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Background: Temporomandibular joint disorder (TMD), which is a broad category encompassing
disc displacement, is a common condition with an increasing prevalence. This study aimed to develop an
automated movement tracing algorithm for mouth opening and closing videos, and to quantitatively analyze
the relationship between the results obtained using this developed system and disc position on magnetic
resonance imaging (MRI).

Methods: Mouth opening and closing videos were obtained with a digital camera from 91 subjects, who
underwent MRI. Before video acquisition, an 8.0-mm-diameter circular sticker was attached to the center of
the subject’s upper and lower lips. The automated mouth opening tracing system based on computer vision
was developed in two parts: (I) automated landmark detection of the upper and lower lips in acquired videos,
and (II) graphical presentation of the tracing results for detected landmarks and an automatically calculated
graph height (mouth opening length) and width (sideways values). The graph paths were divided into three
types: straight, sideways-skewed, and limited-straight line graphs. All traced results were evaluated according
to disc position groups determined using MRI. Graph height and width were compared between groups
using analysis of variance (SPSS version 25.0; IBM Corp., Armonk, NY, USA).

Results: Subjects with a normal disc position predominantly (85.72%) showed straight line graphs.
The other two types (sideways-skewed or limited-straight line graphs) were found in 85.0% and 89.47%
in the anterior disc displacement with reduction group and in the anterior disc displacement without
reduction group, respectively, reflecting a statistically significant correlation (3’=38.113, P<0.001). A
statistically significant difference in graph height was found between the normal group and the anterior disc
displacement without reduction group, 44.90+9.61 and 35.78+10.24 mm, respectively (P<0.05).
Conclusions: The developed mouth opening tracing system was reliable. It presented objective and
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quantitative information about different trajectories from those associated with a normal disc position in

mouth opening and closing movements. This system will be helpful to clinicians when it is difficult to obtain

information through MRI.
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Introduction

Temporomandibular joint disorder (TMD) is a common
condition, with a prevalence of about 40% (1,2), and the
number of patients seeking medical care for TMD is
increasing over time (3). Disc displacement is a subtype of
TMD (4), for which the most accurate diagnostic tool is
magnetic resonance imaging (MRI) as a modality capable
of evaluating the position and shape of the disc and the
range of condylar head movement (5,6). One of the clinical
examinations used to estimate disc displacement is to assess
whether there is deviation or deflection during mouth
opening movement (7). This movement occurs as a complex
series of interrelated three-dimensional rotational and
translational activities of both temporomandibular joints
(TMJs). Each TM]J cannot function independently. In the
early stage of mouth opening, rotation occurs in the inferior
cavity of the joint, followed by translation in the superior
cavity (2). Therefore, if the disc is in the normal position,
the mouth opening movement generally proceeds almost in
a straight line. In contrast, disc displacement interferes with
condylar translation, resulting in deviations or deflection of
the mouth movement.

Because the path of mouth opening movement has
been used to generate data for functional adjustments in
the processes of dental prosthetic treatment and TMD
screening, various methods have been developed to
record and analyze mouth opening movements. The use
of mechanical equipment can help to accurately trace the
motion, but the disadvantage is that the equipment is heavy
and cumbersome, potentially interfering with movement.
Another method using an ultrasonic jaw motion analyzer
has also been reported (8,9); such devices are increasingly
simple, but remain impractical to use in dental clinics.
Thus, most clinicians visually evaluate the path of mouth
opening movement for TMD screening in a clinical setting.
However, a visual examination is subjective, with results
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that may vary from tester to tester, and the movement
path cannot be recorded and quantified. Only a few studies
have explored the relationship between patterns of mouth
opening movement and disc displacement (10,11).

Recently, artificial intelligence (AI) applications have
been actively developed in the dental field (12,13). In this
study, an Al-based system including computer vision that
analyzes the mouth opening path was developed and the
relationship between the path analysis generated by the
model and the MRI-based diagnosis was evaluated. We
hypothesized that if disc displacement is present, the mouth
opening movement would be different from the pattern
observed if the disc is in the normal position, and that Al-
based systems would be as accurate as clinical experts with
extensive clinical experience. The results will be useful for
TMD screening by providing quantitative information on
patterns of mouth opening movement.

The purpose of this study was to develop an automatic
mouth opening tracing system based on computer vision
using videos of mouth opening and closing movements, and
to investigate the relationship between the path analysis
obtained from the developed system and disc position on
MRI.

We present the following article in accordance with the
MDAR checklist (available at https://dx.doi.org/10.21037/
qims-21-629).

Methods
Subjects

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This research
was approved by the Institutional Review Board of Yonsei
University Dental Hospital (IRB No. 2-2020-0038).
Informed consent was obtained from all participants and,
if applicable, their legal guardians and patient information
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Figure 1 Flow chart diagram of participation. TM]J, temporomandibular joint; MRI, magnetic resonance imaging.

such as age, sex, and patient number were anonymized prior
to analysis.

A total of 104 subjects who underwent TM] MRI
examinations at Yonsei University Dental Hospital were
selected. Among the subjects, those with a history of
TM] surgery, traumatic injury, and medial or lateral disc
displacement on MRI were excluded. Finally, 91 subjects
(17 males and 74 females; mean age, 38.42 years old; age
range, 13 to 80 years old) were included in this study
(Figure 1). All MRI images were obtained according to
a routine TM]J protocol in the closed- and open-mouth
positions using a SIGNA Pioneer 3.0 T MRI scanner
(GE Healthcare, Waukesha, WI, USA) with a 16-channel
flex large coil. Sagittal proton density-weighted images
were obtained with the following parameters: TE/TR,
50/2,084 ms; bandwidth, 41.67 kHz; NEX, 1.5; FOV,
130 mm x130 mm; slice thickness, 2.5 mm; and scan time,
2 min 14 s. Coronal proton density-weighted images
were obtained with the following parameters: TE/TR,
50/1,500 ms; bandwidth, 41.67 kHz; NEX, 2; FOV,
130 mm x130 mmy; slice thickness, 2.5 mm; and scan time,
2 min 3 s. Sagittal T2-weighted images were obtained with
the following parameters: TE/TR, 80/3,088 ms; bandwidth,
25.00 kHz; NEX, 1.5; FOV, 130 mm x130 mm,; slice
thickness, 2.5 mm; and scan time, 2 min 16 s.

On MRI, the normal disc position is one in which the
posterior band is located directly superior to the condylar
head and the thin intermediate zone is located between
the articulating surface in the closed mouth position (14).
An oral and maxillofacial radiologist with 15 years of
experience assessed the disc position as normal, anterior
disc displacement with reduction (DDWR; the posterior
band located anterior to the condylar head in the closed-
mouth position, but with a normal disc-condyle relationship

in the open-mouth position), or anterior disc displacement
without reduction (DDWOR,; the posterior band positioned
anterior to the condyle in both the closed- and open-mouth
positions). Disc displacement can be unilateral or bilateral.
The subjects were divided into six subgroups as follows:
(I) group A (normal on both sides), (II) group B (DDWR
on only one side), (III) group C (DDWR on both sides),
(IV) group D (DDWOR on only one side), (V) group E
(DDWOR on both sides), and (VI) group F (DDWOR on
one side and DDWR on the other side). The six subgroups
were further grouped as normal, DDWR, or DDWOR.
Group F was included in the DDWOR group. Table 1
shows the general characteristics of the subjects according
to groups.

Video acquisition of mouth opening and closing movements

An 8.0-mm-diameter circular sticker was attached to the
center of the subject’s upper and lower lips. The subject
was seated on a chair with his/her back and head against a
wall to minimize body movements during video acquisition.
One operator (HS Choi) adjusted the subject’s face to
ensure that it was not tilted, and the camera was positioned
in front of the subject. To remove personally identifiable
information, only a limited area from the nose to above the
shoulder was taken and the lips were located at the center
of the imaging area to reduce camera lens distortion. Before
video acquisition, the subject practiced mouth opening and
closing movements one to two times under the guidance of
an oral radiologist (KJ Jeon). Finally, the subject performed
the mouth movements as practiced upon request, and the
operator recorded the movements. A digital camera (Sony
A5100L; Sony, Minato, Tokyo, Japan) and lens (Sony
SELP1650; Sony, Minato, Tokyo, Japan) were used with
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Table 1 Groups of the subjects according to disc position on MRI

Groups  Subgroups Number of subjects (male/female) Mean age (years) Age range (years)
Normal A (normal on both sides) 14 (8/6) 39.57 20-80
DDWR B (DDWR on only one side) 13 (3/10) 35.08 13-55

C (DDWR on both sides) 7 (2/5) 38.57 19-68
DDWOR D (DDWOR on only one side) 12 (1/11) 38.17 13-63

E (DDWOR on both sides) 20 (1/19) 39.90 17-73

F (DDWOR on one side and DDWR on the other side) 25 (2/23) 38.40 14-71

MRI, magnetic resonance imaging; DDWR, anterior disc displacement with reduction; DDWOR, anterior disc displacement without

reduction.

the following capture settings: focal length, 16-50 mm in
focal length; aperture range, and /3.5-5.6; 30 frames per
second. The video for input to the model was resized from
its original resolution of 1,080 (width) x 1,440 (height) to
540 (width) x 720 (height).

Development of the automated mouth opening tracing
system based on computer vision

A total of 10,604 frames obtained from the videos of 91
subjects were used to develop an automatic tracing system
of mouth opening and closing movements. The mouth
opening tracing system was developed to automatically
output a tracing graph after video input using MATLAB
R2019b (MathWorks, Natick, MA, USA). Figure 2 shows
the overall process of the developed system. We designed
the automated model as follows: (I) development of
automated landmark detection of the upper and lower
lips from the videos; and (II) graphical visualization of the
tracing graph and automatic calculation of the graph height
(mouth opening length) and width (sideways values).

In the first step, the landmarks to be automatically
detected were defined by the circular stickers attached to the
upper and lower lips in each video frame. This process started
with inputting the video, and each video frame was converted
from an RGB image to a gray-scale image. The model
detected the bright circles with a radius of 3-10 (pixels)
in each converted frame using the circular Hough transform
method. From the two detected circular stickers, the center
coordinates (x and y) and the radius of each circle were
extracted. The second step was designed to provide the
visual and quantitative information necessary for analysis
using automatically detected landmarks. The tracing graph
output the lower lip movement based on the upper lip at
the same position. In the first frame, the positions of the
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initially recognized (x, y) coordinates were adjusted to
(0, 0), and in the subsequent frames, each position of the
coordinates was calculated using the equations below.

x-coordinate : (x-coordinate of the lower lip)

- (x-coordinate of the upper lip)

y-coordinate : (y-coordinate of the lower lip) 2]
—(y-coordinate of the upper lip)

To provide additional information, graph height and
width values were calculated from the traced graphs.
The computed (x, y) coordinates (pixels) using the actual
radius of the circular sticker were extracted as the actual
length (mm). The height and width were calculated by the
following equation.

Height value = (maximum y-coordinate value) 3]

—(minimum y-coordinate value)

Width value = (maximum x-coordinate value) o

—(minimum x-coordinate value)

As the final output of the developed automated mouth
opening tracing system, a visualized graph with height
and width values was presented. The opening tracing was
displayed as green and the closing tracing was displayed in
orange for easy identification of mouth movement.

Evaluation of the proposed systems and statistical analysis
of graphs according to disc position

For objective evaluation, the expert manually annotated the
centers of two circular stickers on 252 randomly selected
frames, and this manual annotation data were used as the
gold-standard coordinates. To verify the reliability of the
proposed system, intraclass correlation coefficients (ICCs),
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Figure 2 Overall process of our automated mouth opening tracing system. (A) The final output of the proposed system; (B) the mouth

opening tracing model and graphical output. This image is published with the patient/participant’s consent.

mean absolute error (MAE), and mean squared error (MSE)
were calculated between the automatically detected results
and the gold-standard values. The automatically detected
landmarks showed good reliability, with an ICC of 0.876,
MAE of 0.802, and MSE of 0.904 mm compared with the
expert’s manual annotation.

The graph paths were categorized into three types:
straight, sideways-skewed, and limited-straight line graphs.
The straight line type displayed alignment from the starting
to ending points on the graph during mouth opening and
closing movements, and had height values of 35 mm or
more. The sideways-skewed line type had notable sideways
changes on the path, such as skews or bouncing with various
ranges of height and width values. The limited-straight
line type presented a straight line, but with a limited height

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

value of less than 35 mm.

Statistical analysis was performed using the two-
sided Fisher exact test to evaluate correlations between
the three groups (normal, DDWR, and DDWOR) and
the proportions of graph path types in each group. The
height and width values were presented by descriptive
statistics including mean and range. The Shapiro-Wilk
and Levene tests were conducted to assess the normality
of the distribution and the equality of variance of the data
according to group. Statistically significant differences in
height and width were calculated using Welch’s one-way
analysis of variance (ANOVA) with the post-hoc test using
the Games-Howell multiple comparison test with a 5%
significance level. IBM SPSS Statistics version 25.0 (IBM
Corp., Armonk, NY, USA) was used for statistical analysis.
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Table 2 Graph path types, height, and width of automated mouth opening tracing results according to groups

Graph path types, n (%)

Groups Subgroups Height range (mean) Width range (mean)
Straight (n=21) Sideways-skewed (n=55) Limited-straight (n=15)

Normal A 12 (85.72) 1(7.14) 1(7.14) 25.86-64.48 (44.90)  1.41-6.41 (3.76)

DDWR B 1(7.70) 10 (76.92) 2(15.38) 27.83-59.49 (38.60) 1.21-9.53 (4.60)
C 2 (28.57) 5(71.43) 0(0) 30.8-53.52 (38.31) 2.83-8.96 (4.73)

DDWOR D 2 (16.67) 7 (58.33) 3 (25.00) 16.05-59.08 (35.79) 1.24-6.82 (3.30)
E 2 (10.00) 13 (65.00) 5 (25.00) 20.89-55.19 (34.58) 1.35-7.18 (3.72)
F 2(8.00) 19 (76.00) 4 (16.00) 24.37-56.66 (36.73)  1.19-10.17 (4.23)

The unit of height and width values are millimeters (mm). DDWR, anterior disc displacement with reduction; DDWOR, anterior disc

displacement without reduction.

Table 3 Distribution of graph path types between the normal, DDWR, and DDWOR groups

Graph path types, n (%)

Groups Total
Straight Sideways-skewed Limited-straight
Normal 12 (85.72) 1(7.14) 1(7.14) 14
DDWR 3 (15.00) 15 (75.00) 2 (10.00) 20
DDWOR 6 (10.53) 39 (68.42) 12 (21.05) 57
i (P value) 38.113 (<0.001%)
Two-sided Fisher’s exact test, *P<0.05. DDWR, anterior disc displacement with reduction; DDWOR, anterior disc displacement without
reduction.
Results difference (P<0.05). No statistically significant difference in

In group A, 85.72% of the graph paths were straight line
graphs, while sideways-skewed line graphs were present
in 76.92%, 71.43%, 58.33%, 65%, and 76% of subjects in
groups B to F, respectively. The limited-straight line pattern
was found in 25% of subjects in group E. The mean height
of the graphs was 44.90 mm in group A and 34.58 mm in
group E (1able 2).

A correlation between the disc position on MRI and
graph path type was statistically confirmed in the three
groups (P<0.001) (7able 3). The straight line type was
present in 85.72% of subjects in the normal group, while
the sideways-skewed and limited-straight line types were
found in 85.0% and 89.47% of subjects in the DDWR and
DDWOR groups, respectively (Figure 3).

Figure 4 shows a comparison of the height of mouth
opening among groups. The mean height in the DDWOR
group was 35.78+10.24 mm, which was lower than that
of the normal group (44.90£9.61 mm) and the DDWR
group (38.50+8.92 mm), reflecting a statistically significant

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

the width of mouth opening was found among the groups

(P>0.05).

Discussion

Our study showed a correlation between the graph
paths identified using the developed system and the
disc position on MRI. Approximately one-third of the
population has TMD, which is a chronic disease that may
not be diagnosed until mouth opening limitation or pain
develops (1,2). TMD is a very complex condition, and its
treatment requires an interdisciplinary approach (15,16).
Anterior disc displacement is considered to be one of
the main causes of TMD (17). MRI can provide accurate
diagnostic information on disc displacement, but its use is
limited due to cost, time, and accessibility for most dental
clinicians. Thus, clinical examinations for disc displacement
diagnosis include pain with mandibular function, abnormal
mandibular movement, and joint sounds (click, popping,
crepitus, and thud sensation) (18).
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Pain is divided into TM]J and masticatory muscle pain,
but it is not easy to accurately distinguish between them (17).
Joint sounds are caused by disc displacement and/or
osteoarthritis, but it is difficult to diagnose osteoarthritis
without computed tomography or cone-beam computed
tomography (19-21). Abnormal mandibular movements
include deviation, deflection, and limitation of mouth
opening. During the mouth opening and closing
movement, deflection refers to visible deviation to one side
at the maximum opening. Deviation is defined as visible
left or right movement during opening that returns to the
midline before or near the maximum opening. Limitation
of mouth opening refers to an unassisted maximum opening
of less than 35 mm according to the Diagnostic Criteria
for Temporomandibular Disorders (17). Limitation of
mouth opening can be assessed as the maximum amount of
opening measured by the distance between the incisal edges,
and there are two types: acute and chronic. If limitation
of mouth opening is due to an acute lock, the patient is
likely to recognize that there is a problem; however, if
TMD is chronic and the disease progresses gradually,
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the patient may not recognize that the mouth opening is
restricted. Approximately 3.6% to 7% of TMD patients
seek professional care for pain, sound, and limitation of
mouth opening, and many patients leave without treatment
(1,2). As a clinical examination, mouth opening and closing
movement can be objectified and quantified, and deviation
or deflection can be graphed by recording mouth opening
and closing movements using special equipment. Recording
devices are expensive to purchase, are not often used due to
the time cost, weight, and discomfort of the device, and rely
on a subjective visual inspection. Since a visual examination
has the drawback that it cannot be visualized and quantified,
it would be very useful if visualization and quantification
could be performed using only a video of mouth opening
and closing movement without any special equipment.

Al is used in various dental fields such as dental caries
diagnosis (22-24), the diagnosis of oral diseases such
as squamous cell carcinoma (25), the formulation of
orthodontic treatment plans (26-28), and assessments of the
developmental stages of third molars (29). There have been
few studies using Al for TMD; therefore, in this study, we
developed an Al system based on computer vision to trace
the mouth opening path using only mouth opening and
closing videos. In this novel study of mouth opening tracing,
circular stickers were attached to the upper and lower lips
to recognize the landmarks. Previously, paths and height
have been analyzed at interincisal points of the maxilla and
mandible. However, since the anterior teeth are not clearly
visible in the mouth opening and closing videos, we analyzed
movement based on the center points of the stickers on the
upper and lower lips. The automated mouth opening tracing
system developed in this study was objectively reliable.

In this study, patients with a normal disc position mostly
showed the straight line type, while those with anterior
disc displacement showed the sideways-skewed or limited-
straight line type. In the normal group, more than 85% of
subjects showed the straight line type, and only two did not.
One of the subjects showed the sideways-skewed type with
left deviation, but a neurological problem was suspected
and the patient was referred to a neurologist. The other
one showed the limited-straight line type. That patient
had masseter muscle pain and a history of Botox injections,
reflecting muscle problems, not disc displacement. In the
group with anterior disc displacement, only about 12% of
patients showed the straight line type. Of the nine patients
with anterior disc displacement who presented the straight
line type, the DDWR joints showed slight or partial disc
displacement in the early stage. In the DDWOR joints, the
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disc displacement was in the late stage, and the disc was not
stuck until the maximum opening, or the disc located in
front at the condylar head moved with the condylar head
at the time of opening. The proposed automated mouth
opening tracing system detected anterior disc displacement
well, but it seemed likely to miss detection of initial and late
stages of disc displacement.

The height of mouth opening was highest in the normal
group, followed in descending order by the DDWR and
DDWOR groups, and the difference was statistically
significant between the normal and DDWOR groups.
The width was lowest in the normal group, followed in
increasing order by the DDWOR and DDWR groups, but
the difference showed no statistical significance. The reason
why DDWOR group had narrower movements than the
DDWR group is thought to be that the condyle was stuck
in the disc and limitation of mouth opening occurred before
the sideways motion.

The main limitations of this study are that each group,
especially the normal group, had a small number of subjects,
the overall age range was very wide, and the number of male
participants was small. With a large number of samples, we
will be able to better characterize the mouth opening graphs
according to disc position. In addition, potential measurement
errors can occur due to the omission of lens calibration and
posterior movement of the lower lip upon opening of the
mouth. Although we constructed a controlled experimental
environment, with steps such as locating the mouth at the
center of the image area and fixing the subject's posture,
technical improvements may be necessary to obtain more
accurate results. Further research may make it possible to
trace paths in real-time without circular stickers by advances
in Al or facial landmark detection using computer vision.

Conclusions

The developed mouth opening tracing system based on
computer vision was reliable and its results were correlated
with disc position on MRI. The proposed system provided
objective and quantitative information about the different
trajectories of mouth opening and closing movements in
people with disc displacement or a normal disc position.
This will help clinicians screen TMD and will facilitate
precise diagnoses for patients.
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