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Bayesian belief network analysis applied to determine the
progression of temporomandibular disorders using MRI
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Objectives: This study investigated the applicability of a Bayesian belief network (BBN) to
MR images to diagnose temporomandibular disorders (TMDs). Our aim was to determine
the progression of TMDs, focusing on how each finding affects the other.

Methods: We selected 1.5-T MRI findings (33 variables) and diagnoses (bone changes and
disc displacement) of patients with TMD from 2007 to 2008. There were a total of 295 cases
with 590 sides of temporomandibular joints (TMJs). The data were modified according to the
research diagnostic criteria of TMD. We compared the accuracy of the BBN using 11
algorithms (necessary path condition, path condition, greedy search-and-score with Bayesian
information criterion, Chow-Liu tree, Rebane—Pearl poly tree, tree augmented naive Bayes
model, maximum log likelihood, Akaike information criterion, minimum description length,
K2 and C4.5), a multiple regression analysis and an artificial neural network using
resubstitution validation and 10-fold cross-validation.

Results: There were 191 TMJs (32.4%) with bone changes and 340 (57.6%) with articular
disc displacement. The BBN path condition algorithm using resubstitution validation and 10-
fold cross-validation was >99% accurate. However, the main advantage of a BBN is that it
can represent the causal relationships between different findings and assign conditional
probabilities, which can then be used to interpret the progression of TMD.

Conclusions: Osteoarthritic bone changes progressed from condyle to articular fossa and
finally to mandibular bone contours. Disc displacement was directly related to severe bone
changes. Early bone changes were not directly related to disc displacement. TMJ functional
factors (condylar translation, bony space and disc form) and age mediated between bone
changes and disc displacement.
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Introduction

Temporomandibular disorder (TMD) is the compre-
hensive diagnostic name for pathological conditions
that have the main symptoms of pain in the
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temporomandibular joints (TMJs) or masticatory mus-
cle, abnormal sounds at the TMJ and limitations to the
mouth opening or abnormal jaw movement.! TMJ
disorder classification is complex, and the research di-
agnostic criteria for TMDs (RDC/TMD) is currently
the most widely used diagnostic protocol for TMD re-
search.! Its assessment components include Axis I
(a clinical and imaging assessment that differentiates
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myofascial pain, disc displacement, arthralgia, arthritis
and arthrosis) and Axis II (which evaluates psycholog-
ical status and pain-related disabilities). The criteria
recommended by the Japanese Society for Temporo-
mandibular Disorders for diagnosing TMD include
myalgia of the masticatory muscle, arthralgia of the
TMJ, TMJ disc derangement with and without disc
reduction and osteoarthrosis/osteoarthritis of the TMJ.?
These criteria were designed to be consistent with the
RDC/TMD protocol. The diagnostic criteria (DC) for
TMDs (DC/TMD) were released in 2014 and are DC
for clinical and research applications.® This protocol (as
with all of the most common DC for intra-articular
TMDs) includes functional factors such as disc dis-
placement with intermittent locking and TMJ sub-
luxation as new disorders with/without limited opening,
coupled with disc displacement and with/without re-
duction in the RDC/TMD. The important relationships
between bone changes, articular disc displacement of
the TMJ and skeletal morphology have been
studied.*'® However, a more sophisticated study is
needed to clarify how bone changes, articular disc dis-
placement, bony space, condylar translation and disc
form affect each other, especially within the role of
functional factors.

The Bayesian approach'' has been extensively ap-
plied to medical image diagnoses,'>!” and more so-
phisticated Bayesian belief networks (BBN) have
improved image diagnostic accuracy in medicine'® !
and dentistry.”>>” The naive Bayesian approach
states that the probability of a condition (diagnosis) can
be estimated from a given set of observations (findings),
when the relative prevalence of each diagnosis is known
and the probability of the occurrence of the findings is
known. A BBN expresses numerical relationships be-
tween multiple nodes (variables, in this case, “findings”
and “diagnosis”) that have no logical cyclic relation-
ships and determines the directed arcs that connect
those nodes. A numerical expression using a directed
acyclic graph (DAG) shows the direction of cause and
effect among multiple nodes. Additionally, a BBN can
model the quantitative strength of the connections be-
tween variables and can automatically update our
probabilistic beliefs as new information becomes avail-
able. This study investigates the applicability of a BBN
to the diagnosis (the probability of a condition) and
findings (i.e. a given set of observations) in MR images
to try to determine the progression of TMD.

The purpose of this study was not to statistically
compare the search algorithms and information crite-
rion of BBN. Instead, we focused on the probabilistic
relationships between bone changes and disc displace-
ment, and on how the condylar translation, bony space
and disc form affect bone changes and disc displace-
ment. A multiple regression analysis can only show the
mathematical relationships between the independent
and dependent variables. Causal relationships are not
shown, but they are shown in the DAG of the BBN. In
an artificial neural network (ANN), the complicated
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mathematical relationships between the inputs and
outputs are shown as values from 0 to 1. The causal
relationships are not shown, and the coefficients of the
hidden layers have no meaning to the radiologist. Ac-
cordingly, an ANN cannot show the progression of
TMD and is not suitable for a computer-aided diagnosis
(CAD) model of a multivariate diagnostic analysis of
TMD. Thus, the BBN is the most appropriate method
for this study, because the DAG describes cause and
effect relationships (which can be easily understood by
a radiologist), and each relationship has an associated
conditional probability distribution.

Using the BBN, we have particularly focused on how
bone changes, disc displacement, condylar trans-
lation, bony space and disc form affect each other.

Methods and materials

This study was authorized by the ethics committee of
Tokushima University Hospital (number 982-2010). It
was based on 1.5-T MR images from patients who
presented with TMD from 2007 to 2008. There were
a total of 295 cases, and 590 right and left sides of
TMIJs (male, 54 cases; female, 241 cases; average age,
39.5 years; maximum, 86 years; minimum, 11 years).
The MRI sets were obtained using a Signa EXCITE XI
(GE Healthcare Japan Ltd., Tokyo, Japan) with a dual
(3-inch diameter) surface coil. Each image set consisted of
seven images for each side (field of view, 120 X 120
mm?; matrix, 256 X 256 pixels), oblique sagittal and
oblique coronal 3-mm proton density (repetition time/
echo time, 1500/22 ms), T, weighted images (repetition
time/echo time, 3500/81 ms) in the closed mouth posi-
tion and oblique sagittal 3-mm proton density and 7,
weighted images in the open mouth position.”® The
variables and instances to be used as the findings and
diagnosis were selected according to RDC/TMD' or
defined by the author (Tables 1 and 2). The cases were
interpreted by a maxillofacial radiologist with more
than 30 years’ experience.

Multicollinearity is a statistical phenomenon in which
two or more independent variables in a MR model are
highly correlated. This causes the estimates of the
coefficients to erratically vary in response to small
changes in the model or data. We tested the multi-
collinearity of the independent variables using
Dr SPSS® for Windows v. 11.0.1.J (SPSS Inc., Tokyo,
Japan). We checked threshold values such as the toler-
ance (not <0.1) and its reciprocal variance inflation
factor (not >10), the condition index (not >15) and the
variance proportion (not >0.5) to quantify the severity
of the multicollinearity in the MR analysis. We set the
tolerance to 1 — R? (coefficient of determination), when
regressing an independent variable on other independ-
ents. The condition index flagged excessive colinearities
in the data. The most common criterion related to two
or more variables with a variance proportion of 0.5 or
higher on the high condition index.
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Table 1 Variables and instances used as findings and diagnosis (bone changes)

Variables Code Instances Criteria
Clinical findings
Age age 11-26, 26-41,
41-58, 58-71,
71-86 years
Sex sex Male, female
Bone changes
Structure (condyle)
Surface erosion ero_cd Yes, no A loss of continuity of the articular cortex
Subcortical sclerosis scler_cd Yes, no Any increased thickness of the cortical plate in the
load-bearing areas relative to the adjacent
non-load-bearing area. With MR, this is identified as
a low signal intensity in the bone marrow on the
proton density and T2 study
Flattening flat_cd Yes, no A loss of the rounded contour of the surface
Osteophyte osteophy Yes, no Marginal hypertrophy with sclerotic borders and an
exophytic angular formation of osseous tissue arising
from the surface
Deformity Deform Yes, no Atrophy of the articular condyle with absorptive
bone changes
Generalized sclerosis ge_scler Yes, no No clear trabecular orientation with no delineation
between the cortical layer and the trabecular bone
that extends through the condylar head
Subcortical cyst subcyst Yes, no A cavity below the articular surface that deviates
from the normal marrow pattern
Loss of bone density loss_b_d Yes, no Articular condyle exhibits a general loss in its bony
density
Condylar oedema edema_cd Yes, no Articular condyle loses its cortical and spongy signal
Structure (fossa)
Surface erosion ero_fo Yes, no A loss of continuity of the cortical margin
Subcortical sclerosis scler_fo Yes, no Any increased thickness of the cortical plate in the
load-bearing areas relative to the adjacent
non-load-bearing area. With MRI, this is identified as
a low signal intensity in the bone marrow on the
proton density and T2 study
Flattening flat_fo Yes, no A loss of the rounded contour of the surface

Posterior slope of eminence

Shallow fossa

eminence

shallow

Normal, gentle, steep

Normal, shallow, deep

Posterior slope of eminence has a gentle or steep
contour
Articular fossa has a shallow or deep contour as

Structure (joint space)
Loose joint body

Bony ankylosis

Low signal intensity

Increase in signal intensity

Contour
Mandible
Concavity

Condylar hyperplasia

Condylar hypoplasia

loose_j_b

ankylo

des_si
incre_si

concavi

hyperpla

hypo

Yes, no

Yes, no

Yes, no
Yes, no

Yes, no

Yes, no

Normal, anteroposterior,
lateral-medial, total

a whole

Well-defined calcified structure(s) that is not
continuous with the disc or osseous structure of the
joint. With MRI, this is identified by a low and/or
high signal on the proton and T2 study
Continuous osseous structure between the condyle
and temporal bone associated with no discernible
joint space and no translation of the condyle in the
open mouth views

Single or multiple discrete low signal intensity
Increase in the signal intensity of the posterior
attachment

Bony depression on the posterior articular bony
surface of the condylar head

Condylar morphology is normal but the size is large
in the anteroposterior, lateral-medial or all
dimensions. This is associated with either a lack of
joint space in a normal articular fossa or an articular
fossa that is enlarged to accommodate a large condyle
Condylar morphology is normal but the size is small
in the anteroposterior, lateral-medial or all
dimensions. This is associated with either an increase
in the joint space in a normal articular fossa or

a small articular fossa

(Continued)
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Table 1 Variables and instances used as findings and diagnosis (bone changes) (continued)

Variables Code Instances

Criteria

cd_neck
ramus
notch
bonechan

Condylar neck length
Mandibular ramus length
Mandibular angle notch
Diagnosis of bone change

Yes, no
Normal

Indeterminate

Concavity
Osteophyte (slight)
Osteophyte (severe)

Normal, short, long
Normal, thin and long

Short or long condylar neck length

Short, or thin and long mandibular ramus length
Increased antegonial notching

{[(CH-N and CN-N) or (CH-N and RL-N)] or
CC-N} or (OP-N or SE-N) or DF-N

[(CH- notN and CN-notN) or (CH-notN and
RL-notN)] and (OP-N and SE-N) and DF-N
CC-notN

(SE-notN or OP-not N) and DF-N

DF-notN

CC, concavity at the posterior slope of the condyle; CH, condylar hypoplasia; CN, condylar neck length; DF, deformity; N, normal; notN, not

normal; OP, osteophyte; RL, ramus length; SE, surface erosion.

Shading represents definitions from this study. The other findings were defined by research diagnostic criteria/temporomandibular disorder."

By definition, “power” is the ability to find statistical
significance when the null hypothesis is false, that is, the
ability to determine real differences. The power of
a study depends on the sample size, alpha level and the
effect size. For this study, we performed a power anal-
ysis for the MR analysis using IBM SPSS SamplePower
v. 3 (IBM Japan Ltd, Tokyo, Japan).

We implemented the BBN using commercially avail-
able machine-learning algorithms (Hugin Researcher
v. 7.8; Hugin Expert A/S, Aalborg, Denmark, http:/
www.hugin.com/, and BayoNet System v. 5.0; Mathe-
matical Systems Inc., Tokyo, Japan, http://www.msi.co.
jp/BAYONET/index.html). These algorithms automati-
cally learn the network structures and joint probabilities
from the training data and do not require any additional
user-defined parameters. We used six search algorithms
in Hugin Researcher: necessary path condition (NPC),*
path condition (PC),*° greedy search-and-score®' with
Bayesian information criterion,”> Chow-Liu tree,*
Rebane—Pearl poly tree® and tree augmented naive Bayes
model.¥ We used the greedy search®' algorithm
by BayoNet with five information criterion: maximum
log likelihood,*® Akaike information criterion,*” minimum
description length,®® K2*° and C4.5.*° Hugin has an
expectation-maximization algorithm,* which supports
data analysis in the case of missing values (as is often the
case in medical data). The MR and ANN analyses were
performed using commercially available software (JMP
v. 8.0.1; SAS Institute Japan Ltd., Tokyo, Japan).

We evaluated the accuracy of bone changes and disc
displacement using resubstitution validation and
10-fold cross-validation.*? In resubstitution validation,
the model is trained using all the available data and then
tested on the same set of data. It is simple, but suffers
from overfitting. 10-fold cross-validation is widely
accepted in data mining and the machine-learning
community. It is a standard procedure for estimating
performance and selecting models. We used 10-fold
cross-validation to train and test the BBN model. The
data were first partitioned into 10 almost equally sized
subsets. We then performed 10 iterations of training
and validation. In each iteration, a different subset of
the data is removed during training (leaving nine
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subsets in the training set) and then used for valida-
tion. 10-fold cross-validation tends to provide a less
biased estimate of the accuracy because we can ensure
that cases used to train the model are never used to
determine its performance.

Results

Our multicollinearity testing determined that the in-
dependent variants of all indices were acceptable and
did not have excessive correlations. We used a power
analysis to determine if we had a large enough data set
for an effective MR analysis. For our sample size of 590
and alpha = 0.05 (where alpha is the Type I error rate,
i.e. the rate at which a true null hypothesis will be
rejected), the SPSS sample power function determined
that the MR analysis had a power of one. Therefore, we
had a sufficiently large data set for MR analysis. There
is no suitable and commercially available power anal-
ysis software for BBN or ANN, and there is some
controversy concerning the optimal sample sizes, espe-
cially for BBN. This is a frontier research problem in
the data mining and machine-learning community.
Therefore, we used the MR power analysis as a sub-
stitute, in a similar way as we validated the in-
dependency of the variants using the multicollinearity
test for MR analysis.

Table 3 compares incorrectly diagnosed cases of bone
changes and disc displacement using the BBN, NPC,
PC, greedy search-and-score with Bayesian information
criterion, Chow-Liu tree, Rebane—Pearl poly tree, tree
augmented naive, maximum log likelihood, Akaike in-
formation criterion, minimum description length, K2
and C4.5 methods, and the MR and ANN analyses
using resubstitution validation. Table 4 compares the
incorrectly diagnosed cases of bone changes and disc
displacement using the same 11 BBNs and the ANN
with 10-fold cross-validation. In our data set, 191 TMJs
(32.37%) had bone changes and 340 TMJs (57.62%) had
disc displacement. The MR using resubstitution vali-
dation was very accurate, and the ANN was also very
accurate, using resubstitution or 10-fold cross-
validation. However, neither of these methods produce
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Table 2 Variables and instances used as findings and diagnosis (disk displacement)

Variables Code Instances Criteria
Disc displacement
Posteroanterior
Direction ad_dire = Normal, anterior, posterior In the sagittal plane, the intermediate zone of the disc is located anterior or

posterior to the condyle in the closed mouth position

Portion Normal, partial, total In many (total) or a few (partial) of the sagittal plane images, the disc is
located in the anterior or posterior in the closed mouth position
Degree Normal, slight, severe The sagittal plane degree (slight or severe) of the disc displacement in the
closed mouth position
Reduction
Type red_type Normal, with reduction, without Normal: in the sagittal plane, the thick posterior part of the disc is located

reduction, not visible, no data superior to the condylar head, and the thin intermediate zone of the disc is
located between the condylar head and the posterior slope of the articular
eminence
With reduction: in the sagittal plane, the intermediate zone of the disc is
located anterior to the articular eminence in the open mouth position
Without reduction: in the sagittal plane, the intermediate zone of the disc is
located posterior to the articular eminence in the open mouth position
Not visible: neither the signal intensity nor the outline makes it possible to
define the structure of the disc in the opened mouth position
No data: limitations to the mouth opening mean that sagittal images are not
obtained

Portion red_port Normal, partial, total In many (total) or a few (partial) of the sagittal plane images, the

located anterior with or without reduction in the open mouth posit

Medial-lateral

Direction lat_dire =~ Normal, lateral, medial In the axially corrected coronal plane, the disc is not centred between the
condyle and eminence in either the medial or the lateral parts
Portion lat_port  Normal, partial, total In many (total) or a few (partial) of the sagittal plane images, the disc is
located medially or laterally in the closed mouth position
Degree lat-deg Normal, slight, severe, total The coronal plane degree (slight or severe or total) of the disc displacement in|
the closed mouth position
Articular disc_form Normal, even_thickness, Normal: the discs in the sagittal plane are biconcave
disc form deformed, Even thickness: the discs in the sagittal plane have an even thickness
deformed (folded), Deformed: all shapes other than biconcave, even thickness, folded, thickening
enlargement_of_posterior_band, of posterior band and obscure; biconvex or other type in the sagittal plane
obscure Deformed (folded): the discs in the sagittal plane are folded

Enlargement_of _posterior_band: the posterior bands of the discs in the
sagittal plane are enlarged
Obscure: neither the signal intensity nor outline make it possible to define
a structure as the disc

Joint space

Joint effusion eff_spa None, upper, lower, upper and  Bright signal in upper or lower of either joint space in 7, weighted images
(portion) lower

Joint effusion eff degr  None, slight, frank None: no bright signal in either joint space in 7, weighted images

(degree) Slight: a bright signal in either joint space that conforms to the contours of

the disc, fossa/articular eminence and/or condyle
Frank: a bright signal in either joint space that extends beyond the osseous
contours of the fossa/articular eminence and/or condyle and has a convex
configuration in the anterior or posterior recesses

Interrelation of condyle and fossa

Condylar translat 1. Less_than_apex Class I: apex of the condylar translation beyond the apex of the articular
translation 2. To_apex eminence
3. Beyond_apex Class 2: apex of the condylar translation to the apex of the articular eminence
Class 3: apex of the condylar translation to less than the apex of the articular
eminence
Bony space space 1. Normal_space Class I: concentric position with normal joint space
2. Decreased_space Class 2: concentric position with decreased joint space
3. Increased_space Class 3: concentric position with increased joint space
4. Anterior_position Class 4: anterior position
5. Posterior_position Class 5: posterior position

Diagnosis of disc  Discdisp A.Normal ADD-N and wR-N and woR-N and Lat-N
displacement B.ADDwR ADD-notN and wR-notN and Lat-N
C.ADDwoR ADD-notN and woR-notN and Lat-N

F.Lat ADD-N and wR-N and woR-N and Lat-notN
B.ADDwR_F.Lat ADD-notN and wR-notN and Lat-notN
ADDwoR _F.Lat ADD-notN and woR-notN and Lat-notN

ADD, anterior disc displacement; Lat, lateral displacement; N, normal; notN, not normal; woR, without reduction; wR, with reduction.
Shading represents definitions from this study and the other findings were defined by research diagnostic criteria for temporomandibular disorder.
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0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)

ANN

0 (0.00%)
1 (0.17%)
0 (0.00%)
2 (0.34%)
1 (0.17%)
1 (0.17%)
5 (0.85%)
1 (0.17%)
1 (0.17%)
0 (0.00%)
0 (0.00%)
1 (0.17%)
1 (0.17%)
1 (0.17%)
5 (0.85%)

10 (0.85%)

0 (0.00%)
5 (0.85%)

0 (0.00%)
1(0.17%)
2 (0.34%)
1 (0.17%)
9 (1.53%)
1 (0.17%)
1(0.17%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
1 (0.17%)
3 (0.51%)

12 (1.02%)

MDL

0 (0.00%)
5 (0.85%)
0 (0.00%)
1 (0.17%)
1 (0.17%)
1 (0.17%)
8 (1.36%)
1 (0.17%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
1(0.17%)
2 (0.34%)

10 (0.85%)

AIC

0 (0.00%)
10 (1.69%)
1 (0.17%)
1(0.17%)
1 (0.17%)
1 (0.17%)
14 (2.37%)
0 (0.00%)
2 (0.34%)
3 (0.51%)
0 (0.00%)
0 (0.00%)
3 (0.51%)
1(0.17%)
9 (1.53%)
23 (1.95%)

ML

38 (6.44%)
12 (2.03%)
19 (3.22%)
55 (9.32%)

5 (0.85%)

0 (0.00%)
129 (21.86%)

1 (0.17%)

7 (1.19%)

5 (0.85%)

0 (0.00%)

3(0.51%)

3(0.51%)

0 (0.00%)

19 (3.22%)
148 (12.54%)

TAN

Rabena—Pearl
25 (4.24%)
4 (0.68%)
10 (1.69%)
27 (4.58%)
5 (0.85%)
0 (0.00%)
71 (12.03%)
0 (0.00%)
5 (0.85%)
4 (0.68%)
0 (0.00%)
8 (1.36%)
0 (0.00%)
0 (0.00%)
17 (2.88%)
88 (7.46%)

2 (0.34%)
8 (1.36%)
8 (1.36%)
8 (1.36%)
4 (0.68%)
0 (0.00%)

30 (5.08%)
0 (0.00%)
1 (0.17%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
1 (0.17%)

31 (2.63%)

Chow—Liu

1 (0.17%)
4 (0.68%)
1 (0.17%)
6 (1.02%)
1 (0.17%)
0 (0.00%)

13 (2.20%)
1 (0.17%)
3(0.51%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
2 (0.34%)
0 (0.00%)
6 (1.02%)

19 (1.61%)

BIC

0 (0.00%)
2 (0.34%)
0 (0.00%)
1 (0.17%)
1 (0.17%)
0 (0.00%)
4 (0.68%)
1 (0.17%)
1 (0.17%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
2 (0.34%)

6 (0.51%)

PC

Incorrect cases (%) using 10-fold cross-validation

0 (0.00%)
2 (0.34%)
0 (0.00%)
1 (0.17%)
1 (0.17%)
0 (0.00%)
4 (0.68%)
1 (0.17%)
1 (0.17%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
0 (0.00%)
2 (0.34%)
6 (0.51%)

3 Rebane—Pearl poly tree,>* tree augmented naive (TAN) Bayes model,*> maximum log likelihood (ML),*® Akaike information criterion (AIC),3” minimum description
NPC

it

Osteoarthrosis-slight (126)
Osteoarthrosis-severe (21)

N/A
ADDwoR + lateral (37)

ADDWR + lateral (60)
N/A

Indeterminate (13)
Concavity (31)
Subtotal (590)
Disc displacement
ADDwoR (127)
Lateral (19)
Subtotal (590)

Total (1180)
ADD, anterior disc displacement; N/A, not applicable; woR, without reduction; wR, with reduction.

ADDWR (97)
295 cases X 2 sides = 590 temporomandibular joints.

Normal (399)
Normal (250)

Table 4 Accuracy comparison for the Bayesian belief networks [necessary path condition (NPC),?’ path condition (PC),* greedy search-and-score®! with Bayesian information criterion

length (MDL)*® and K2,*], and the ANN (artificial neural network) using 10-fold cross validation

(BIC),*? Chow-Liu tree,
Diagnosis
Bone changes
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multicollinearity testing showed that the independent
variants of all indices were acceptable with no excessive
correlations. Cross-validation presents a potential
methodological pitfall if some of the findings are related
or not independent. For example, a single patient with
multiple findings in both the training and test sets rep-
resents a leak of information, which can result in over-
optimistic performance measures. However, we ensured
the independence of independent variants by applying
multicollinearity testing to the MR analysis.

The reported accuracies of diagnoses using MR
images of TMIJs range from 60% to 100% for bony
abnormalities and from 73% to 85% for disc position.'
Although the value of MRI when detecting TMJ osse-
ous abnormalities is considered to be limited*® (espe-
cially by a single examiner**), MRI poses no radiation
threat to patients and can detect 59% of patients with
bone changes and 95% with disc displacement.* In our
hospital, multidetector CT or CBCT are not used in
routine examinations for TMD. Additionally, surgical
interventions such as arthrocentesis, arthroscopy and
open surgery are not applied. Therefore a “gold stan-
dard” histopathological diagnosis is not performed,
unlike oral bone lesions. TMDs are treated relatively
conservatively. In this study, 191 TMJs (32.37%) had
bone changes and 340 TMJs (57.63%) had disc dis-
placement. These proportions were almost the same as
bone changes (29.9%) and disc displacement (58.6%) in
314 TMIJs of 157 cases from Tokushima University
hospital’s TMJ clinic.?®

The complex criteria for bone changes and disc dis-
placement given in RDC/TMD will be prohibitive to
daily clinical use in the future. Therefore, we have used
relatively simple criteria with four levels of bone
changes and six types of disc displacement (Tables 1 and
2). Figure 1 shows that bone changes, disc displacement,
condyle/fossa relation (condylar translation and bony
space), disc form and age have complex influences on
each other. Findings among bone changes have com-
plex interrelationships, but the relationships between
disc displacement, condyle/fossa relation and disc form
are relatively simple.

Joint spaces (upper, lower or both) of effusion relate
to the degree of effusion (slight or frank). Spaces and
degree of joint effusion do not relate to any other
findings. The results of this study did not reveal statis-
tical or significant evidence that joint effusion was an
initial finding of TMJ inflammation leading to bone
changes and disc displacement. Manfredini et al*®
evaluated the link between TMJ effusion and disc dis-
placement using MRI but did not reach a conclusion
regarding how non-reducing displacement causes joint
effusion. Disc displacement may not be the dominant
factor for defining TMJ effusion, meaning that we must
consider local or systemic conditions other than the
disc—condyle relationship.*’ Intra-articular fluid accu-
mulation did not indicate disease progression to more
chronic bone changes and disc displacement. Our results
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Directed acyclic graph of temporomandibular disorder using the Bayesian belief network path condition algorithm, 35 variables and

resubstitution validation. Relationships between findings split into joint space, clinical findings, bone changes, disc displacement, condylar/fossa

relation and disc form.

did not relate joint effusion to bone changes and disc
displacement.

Considering clinical findings, we found that age was
related to bone changes, disc displacement, condylar
location, bony space and disc form. In Figure 1, a bone
change can be directly diagnosed by five main condylar
findings (flattening, surface erosion, subcortical sclero-
sis, osteophyte and deformity), one fossa finding (flat-
tening) and one mandibular contour finding (concavity).
These findings conclusively diagnosed bone changes.
Subcortical cyst, posterior slope of eminence, shallow
fossa, condylar hypoplasia, mandibular angle notch and
condylar neck length were related to other fossa and
mandibular findings, and indirectly related to a diagnosis
of bone changes. Bone changes from surface erosion to
the subcortical sclerosis in fossa were not related to other
findings. Condylar hyperplasia, mandibular ramus
length and generalized sclerosis were not related to other
findings.

Figure 1 suggests that a main progression for bone
changes may be identified by showing changes in the

Dentomaxillofac Radiol, 44, 20140279
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condyle (surface erosion through subcortical sclerosis to
osteophyte) that lead to changes in the articular fossa
(posterior slope of eminence to shallow fossa) and then
to deformations of the mandible contour (condylar neck
length and mandibular angle notch’). Changes in the
condyle (surface erosion and osteophyte) are defined as
osteoarthritis by RDC/TMD. Subcortical sclerosis and
flattening are defined as indeterminate osteoarthrosis by
RDC/TMD. We defined new findings (posterior slope
of eminence, shallow fossa, condylar neck length and
mandibular angle notch) that indicate severe bone
changes of the fossa and mandibular contour.

The progression for bone changes from osteophyte,
subcortical cyst and shallow fossa to condylar hypo-
plasia was recognized by the BBN (Figure 1). Condylar
hypoplasia is related to bone changes (osteophyte,
subcondylar cyst and shallow fossa), disc displacement
(direction and portion of anterior disc displacement),
condylar translation, bony space, disc form and age.
Thus, we determined that this bone change was caused
by disc anterior displacement, TMJ movement factors
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Figure 2 Conditional probability distribution tables superimposed on the directed acyclic graph.

(i.e., bony space/condylar translation and disc form)
and ageing. In RDC/TMD, subcortical cysts are used as
criteria for osteoarthrosis. In this study, subcortical
cysts were directly related to condylar hypoplasia, and
severe bone changes of the condyle (osteophyte) and
fossa (shallow fossa). Subcortical cysts are thought to be
a severe modification of surface erosion. Deformity
(which has been thought to be a final stage of osteo-
arthrosis of the condyle) had no relationship with the
main progression in the condyle (surface erosion
through subcortical sclerosis to osteophyte). Deformity
may represent a static stage in the progression of bone
changes, when compared with active stages such as
surface erosion to the osteophyte. Changes in the ar-
ticular fossa (surface erosion to subcortical sclerosis) did
not lead to other bone changes. This may be caused by
bone changes that occur on the condyle but not in the
fossa, in the early stage of the pathological process.
Bone changes in the fossa cannot be easily detected
using MR images. Generalized sclerosis was not related
to other findings. In RDC/TMD generalized sclerosis is
used as a criterion for osteoarthrosis. The results in this

study do not include generalized sclerosis in the pro-
gression of bone changes. However, there were very few
cases (0.34%), so we did not have a sufficient amount of
detail regarding abnormal bone changes for generalized
sclerosis.

Concavity did not indicate any relationship between
other bone changes and disc displacement (Figure 1). At
the beginning of our study, we included concavity as
“indeterminate”. Using the BBN, concavity was mis-
diagnosed as “normal”. We believe that condylar neck
length and mandibular ramus length that were defined
as “indeterminate” by the author were considered to be
minor, because many findings such as concavity were
diagnosed as “normal”. However, by independently
considering concavity, the BBN properly diagnosed one
type of bone change using simpler logical relationships.
Concavity may be an independent diagnostic entity.
There may be an unrecognized aetiology of “concavity
on the posterior articular bony surface of the condylar
head”.* Mandibular ramus length was not related to any
bone changes, but it was related to disc displacement
(type of disc reduction and direction of lateral disc

birpublications.org/dmfr
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displacement). de Leeuw et al’ reported that unilateral
disc displacement leads to osteoarthritic degeneration of
the condyle and shortening of the mandibular affected
side. Our BBN results are consistent with their report.
Condylar hyperplasia is not related to other findings.
There are no details about the abnormal bone changes
of condylar hyperplasia.

In RDC/TMD, “indeterminate” TMJ osteoarthritis is
determined by the presence of subcortical sclerosis and/
or articular surface flattening, and “osteoarthritis” is
defined by the presence of subcortical cyst(s), erosion(s),
osteophyte(s) or generalized sclelosis.' In this study,
“indeterminate” osteoarthritis is determined using
a simple relational expression formula (a combination
of condylar hypoplasia, condylar neck length and
mandibular ramus length), and “osteoarthritis” is de-
fined by the presence of surface erosion, osteophyte and
deformity (Table 1). The BBN directly diagnosed bone
changes using seven variables: three indeterminate
findings (flattening of condyle and fossa and subcortical
sclerosis), two osteoarthritis findings (surface erosion
and osteophyte) and two other findings (deformity and
concavity). Indeterminate condylar hypoplasia, condy-
lar neck length and mandibular ramus length for TMJ
osteoarthritis (by the author’s definition) were not re-
lated to a diagnosis. Three indeterminate findings
(flattening of condyle and fossa, and subcortical scle-
rosis) from RDC/TMD statistically agreed with our
definition of “indeterminate”. Two findings (surface
erosion and osteophyte) of slight “osteoarthritis” (by
our definition) were related to the same definition from
RDC/TMD.

In Figure 1, the direction, portion and degree of an-
terior displacement relates to the portion of reduction.
The degree of lateral displacement is related to the
portion of lateral displacement. But these six findings
were not directly related to the disc displacement di-
agnosis. The type of reduction was related to the di-
rection of lateral displacement. These two findings were
conclusive for disc displacement. Direction, portion and
degree of anterior displacement and portion of re-
duction had a direct relationship with disc form
(Figure 1). These four findings for disc displacement are
the first factors that relate to disc form. Findings con-
cerning disc displacement can be split into two groups
according to their relationship to disc form or a di-
agnosis of disc displacement. In RDC/TMD, the degree
and portion of anterior displacement, and portion of
reduction (Table 2) are not defined as DC for disc dis-
placement. The BBN revealed a direct relationship be-
tween disc form and these disc displacement findings
but did not find a relationship between lateral disc
displacement (portion and degree of lateral displace-
ment) and other disc displacement and disc form
findings.

Figure 1 shows the relationships between bone
changes, clinical findings, condyle/fossa relation (con-
dylar translation and bony space) and disc form.
Osteophyte, subcortical cyst, shallow fossa, condylar
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hypoplasia of bone change findings and age are sec-
ondary factors that relate to disc form. Age relates to
condylar translation and bony space. These three
findings (age, condylar translation and bony space) are
tertiary factors that relate to disc form. Condylar
translation and bony space relate to osteophyte, sub-
cortical cyst, shallow fossa, condylar hypoplasia and
age. These factors were the same as the secondary
factor related to disc form. Many types of disc forms
were formed by combining disc displacement, bone
changes, condyle/fossa relation (condylar translation
and bony space) and age. Yano et al® investigated the
relationship between the appearance of double con-
tours on the mandibular condyle, and changes in the
articular disc position after splint therapy. These
adaptive changes are thought to result from the dis-
placed articular disc, which directly relates morphol-
ogy to function. Busato et al’ showed that a lack of
synchronous movement between disk and condyle and
dislodgment of the condyle in the glenoid fossa relate
to morphological changes of the condyle and articular
eminence (fossa). Interarticular space reduction or
enlargement and disk derangement are not associated
with disk and condylar incoordination. Our results
show that disc displacement (direction, portion and
degree of anterior displacement, portion and type of
reduction, and direction of lateral displacement) di-
rectly relates to severe bone changes (osteophyte,
subcondylar cyst, shallow fossa, condylar hypoplasia
and mandibular ramus length). Early bone changes
were not directly related to disc displacement. Our
results may not show the first cause of TMD to be disc
displacement or TMJ morphological bone changes,
even though TMJ movement factors (i.e., bony space/
condylar translation, and disc form) and age certainly
mediate both of those phenomena (bone changes and
disc displacement).

This study focused on analysing relationships be-
tween MRI findings to determine the progression of
TMD, rather than on providing answers to existing
clinical concerns. The added benefit of our approach is
not presented in the context of the existing standard of
care, and this study has limited value because the re-
producibility of our interpretation cannot be statistically
evaluated, and MRI may not be the best imaging mo-
dality to assess bone changes. The study would be
more valuable if clinical symptoms and MRI findings
are correlated. TMDs are comprehensive and
multifactor-related diseases and are subjects of ongoing
investigation.

Conclusion

In this study, we investigated the applicability of a BBN
to MRI diagnoses of TMD in an attempt to determine
the progression of TMDs. We particularly focused on
how bone changes, disc displacement, condylar trans-
lation, bony space and disc form affect each other. We
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used a BBN PC algorithm with resubstitution and
10-fold cross-validation, which was >99% accurate.
Our results suggest that osteoarthritic bone changes
progress from condyle to articular fossa, and finally
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