OA patients may be explained by significantly
decreased values of energy, IDM, and LRESS. Interestingly, significantly increased values of
HGLRE and SRHGLE were also observed in the lateral and central condylar regions.
Otherwise, the small central VVOI region, deeper in the subchondral bone of the condylar
head of TMJ OA patients and away from the articular surface, showed a significant decrease
in one biomarker (LGLRE) that was not observed in the lateral region. The differences in
subchondral bone findings between the lateral and central condylar regions in this study may
possibly be related to greater vascularization/innervation and less articular loading in the
central condylar region, giving passage to the reparatory response in medial and anterior
condylar surfaces.

Recent histology studies by Embree et al.*%, showed that in mice with early-stage TMJ OA,
the subchondral bone revealed increased osteoclast activity, with a gene increase in
RANKL/OPG and increased expression of five genes involved in bone resorption. Ebrahim
et al.>2 showed that the some of our proposed imaging biomarkers (low grey-level run
emphasis and long run low grey-level emphasis) were statistically correlated with the
osteoclast increase in a sample of 26 condyles. Our proposed methodology demonstrated a
non-invasive workflow for 3D image analysis that may be applied to further imaging and
joint studies, with the ultimate goal of assessing bone remodeling using non-invasive
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imaging rather than histology. The proposed methods also open opportunities for
investigation of correlations between imaging biomarkers for TMJ OA staging and
biomolecular findings.

The diagnosis of initial changes in the subchondral bone organization requires quantitative
methodologies to analyze and extract bone texture information8.12:53, Recent studies have
shown the potential and value of the imaging data mining applied in cancer studies to detect
early pathological tissue changes'®°4. Nieminen et al.8, in a narrative review covering the
years 2017-2018, reported that radiographic imaging studies were the most commonly
performed examinations to assess OA . However, spatial and contrast resolution limitations
in the analysis of bone textural imaging features have been reported by Caramella et al.>®.
These limitations were overcome in the present study by using standardized image
acquisition and processing protocols (Fig. 1) for higher spatial resolution hr-CBCT scans,
with a voxel size of 0.08 mm3. The novel image processing workflow presented utilized the
3D Slicer software module called BoneTexture*C due to its user-friendly interface and fast
computational processing.

A limitation of this study was that we used the DC/TMD?23 imaging criteria to confirm the
presence of imaging features for the diagnosis of the TMJ OA; however, our hr-CBCT has a
voxel size of 0.08 mm?3, showing higher resolution and details than described in the DC/
TMD, which uses CT scans with 0.7-1 mm slice thickness. Also, the radiology expert
selected only the TMJ OA condyles that were not in the severe stages of bone destruction,
suggesting that we included only cases in initial or middle TMJ OA condition. However, this
study did not investigate the degree of bone destruction. Future studies will assess these
challenges and limitations using traditional CBCT images versus hr-CBCT images to
objectively measure and diagnose osteoarthritic changes in mandibular condyles.

An important finding of this study is that, although of lesser degree, the same biomarkers
were present in the control group. The results showed statistically significant differences
between the control and TMJ OA groups in the subchondral bone microstructure in the
lateral and central condylar regions. Thus, these biomarkers could be clinically significant in
recognizing early OA and enabling early therapy, as we will test in further studies. Future
studies should also address multisource biomarkers, such as clinical and protein markers for
use in combination with the textural features, in order to obtain regression models for TMJ
OA diagnosis.

In conclusion, this study showed that 13 bone imaging biomarkers presented acceptable
diagnostic performance for the diagnosis of TMJ OA, with AUC values between 0.620 and
0.710. The workflow for image analysis described in this study can be applied to other
imaging modalities and joints and has the potential to further elucidate the pathogenesis of
OA and disease progression in future investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Computational processing workflow. First, all the left hr-CBCT scans were mirrored to the

right side using the “transforms’ tool in 3D Slicer software. The subsequent steps were as
follows: (A) 3D Slicer software was used to convert the original hr-CBCT files to a
compressed format. (B) ITK-Snap software was used to segment the entire condyle. (C) 3D
Slicer was used to convert the segmented condyle volume to a 3D surface. (D) Using the
‘transform’ module in 3D Slicer, a spatial orientation for each 3D condyle model was made.
(E) The spatial orientation matrix created in the last step was applied to the condyle scan.
Each condyle had its proper orientation according to its orientation matrix. (F) Using the
‘crop-volume’ tool, six different regions of the condyle (anterior, posterior, lateral, medial,
superior, and central) were selected. (G) Using the ‘BoneTexture” module in 3D Slicer, all of
the variables studied for each region of the condyle were computed.
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Fig. 2.
Mandibular condyle orientation. (I) The ‘transforms’ tool of the 3D Slicer software was used

to standardize the spatial orientation of the 3D condyles: (A) the condyle before orientation;
(B) the condyle after orientation; (C) example of eight condyles oriented. Reference lines
(red, green, and yellow) were used in the same spatial position for all condyles to allow a
common spatial position for all condyles. In the lateral view, the yellow line was parallel to
the condylar neck. In the posterior view, the red line connects the lateral and medial poles. In
the superior view, the green line also connects the lateral and medial poles. (I1) Volume of
interest (VOI) extractions. After spatial orientation, the ‘crop-volume’ module in 3D Slicer
was used to generate the VOIs: (A) selection of the anterior, posterior, and superior VOIs;
(B) selection of the lateral, medial, and central VVOIs; (C) example of the anterior region
containing the greyscale information of that VVOI; (D) 3D rendering to illustrate each VOI
and the condylar region where it belongs. The criteria for the boundaries were as follows: for
the lateral, medial, posterior, superior, and anterior VOIs, the rectangular prism starts in the
most external condylar bone and extends in the direction of the trabecular condyle center;
for the central VOI, the cube is positioned in the central region of the trabecular bone.

Int J Oral Maxillofac Surg. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bianchi et al.

CENTRAL REGION

Page 15

Imaging Variables

ey
M

{

3D TMJ rendering

(Y =3

T™MJ - OA
Control

hr-CBCT TMJ Sagittal Slice

LATERAL REGION

HighGreyLevelRunEmphasis
ShortRunHighGreyLevelEmphasis

LowGreyLevelRunEmphasis

Imaging Variables

Entropy

Control TMJ - OA

Arrow indicates if the value increases @) or decreases (w) in the OA group.

Fig. 3.

HighGreyLevelRunEmphasis
ShortRunHighGreyLevelEmphasis
Inertia

HaralickCorrelation

ShortRunEmphasis

RunLengthNonUniformity
Energy
InverseDifferenceMoment
LongRunEmphasis

— >

Summary illustration showing the biomarkers that were statistically significant (£ < 0.05) in
the Mann-Whitney analysis. Only the central and lateral regions showed significant

differences between the osteoarthritis and control groups.
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Receiver operating characteristics (ROC) curves for detecting osteoarthritis. Diagnostic

performance of each variable.
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