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Abstract

Osteoarthritis (OA) is associated with significant pain and 42.6% of patients with TMJ disorders
present with evidence of TMJ OA. However, OA diagnosis and treatment remain controversial,
since there are no clear symptoms of the disease. The subchondral bone in the TMJ is believed to
play a major role in the progression of OA. We hypothesize that the textural imaging biomarkers
computed in high resolution Conebeam CT (hr-CBCT) and uCT scans are comparable. The
purpose of this study is to test the feasibility of computing textural imaging biomarkers in-vivo
using hr-CBCT, compared to those computed in pCT scans as our Gold Standard. Specimens of
condylar bones obtained from condylectomies were scanned using UCT and hr-CBCT. Nine
different textural imaging biomarkers (four co-occurrence features and five run-length features)
from each pair of pCT and hr-CBCT were computed and compared. Pearson correlation
coefficients were computed to compare textural biomarkers values of uCT and hr-CBCT. Four of
the nine computed textural biomarkers showed a strong positive correlation between biomarkers
computed in uCT and hr-CBCT. Higher correlations in Energy and Contrast, and in GLN (grey-
level non-uniformity) and RLN (run length non-uniformity) indicate quantitative texture features
can be computed reliably in hr-CBCT, when compared with pCT. The textural imaging
biomarkers computed in-vivo hr-CBCT have captured the structure, patterns, contrast between
neighboring regions and uniformity of healthy and/or pathologic subchondral bone. The ability to
quantify bone texture non-invasively now makes it possible to evaluate the progression of
subchondral bone alterations, in TMJ OA.
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INTRODUCTION

Osteoarthritis (OA), the most prevalent arthritis worldwide, is associated with significant
pain and disability and affects 13.9% of adults at any given timel-2. Of these conditions,
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disorders of the temporomandibular joint (TMJ) result in $4 billion annual health care costs
in the US. According to recently revised TMJ imaging criteria, 42.6% of patients with TMJ
disorders presented with evidence of TMJ OAZ2. However, diagnosis and treatment of these
conditions remain controversial. To date, there is no single sign, symptom, or test that can
clearly diagnose early stages of OA. Instead, the diagnosis is based on a consideration of
several factors, including the presence of characteristic symptoms of osteoarthritis (pain,
mobility problems, etc), results of laboratory tests and radiological tests.

The bone in the TMJ condyle is the site of numerous dynamic morphological
transformations, which are an integral part of the initiation/progression of OA, not merely
secondary manifestations to cartilage degradation. Specifically, the subchondral bone also
seems to play a significant role. Recent work to evaluate subchondral bone and structure
have been focused in analyzing textural features and bone density/volume in two-
dimensional (2D) radiographs3->, and 3D imaging modalities such as Computed
Tomography (CT)87. Volumetric analyses cannot detect structural changes at specific
locations, and they lack the ability to quantify subtle gray-level variations within the low-
density bone three-dimensional structure. 2D texture analysis is not an appropriate method
to analyze subchondral bone texture either, since subchondral trabecular bone architecture is
highly anisotropic; that is, the trabeculae are oriented in different directions, and the
mechanical properties of the tissue are therefore different in the different planes. Hence, 3D
texture analysis is the only way to capture the complex structure of the subchondral bone.

Comparisons of uCT (using the Radon transform8) and CBCT (using the Feldkamp
algorithm®, that introduces an averaging-blur effect to minimize artifacts of cone-beam
imaging) have been recently reported for dental implant sites in cadaversi? and for
assessments of bone quality in femurs obtained from animal models®. In conclusion, very
little work exists in methods that explore the 3D nature of subchondral texture, and all of
them use CT as image modality.

It is important to highlight that CT is an imaging modality that provides great bony tissue
contrast, but to the cost of a higher radiation dose for the patient. Specifically, micro-CT
(UCT) is a CT machine that acquires images at a very high resolution and the preferred
imaging modality for animal studies, where the sizes of the cross-sections are in the
micrometer rangel2. Due to the high radiation doses, micro-CT is not a good choice of
imaging modality in living patients. Recently high resolution CBCT (hr-CBCT) scanner?3
can now acquire images of the craniofacial complex that allow qualitative and quantitative
assessments of both hard tissue subtle spread of contrast, without the higher cost of radiation
for the patient. These images display a high degree of clarity compared to classical CBCT
and enable comprehensive examination for diagnosing of bone lesions such as dental root
apical lesions and subchondral bone cysts.

The purpose of this study was to demonstrate that it is possible to compute textural imaging
biomarkers using hr-CBCT. For that we compared textural imaging biomarkers computed in
hr-CBCT to the same biomarkers computed in pCT scans as our Gold Standard. Our
hypothesis was that the textural imaging biomarkers obtained for each modality would be
comparable, demonstrating the accuracy to detect textural features in subchondral bone of
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hr-CBCT. This work is crucial to justify the usage of hr-CBCT in OA patients, for the
quantitative evaluation of the structure of the subchondral bone, as an early marker of OA.

MATERIALS

We used 16 specimens of condylar bones obtained from condylectomies that were scanned
using UCT and hr-CBCT. The present population consisted in females with ages ranging
from 18 to 64 years old.

For uCT4 (uCT100 Scanco Medical, Bassersdorf, Switzerland) image acquisition
specimens were embedded in 1% agarose and placed in a 34 mm diameter tube and scanned
over the entire length of the sample. Scan settings were: voxel size 34.4 um, 90 kVp, 155
WA, medium resolution, 0.5 mm AL filter, and integration time 500 ms. For hr-CBCT (3D
Accuitomo, J Morita MFG Corp, Kyoto Japan) scan settings were: voxel size 80 pm, 90
kVp, 1 mA, field of view 40x40.

Segmentation for all bony samples obtained from UCT and CBCT structures was performed
semi-automatically using the user interactive InsightSNAP program?®. Three-dimensional
virtual models of the condyles and trabeculae for each sample were built (see figure 1) using
3DSlicer softwarel® from a set of approximately 500 axial cross-sectional slices for each
image, with the voxels reformatted to an isotropic of 0.08 x 0.08 x 0.08mm3.

METHODS

UCT and hr-CBCT and scans are registered to each other using a two-step registration. First,
scans, segmentations and 3d virtual models were manually approximated via rigid
transformation using 3DSlicer6. Next, we used a fully automated voxel-wise registration to
align each uCT scan to its correspondent hr-CBCT scan using CMFRegistration tool in
3DSlicer.

After registration, two sets of 3D textural features were computed on each pair of pCT and
hr-CBCT for each bony sample.

1. Co-occurrence features — This set of descriptors designed initially by Haralick et
al.18 are computed from a grey-level co-occurrence matrix (GLCM) that is a matrix
defined over an image to express the distribution of co-occurring grey intensity
values at a given direction. For our study, four features were computed: Entropy,
Energy, Contrast and Homogeneity.

a. Entropy is a feature that expresses the level of organization of a texture. A
completely random distribution of grey-level intensities in the trabecular
bone would have very high entropy, while an image with the same grey-
level across all voxels would have very low value of entropy.

b. Energy is a feature that measures of local uniformity of texture. The higher
the energy value, the bigger the uniformity and organization of the texture.

c. Contrast is a feature that measures local grey-level variation in the GLCM
matrix. If the neighboring pixels in the texture are very similar in their grey-
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level values then the contrast in the image is very low. Contrast is 0 for a
constant image.

d. Homogeneity is a feature that measures the uniformity of the non-zero
entries in the GLCM. If the texture contains repetitive structures,
homogeneity will be high, for patterns with a big variation in texture
elements and spatial arrangements homogeneity will be low.

2. Run-length features — This set of descriptors are based in run lengths computed in a
texture!®. A grey-level run is a set of consecutive, collinear picture points having
the same grey-level value. The length of the run is the number of picture points in
the run. For a given picture, we can compute a grey-level run length matrix
(GLRLM) for runs having any given direction. For our study, five features were
computed: short run emphasis (SRE), long run emphasis (LRE), grey-level non-
uniformity (GLN), run length non-uniformity (RLN) and run percentage (RP).

a. SRE measures the distribution of short runs. SRE is expected large for
fine textures.

b. LRE is a feature that measures distribution of long runs. LRE is highly is
expected large for coarse structural textures

C. GLN measures the similarity of grey-level values through out the texture.
The GLN is expected small if the grey-level values are alike through out
the whole texture.

a. RLN is a feature that measures the similarity of the length of runs through
out the image. The RLN is expected small if the run lengths are alike
through out the image.

a. RP is a feature ratio of the total number of runs to the total number of
possible runs if all runs had a length of one. It should have its lowest
value for pictures with the most linear structure.

RESULTS

We computed our 9 textural features for each pair of uCT and hr-CBCT, and calculated the
Pearson product-moment correlation coefficient (r) between the textural values of uCT and
textural values of hr-CBCT. Correlation results for co-ocurrence and run-length textural
features are described in Tables 1 and 2.

Table 1 displays higher positive correlation between pCT and hr-CBCT computed
descriptors for energy and contrast features. Higher correlation rates in Energy and Contrast
indicate that both the uniform tiny lattice-shaped spicules that form the subchondral bone
(measured by Energy) and also the differences between tissue signal intensities (Contrast)
can be measured reliably both in uCT and hr-CBCT.

Figure 2a and 2b display scatterplots for both Energy and Contrast. A marked positive
correlation can be observed for both textural features. When looking at two representative
samples of each graph, i.e. minimum and maximum values of Entropy and Contrast for both
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UCT and hr-CBCT, we can see that these two features capture important textural
characteristics. 5R is a sample with a lot of dense cortical bone, which does not have the
same repetitive textural patterns and different grey-level intensities, and that is why low
values are found for both features. On the other hand, both samples 10R and 3R display lots
of lattice-shaped patterns and high contrast edges, which explains both the high Energy
values in 13R, and Contrast values in 10R.

Table 2 displays higher positive correlation between pCT and hr-CBCT computed textural
descriptors for GLN (grey-level non-uniformity) and RLN (run length non-uniformity).
Higher correlation rates in GLN and RLN indicate that both the gray-level distributions
(GLN) and the size of areas of same gray-level (RLN) can be measured reliably both in pCT
and hr-CBCT.

Figure 3a and 3b display scatterplots for GLN and RLN. A marked positive correlation can
be observed. When doing the same observation than for Figure 6, by looking at two
representative samples of each graph, we can see that important textural characteristics are
captured by these two features. 5R has lower GLN and RLN values, due to the fact grey-
level values and run-lengths are alike through out the sample, while 10R has higher values
due to the heterogeneity of both grey-levels and sizes of areas of the same grey-level.

DISCUSSION

In TMJ OA, a strong scientific rationale exists for looking into full joint biomarkers, shifting
the focus in OA from articular cartilage to subchondral bone changes. The subchondral bone
in the TMJ condyle is the site of numerous dynamic morphological transformations, which
are part of the initiation/progression of OA, not merely secondary manifestations to cartilage
degradation. The appearance of subchondral cysts and trabecular density loss (see figure 4)
can be associated with the progression of OA.

In fact, texture differences due to pathology in the subchondral bone can be easily perceived
with the naked-eye in scans obtained with an appropriate image modality, such as the
proposed hr-CBCT. Figure 5 shows the clear differences between one single patient with
TMJ OA and a healthy subject. There are clear pathological textural features of the
trabecular structure in the patient with TMJ OA, such as areas of bone loss with increased
patches of low gray-level values (bone loss shows as dark spots in the scan) or decreased
number of areas of with small trabecular lattices.

This illustrates that hr-CBCT images provide qualitative and quantitative evaluation of the
hard tissue displaying better contrast and resolution compared to classical CBCT (Figure 6).
With the work presented in this manuscript, we have demonstrated that hr-CBCT can
capture subchondral texture in a reliable way, as compared with pCT as our Gold Standard.

Our results show that four of our nine textural features computed in both pCT and hr-CBCT
demonstrated that hr-CBCT has the potential of accurately represent texture in-vivo patients.
Textural characteristics in hr-CBCT have the ability of capturing structure, patterns, contrast
between neighboring regions and uniformity of subchondral texture. To our knowledge this

is the first study to look at subchondral bone texture in 3D. Our research team has used
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CBCT images to characterize cortical bone remodeling in TMJ OA in the past20-23;
however, the greater noise observed in conventional CBCT imaging of low density bone has
limited our ability to study subchondral bone texture (see figure 6a). Classical CBCT scan
resolutions and noise were enough to reconstruct cortical bone, but are insufficient to
accurately represent subchondral bone texture, but since recently high resolution CBCT (hr-
CBCT) scanners!3 can acquire images of the craniofacial complex that allow qualitative and
quantitative assessments of hard tissue with subtle spread of contrast (see figure 6b).

Literature exploring the nature of subchondral texture in OA lacks studies that look at co-
occurrence or run-length features. However, it is possible to find previous results comparing
volumetric markers in uCT and CBCT19.11 put as described before volumetric markers lack
the ability to capture the 3D structure of bone trabecula. Preliminary work, using the
proposed features to examine muscle texture in MRI2425, has shown that co-occurrence or
run-length features detect pathology associated with diseases affecting muscular texture.

As future work, we plan to use the validated 3D texture biomarkers to quantify bone texture
phenotypes that may identify patients at risk for further bone destruction. Quantitative
analysis of subchondral bony changes may decrease the controversial treatment protocols
assessing treatment effectiveness in future clinical trials. The knowledge gained from this
type of analysis will allow more rational clinical decision making for patients with TMJ OA,
and also be applicable to research on OA in other joints.
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Figure 1.
3D segmentations and virtual models for hr-CBCT (a and b, respectively) and pCT (c and d,

respectively) e) 3D virtual models for hr-CBCT (green semitransparent) and PCT (red solid)
compared.
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Scatterplots for a) Energy and b) Contrast. Visualization of bony samples 5R, 10R and 13R
for ¢) uCT and d) hr-CBCT. Blue (#) sign in both a) and b) show results for the sample 5R.
Green (%) sign in a) show results for the sample 13R. Red (*) sign in b) show results for the
sample 10R.
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Figure 3.
Scatterplots for a) GLN and b) RLN. Blue (#) sign in both a) and b) show results for the

sample 5R. Red (*) sign in both a) and b) show results for the sample 10R.
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Figure4.
Subchondral bone loss (red dot) in hr-CBCT a) sagittal + 3D reconstruction; b) axial and c)

coronal views.
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Healthy

Figure5.
Sagittal slices in a healthy and pathological TMJ condyle show clear qualitative differences

due to OA
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Figure6.
Subchondral bone texture visualization in a sagittal slice of a) conventional CBCT and b)

TMJ hr-CBCT protocol.
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Table 1

Pearson’s r correlation coefficient in co-occurrence textural features computed from pCT and hr-CBCT.

| Entropy | Energy | Contrast | Homogeneity

Pearson’s r | 0.50 | 0.63 | 0.76 | 0.48
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Table 2

Pearson’s r correlation coefficient in run-length textural features computed from uCT and hr-CBCT.

|SRE |LRE|GLN|RLN|RP

Pearson’s r | -0.14 | 0.11 | 0.84 | 0.77 | 0.04
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