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A B S T R A C T

Objectives: To establish a quantitative method for objectively assessing 3-dimensional (3D) mandibular trajec-
tories and comparing clinical evaluations with computational analyses.
Methods: In total, 184 volunteers were recruited and grouped into control (n = 121) and temporomandibular
disorder (TMD) groups (n = 63) according to the dual-axis DC/TMD checklist. 3D trajectories were generated by
integrating mandibular motion and cone beam computed tomography (CBCT) records. Via digitalized data
processing, the following 3 outcomes were assessed: (1) smoothness using the best-fitting polynomial curve, (2)
open-closure separation by measuring the deviation between open-closure phases, and (3) condylar trajectory
symmetry by comparing left and right movements. Intraclass Correlation Coefficients (ICC) were used to
determine agreement between expert observations and quantitative results. Reference ranges for each parameter
from the normal population were calculated. Mann‒Whitney test was used to analyze the features of the tra-
jectories between the two groups.
Results: ICC confirmed strong consistency between the parametric variations and expert observations (smooth-
ness: 0.797; open-closure separation: 0.820; left-right symmetry: 0.920). Quantitative analyses revealed signif-
icant differences (P < 0.043 for smoothness, P < 0.01 for separation, and P = 0.012 for symmetry) in all
comparisons between movement trajectories of normal participants and those with TMD, with the latter group
exhibiting greater variation and irregularities. The normal range of smoothness was calculated for condylar
trajectories between 0 and 0.25 and 0–0.10 for incisal point trajectories. Open-closure separation normal range
was computed between 0 and 2.28 mm for incisal point trajectory, 0–1.90 mm for left condylar trajectory, and
0–1.76 mm for right condylar trajectory. The normal range of symmetry between condylar trajectories was
calculated to be between 0 and 4.21 mm.
Conclusions: This quantitative analysis was confirmed to be reliable and consistent with expert observations. This
allowed for the discovery of substantially quantified differences in smoothness, open-closure separation, and
symmetry of the motion trajectories in TMD patients versus controls.
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Clinical Significance

This study introduces a novel quantitative method for evaluating
mandibular movements, which aids in diagnosing TMD and
assessing treatment efficacy by quantifying trajectory features. By
establishing standardized metrics and benchmarks alongside
clinical examinations, this method might support the identifica-
tion of individuals at risk for TMD or underlying pathological
factors.

1. Introduction

The temporomandibular joint (TMJ) plays a pivotal role in per-
forming various orofacial functions, including mastication, swallowing,
and speaking [1]. Temporomandibular disorders (TMDs) are neuro-
muscular and musculoskeletal disorders affecting the TMJ and associ-
ated tissues. Epidemiological data indicate a high prevalence of TMDs,
ranging from 30 %− 50 % [2]. These conditions may provoke TMJ
dysfunction, commonly manifested as irregularities in mandibular
movement, joint sounds such as clicking, crepitus, and occasionally pain
[3]. Thus, understanding the harmonized articular activity of TMJs,
collectively known as mandibular movements, could be crucial for
diagnosing and planning treatments for TMDs in patients troubled by
their symptoms [4].

TMJ dysfunctions present unique diagnostic challenges due to their
complex etiology and varied presentation [5]. The Dual Axis Diagnostic
Criteria for Temporomandibular Disorders (DC/TMD) is the most
comprehensive tool available for diagnosing TMD, encompassing both
physical (Axis I) and psychosocial (Axis II) assessments [6]. However, it
has been criticized for its complexity and research-oriented focus, which
can complicate chairside application and lead to potential in-
consistencies in diagnosis [7]. Clinical diagnosis of TMD is often chal-
lenging due to patient subjectivity, variability in the perception and
presentation of TMD symptoms, and the lack of visible clinical or
radiographic findings [8]. While magnetic resonance imaging (MRI)
remains the gold standard imaging modality for evaluating TMJ soft
tissue, it fails to capture the functional dynamics and motion-based as-
pects essential for a comprehensive understanding of TMJ disorders [9].
Clinicians frequently rely on qualitative assessment of movement tra-
jectories to evaluate mandibular motion across various attributes [10].
Normal TMJ movements are characterized by smooth, symmetrical,
superimposed trajectories, whereas dysfunctions, such as disc displace-
ment with reduction (DDwR), exhibit irregular, non-overlapping paths
[11,12]. These movement patterns are influenced by multiple biological
factors, including muscles, ligaments, and the TMJ disc, which prevent
exact superimposability between the right and left sides and introduce
variability with each repetition [13]. This inherent variability compli-
cates the visual assessment of mandibular motion trajectories for the
clinical diagnosis of TMDs. Consequently, quantifying trajectory char-
acteristics has become essential for accurately distinguishing patholog-
ical from normal mandibular movement, thereby enhancing clinical
decision-making [14]. Treatment options for such irregularities range
from no intervention to non-invasive management, with decisions
guided by the patient’s functional disability and the potential risk of
adverse effects.

The lack of replicable and transparent quantification methods raises
many predicaments. First, functional examination of the TMJ is sus-
ceptible to the influence of clinician subjectivity and individualized
proficiency, resulting in diagnostic inconsistencies and poor repeat-
ability. Second, considering the need for reference standards to compare
different results from different devices, the absence of generalizable
benchmarks for functional assessment of the TMJ poses a significant
clinical challenge. Third, the dearth of robust quantifiable diagnostic

biomarkers imperils the proper monitoring of TMD progression and the
efficacy of various therapeutic modalities, hindering the implementa-
tion of further evidence-based treatment optimizations. Finally, there is
a pressing demand for retrospective or prospective cohort experiments
to provide baseline data for further development of reliable artificial
intelligence (AI)-based assessments. Therefore, conducting well-
designed case-control studies is imperative to make methodological
comparisons and increase the level of evidence regarding the clinical
significance of mandibular kinematics [10].

Various methods have been employed to generate movement tra-
jectories to assess TMJ functionality. While CADIAX—a classic me-
chanical device—is renowned for its commendable accuracy, it struggles
with reconstructing three-dimensional (3D) trajectories to depict
condylar movement [12]. Ultrasound and optical tracking systems, such
as Zebris, Modjaw, and SDiMatrix, have demonstrated promising per-
formance in capturing 3D trajectories [15–17]. Optical tracking systems
can record mandibular motion at high speeds and offer greater precision
than ultrasound devices, thereby providing additional opportunities for
digital analytics [18]. With remarkable advancements in acquisition
technologies, current studies have primarily focused on quantitative
analyses of parameters such as the range of the movement, condylar
guidance inclination, and incisal guidance inclination [18,19]. More-
over, previous evaluations of trajectory smoothness and symmetry have
mostly been based on two-dimensional trajectories [20–22], which are
susceptible to errors due to the influence of projection direction. This
can lead to inconsistencies in diagnoses among observers. Additionally,
such approaches may fail to accurately reveal subtle abnormalities in
mandibular movements, resulting in misdiagnoses or missed diagnoses.
Overall, there is still a lack of unified and reliable standards for quan-
titative evaluation methods of movement smoothness, left-right sym-
metry and open-closure separation of three-dimensional motion
trajectories.

This study aimed to develop an innovative, multifaceted, and
quantitative approach for characterizing mandibular movement. We
aimed to demonstrate the consistency and reliability of this quantifica-
tion method by comparing expert clinical assessments with computer-
generated quantitative results. This approach aims to be applicable to
data from various mandibular motion devices, potentially facilitating
the objective diagnosis of TMJ movements and enhancing the func-
tionality of existing diagnostic tools. Specifically, we propose a
computational data-processing method to quantify the smoothness,
separation, and symmetry of mandibular movements, thereby providing
novel insights into clinical examinations.

2. Materials and methods

2.1. Participants

This cross-sectional study included 184 volunteers with stable oc-
clusion (excluding third molars) and no history of craniofacial trauma,
systemic diseases, orthodontic treatment, major maxillofacial surgery,
or full/partial denture wear. Participants were divided into control (n =

121; mean age 24.8 years with 76 females) and TMD (n = 63; mean age:
27.2 years with 43 females) groups based on the DC/TMD checklist [6],
clinical examination, and magnetic resonance imaging (MRI). Control
group participants met the following criteria to confirm the acceptability
of their bialveolar interdigitation and occlusion:

1) Aged between 20 and 30 years
2) Complete natural permanent dentition (excluding the third molars)
3) Class I occlusion without crossbite
4) Maximum mouth opening distance > 40 mm
5) CR-CO (Centric relation-centric occlusion) discrepancies of < 2 mm

in all directions
6) No clicking sound at the TMJ
7) No significant mandibular lateral deviations during mouth opening
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8) No joint and/or muscle tenderness

Three clinicians specializing in TMD and orofacial pain indepen-
dently evaluated and categorized the participants and were blinded to
each other’s diagnoses. This study adhered to the Strengthening The
Reporting of Observational Studies in Epidemiology (STROBE) checklist
for observational studies, ensuring comprehensive and transparent
reporting of our methodology and findings [23]. Ethical approval was
granted by the National Clinical Trial Registry (Identifier
ChiCTR23000772980) and the Ethics Committee of Stomatology Hos-
pital (PJ2022–110–001). After fully understanding the study elements
and procedures, all participants provided written informed consent.
Fig. 1A shows a flowchart of the study procedures.

2.2. Data acquisition

This study used a joint motion acquisition and analytical device
developed in collaboration with an external company (Nanjing Medical
and Industrial Cross Innovation Research Institute Co., Ltd). To create a
4D mandibular kinetic representation, we separately collected motion
data from our self-developed binocular stereo vision system (BSVS)
(Prototype, Nanjing Medical and Industrial Cross Innovation Research
Institute Co., Ltd, P.R. China) and morphological data from the cone-
beam computed tomography CBCT (Fig. 1B: Step 1). The BSVS, oper-
ating at a frequency of 20 Hz, utilized a binocular acquisition system
comprising two industrial cameras (Daheng Imaging, Beijing, China).
Videos were captured at 2048(H) x 1536(V) resolution and 20 fps, with
the system software performing tasks such as camera calibration (to
avoid the influence of nonlinear distortions), image acquisition, stereo
matching, and 3D reconstruction. Jaw trackers with targeted markers
and embedded metallic sensors were delicately bonded to the intraoral
facial surfaces of the upper and lower teeth via T-attachments without
soft tissue alterations or occlusal disturbances during rest or functional
positions (Supplementary File 1, Figure S2). The midline of the T-
attachment was confirmed to coincide with the facial midline and
bonded parallel to the occlusal plane from the first premolars on the left
to right. All marked points were confirmed to reside clearly and utterly
visible within the field of vision for both the binocular stereo system and
CBCT.

The participants performed a customary cycle of unguided, pain-
free, maximum jaw open-closure, starting and ending at maximum
intercuspation. Verbal instructions were provided to all participants.
Three trial attempts preceded the final execution of accurate data
collection. The participants were allowed ample rest and therapeutic
manoeuvres to mitigate likely errors due to muscle contracture. CBCT
scans (VGi; voxel size: 0.3 mm, field of view: 16 × 16 cm; NewTom,
Imola, Italy) were uniformly obtained using the same positioning pro-
tocol. The region-growing-based segmentation method was used for 3D
reconstruction of the jaws. All examinations and procedures were per-
formed by the same operators (TW and WY).

2.3. Motion reconstruction

Multimodal data fusion was conducted using the BSVS software,
integrating static 3D CBCT images with dynamic occlusion data by
matching them at a specific time frame. The motion matrices of targeted
points were aligned with the reconstructed maxilla and mandible using
the iterative nearest-point method, ensuring consistent alignment and
optimal transformation [24]. The pyramid Lucas-Kanade optical flow
method was applied to mitigate errors from velocity variations, thereby
enhancing the robustness of the motion matrices [25]. After CBCT
region-growing-based segmentation, motion matrices were mapped
between the 3D world and CBCT coordinate systems by automatically
recognizing embedded metallic sensors that were visible in both visual
and CT acquisition phases. Following this established and refined co-
ordinate mapping, we merged the 3D reconstructed static feature

information with the motion matrices to visualize the mandibular
movement relative to the maxillary apparatus. To ensure computational
accuracy, the entire motion matrix sequence was nonlinearly optimized
considering the Markovian nature of TMJ motion, thus minimizing
systematic errors [26].

For motion reconstruction, MeVisLab software (MeVis Medical So-
lutions, Bremen, Germany) was used to process and identify landmarks
using CBCT images. The scans were reoriented such that The XOY plane
corresponded to the Frankfort horizontal plane, and the Z-axis was
aligned perpendicular to both planes. Three reference points (bilateral
condylar centers and lower incisal points) were manually identified, and
their 3D coordinates were verified for consistency in different planes,
rendering 3D motion trajectories. The mean values of the 3D coordinates
were used by BSVS software to generate three motion trajectories and
matrices on merged 4D records (Fig. 1B: Step 2). One examiner (TW)
repeated the process in two rounds with a one-week interval to ensure
reliability.

2.4. Quantitative data processing

The three parameters to be explained are identified and illustrated in
Fig. 2. Motion matrices were used to obtain displacement data for all
reference points. We applied preprocessing measures to account for
variations in movement velocity among subjects during data collection
(Supplementary File 1).
Smoothness: Irregularities or tremors in mandibular movement

were taken as indications of a non-smooth movement. The motion tra-
jectory was segmented into opening and closing phases by identifying
the maximum displacement point. The coefficient of determination (R2)
was introduced to explain the smoothness of the trajectory curve. To
ensure consistency among all quantification parameters, we defined
TSm as 1 − R2, calculated as Eq.(3). Hereby, SST (Eq.(1)) is the total sum
of squares, Xi, Yi and Zi are the coordinate values at the ith time point
during movement; and, X Y and Z signify the mean coordinate values
across all the recorded frames. X̂ Ŷ and Ẑ are the coordinate values of
the predicted time points throughout the best-fitted curve. The residual
sum of squares (SSE) was determined by Eq. (2). The TSm value, derived
from the ratio of SSE to the SST as yielded via Eq. (3), serves as the final
metric for trajectory smoothness (ranging from 0 to 1), with lower
values indicating smoother trajectories.

SST =
∑n

i=1

(
(Xi − X)2

+(Y − Y)2
+(Zi − Z)2) (1)

SSE =
∑n

i=1

(
(Xi − X̂i)

2
+(Yi − Ŷ i)

2
+(Zi − Ẑi)

2) (2)

TSm = 1 − R2 =
SSE
SST

(3)

Open-closure Separation: The concordance extent between the
opening and closing segments of mandibular movement provides in-
sights into the normal functioning and potential disorders of the jaw.
The lock-step Euclidean distance was used to calculate the separation of
opening and closing trajectories based on the maximum displacement
point. Considering the asynchrony and temporal sequencing, the dy-
namic time warping algorithm is used to match trajectory points [27].
The Euclidean distances projected in three axes quantified the separa-
tion between the opening (o) and closing (c) segments, as determined by
Eq. (4), where n denotes the total number of juxtaposed time points.
Lower mean Euclidean distances indicated less separation (TSp) be-
tween movement phases (Fig. 3D).

TSp =

∑n
i=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xo − xc)2
+ (yo − yc)2

+ (zo − zc)2
√

n
(4)
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Fig. 1. Study protocol. (A) Summarized flow chart of the methodological procedures corresponding to the diagrammatic presentation. (B) Step-by-step dia-
grammatic representation of motion trajectory generation. (Step 1) Recording mandibular movement using BSVS and CBCT images, followed by fusion of CBCT and
BSVS footages of mandibular open-closure movements and jaw motion video reconstruction in BSVS image manipulation software. (Step 2) Generation of the
reference points’ movement trajectories in the Python software. The intersection points of the mediolateral, anteroposterior, and superoinferior axes, confirmed in
the axial and coronal planes, were denoted as the left condyle center (LCC) and right condyle center (RCC), respectively. The incisal point (IP) was marked in CBCT.
(Step 3) The calculation of three variables in mandibular movement trajectories.
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Left-right Symmetry: The symmetry of mandibular movement was
evaluated by quantifying the similarity of the movement trajectories of
the left and right condylar centers (LCC and RCC) during the opening
and closing process. The Euclidean distance was used to evaluate the
symmetricity of the condylar mandibular movements. After the initial
point of the trajectory of the right condyle was translated to that of the
left condyle, a time-point matching algorithm was employed to syn-
chronize the kinematic profiles of the right condyle, enabling the
quantification of mandibular motion symmetry. The mean Euclidean
distances of the corresponding time points projected onto X(l&r), Y(l&r),
and Z(l&r) were measured using Eq. (5). A smaller TS indicated more
symmetrical condylar movements (Fig. 3E).

TSy =

∑n
i=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xl − xr)2
+ (yl − yr)2

+ (zl − zr)2
√

n
(5)

2.5. Reliability and qualitative analysis

Two separate well-experienced examiners (YB and LH) indepen-
dently conducted the blinded visual scoring of the rendered 3D trajec-
tories, with a third examiner (ZW) available to resolve disagreements if
necessary. Smoothness was evaluated by categorizing motion paths as
either "high smoothness" or "low smoothness". High smoothness

indicated uninterrupted, consistent motion paths, whereas low
smoothness was characterized by noticeable zigzags and abrupt bends.
The qualitative criteria used in this evaluation included uninterrupted
curves with no breaks or pauses, smooth velocity transitions without
abrupt accelerations or decelerations. The fulfillment of these criteria
indicated high smoothness, whereas their absence was suggestive of low
smoothness.

Separation between the open and closed trajectories was evaluated
to assess the degree of spatial displacement during mandibular motion.
“Highly separated” was defined as a substantial spatial displacement
between the open and closed movement trajectories, with marked
divergence and distance in space. The morphology and direction of the
trajectories during opening and closing cycles were notably inconsistent.
This level of separation indicates a pronounced divergence in the
movement paths during these cycles, potentially reflecting underlying
joint dysfunction or instability. In contrast, “less separated” was
characterized by minimal spatial displacement between the open and
closed trajectories, with paths that remained relatively close and highly
consistent. The trajectories displayed no significant divergence or offset,
suggesting well-coordinated mandibular motion.

Symmetry between the left and right condylar trajectories was
evaluated to understand the degree of coordination in mandibular
movements. This assessment was categorized into three distinct grades

Fig. 2. Illustration of quantified variables in mandibular movement trajectories. (A, B) Sagittal and frontal mandibular view along with the delineated tra-
jectories. (C) Smoothness (TSm), which measures the determination coefficient between the trajectories from the best-fitting polynomial curve. (D) Open-closure
separation was measured between the opening and closing segments of each trajectory (TSp). (E) Left-right symmetry was calculated using measured distances
between timepoint-matched points between the left and right condylar trajectories (TSy). Each addressed feature in the image is accommodated with its respective
diagrammatic flow of the computational process.
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based on shape congruence and dimensional similarities. Grade 0 sym-
metry was assigned to trajectories exhibiting high congruence in shape
and dimensional similarity, with discrepancies <1 mm in both the Y
(vertical) and Z (anteroposterior) dimensions. Grade 1 symmetry
encompassed trajectories that displayed differences in shape but main-
tained dimensional discrepancies of <1 mm, or showed biplanar length
differences greater than 1 mm while retaining overall shape resem-
blance. Grade 2 symmetry was characterized by concurrent configura-
tional (shape) and dimensional disparities between the trajectories.
Significant differences in both the form and dimensions of the condylar
paths indicate pronounced asymmetry of mandibular movements in the
eyes of examiners.

2.6. Statistical analysis

A minimum of 60 participants per group was recommended by G-
power 3.1.2 (Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Ger-
many) to ensure 90 % power for the actual sample size. Statistical an-
alyses were conducted using Python v3.7.1 (Python Software
Foundation, Delaware, US). The weighted Cohen’s kappa test was used
to determine the intraobserver consistency of the expert scores.

Descriptive statistics were calculated, and listwise deletion was
employed to exclude cases with missing data. Intraclass correlation co-
efficient (ICC) analysis was conducted to ensure the intraexaminer
reliability of motion reconstruction. ICC analysis was also used to assess
the agreement between the experts’ observations and the quantitative
results, with the significance level set at P < 0.05. The Shapiro-Wilk and
Levene’s tests were performed to assess normality and homogeneity of
variance. Based on the normality results, the Mann-Whitney U test was
used due to the non-normal distribution of the data. The 95th percentile
(P95) was calculated to determine the reference range for each param-
eter in the healthy population.

3. Results

3.1. Reliability and concordance results

The ICC values for the coordinates of the reference points along the
X, Y, and Z axes were 0.983, 0.978, and 0.937, respectively, indicating
strong intra-examiner agreement in the measurements. Additionally,
Cohen’s kappa coefficient (κ) was calculated to be 0.87, demonstrating
robust interobserver agreement among the examiners. A detailed

Fig. 3. Diagrammatic representation of expert criteria for qualitative analysis (A, B) The presence or absence of smoothness and Open-closure separation were
visually assessed and determined to qualify the rendered trajectories. (C) The grading index of Left-right symmetry based on the shape resemblance and biplanar
elongation comparison between the trajectories.
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breakdown of each examiner’s categorical assessments regarding tra-
jectory attributes is provided in Table S5. Table 1 presents the com-
parison between the qualitative expert evaluations of the mandibular
motion trajectories in two groups. ICC analysis revealed a significant
association between the quantitative measurements of the mandibular
motion trajectories and the observations made by the experts. Specif-
ically, the ICC values were 0.797 for smoothness, 0.820 for open-closure
separation, and 0.920 for left-right symmetry (Table 2), indicating high
reliability in these assessments. Fig. 4 presents a schematic diagram to
show the consistency and linkage between expert observation of clinical
performance and the three aspects of the 3D quantitative analysis.

3.2. Intergroup comparisons

Of the 191 potentially eligible participants, seven were excluded due

to unsuccessful image reconstruction, resulting in a final sample size of
184 individuals. The descriptive statistics and distribution patterns of all
measured variables are presented in Table 3. Quantitative analysis
effectively identified a significant difference between the control and
TMD groups. The 95th percentile (P95) results were used to define the
normal ranges, indicating that 95 % of the parameter values in the
normal population fell within these ranges. The normal range of
smoothness was calculated to be between 0 and 0.25 for condylar tra-
jectories and between 0 and 0.10 for incisal point trajectories. The
normal range for open-closure separation was computed as 0–2.28 mm
for incisal point trajectories, 0–1.90 mm for left condylar trajectories,
and 0–1.76 mm for right condylar trajectories. The normal range of
symmetry between condylar trajectories was calculated to be between
0 and 4.21 mm. Parameters exceeding these normal ranges suggested a
higher probability of TMD (Table 4).

As shown in the frequency plot, the TMD group exhibited a greater
degree of standard deviation (SD) regarding smoothness, indicating
greater variability. Furthermore, the control group demonstrated
significantly greater smoothness than the TMD group (Fig. 5A, E).
Regarding open-closure separation, the TSp values were significantly
lower in the normal participants than in the TMD participants across all
trajectories. The frequency distribution diagram revealed a more
discrete distribution of measurements in the TMD group regarding this
variable (Fig. 5B). Additionally, the SDs were significantly greater for
the separation of open-closure trajectories in the TMD group (Fig. 5F).
For symmetry of the condylar trajectories, the bar chart indicates a
statistically significant difference (P < 0.05) between the two groups,
with smaller TSy values observed in the control group. The frequency
distribution chart also revealed a greater SD in the TMD group, which is
consistent with the skewed data distribution observed in this group
regarding other parameters (Fig. 5C, D).

4. Discussion

This study marks the initial attempt to quantify multiple aspects of
3D jaw motion trajectories. In line with expert evaluations, parameters
such as smoothness, open-closure separation, and left-right symmetry
proved to be reliable indicators for the functional assessment of
mandibular movement. Additionally, the 3D quantitative analysis of
mandibular may benefit various dental and medical applications. It can
assist in orthodontic diagnosis and treatment planning, prosthodontic
design of dental prosthetics, orthognathic surgery for pre- and post-
surgical evaluations, and maxillofacial trauma assessment and rehabil-
itation. These findings underscore the broad clinical utility of 3D
mandibular motion analysis across multiple disciplines [28–31]. We
comprehensively analyzed mandibular movement in normal individuals
and those with MRI-verified anterior disc displacement and identified
substantial differences between them. Our findings imply that

Table 1
Frequency of expert qualitative assessments regarding each parameter in both
Groups.

Parameters Grade Normal TMD χ2 P
(n =

121)
(n =

63)

Smoothness IP-
open

Low
smoothness

27 20 1.938 0.164

High
smoothness

94 43

LCC-
open

Low
smoothness

42 29 2.241 0.134

High
smoothness

79 34

RCC-
open

Low
smoothness

38 32 6.608 0.010*

High
smoothness

83 31

IP-
close

Low
smoothness

25 12 0.067 0.796

High
smoothness

96 51

LCC-
close

Low
smoothness

37 27 2.753 0.097

High
smoothness

84 36

RCC-
close

Low
smoothness

30 34 15.545 <0.001
*

High
smoothness

91 29

IP-
total

Low
smoothness

26 22 3.877 0.049*

High
smoothness

95 41

LCC-
total

Low
smoothness

46 32 2.770 0.096

High
smoothness

75 31

RCC-
total

Low
smoothness

44 30 2.183 0.140

High
smoothness

77 33

Open-closure
separation

IP Highly
separated

98 24 34.122 <0.001
*

Less
separated

23 39

LCC Highly
separated

89 31 10.826 0.001*

Less
separated

32 32

RCC Highly
separated

93 34 10.153 0.001*

Less
separated

28 29

Left-right
symmetry

Grade 0 53 15 11.552 0.002*
Grade 1 64 19
Grade 2 4 29

* indicates a significant difference (P < 0.05).

Table 2
Results of the ICC analysis of expert clinical scores and the quantification
outcomes.

Parameters ICC value

Smoothness IP-open 0.782 0.797
LCC-open 0.817
RCC-open 0.752
IP-close 0.820
LCC-close 0.743
RCC-close 0.745
IP-total 0.772
LCC-total 0.748
RCC-total 0.738

Open-closure separation
(mm)

IP 0.809 0.820
LCC 0.813
RCC 0.802

Left-right symmetry 0.920 0.920
(mm)
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quantifying diverse indicators is a promising method for distinguishing
patients with TMD from normal individuals. As incisor and condylar
motion ranges are crucial diagnostic criteria for TMJ disorders in the
DC/TMD checklist, the condylar centers and incisal points served as
reference landmarks [6]. The data processed in this study were obtained
from an unguided maximum open-close cycle, a method previously
employed for functional adjustments in prosthodontics and TMD
screening [32]. Maximal intercuspation was adopted as the stable
occlusal position at each cycle initiation and termination for the dy-
namic biomechanical mandibular analyses [33]. To optimize the accu-
racy of the tracing and registration processes, this study employed a
highly controlled experimental design characterized by repetitive
movements, averting soft tissue interference and assuring firm fixation
of devices to the teeth. The samples were carefully selected to ensure as

much homogeneity as possible, minimizing the potential influence of
variables such as age and TMD severity on the results [34]. Some
research indicates that male subjects have a significantly higher
maximum mouth opening than female subjects [35], while other studies
suggest minimal gender-related differences in mandibular movement
trajectories [34]. Therefore, sexual predisposition was not a focal point
in our investigation.

Conventional studies typically present results as point curves on a
two-dimensional (2D) plane, which oversimplifies the complex six de-
grees of freedom inherent in TMJ movements [12]. This approach
constrains the calculation of the projection range and angle in three
separate 2D planes, necessitating an arbitrary selection of a reference
frame to derive 3D trajectory data, which introduces errors [36].
Although 2D planar analysis is intuitive for clinicians, its reliability is

Fig. 4. Schematic visualization of mandibular motion trajectory parameters. Each parameter diagram consists of clinical examples of rendered trajectories, a
color bar indicator of respective quantitative indicators, and a scatter plot below each parameter to illustrate the distribution patterns. (A) Smoothness (TSm): Lower
TSm values correspond to smoother trajectories, degrading from the yellow part of the color bar (high smoothness) to red (low smoothness) as the TSm value in-
creases. The transition coincides with the clinical observation of the above trajectories. (B) Open-closure separation (TSp): Greater separation is indicated by
increasing TSp values, with a gradient from yellow (less separated) to red (highly separated) side of color bar. (C) Left-right symmetry (TSy): Symmetry decreases
with increasing TSy values, shown by a shift from green (Grade 0) to yellow (Grade 1) and red (Grade 2).

W. Tang et al. Journal of Dentistry 153 (2025) 105534 

8 



compromised because kinematic outcomes rely heavily on the choice of
the reference frame [37]. Inconsistencies in defining the reference frame
can lead to substantial interobserver discrepancies and conflicting
diagnostic implications [38]. Previous investigations have reported
controversial findings regarding the range of motion in patients with
TMD [39]. Therefore, relying solely on the range of motion in clinical
assessments might not conclusively distinguish abnormal condylar
functioning, thereby overlooking the associated risks. The diverse
ranges reported in previous studies and the likely impact of ethnicity
emphasize the need for more refined techniques to establish normative
data [40]. Achieving this goal effectively requires supplementing the
analysis with a multifaceted and versatile quantification of trajectory
characteristics.

Recent advancements in mandibular movement analysis have
focused on evaluating acquired trajectories to gain deeper insights into
TMJ dynamics. Traditionally, mandibular motion smoothness has been
gauged by assessing the uniformity or irregularities in trajectory traces,
with variability often observed due to subjective criteria across exam-
iners [12]. Despite challenges in detecting subtle tremors, the overall

overlap of condylar trajectories in healthy subjects has also been
well-documented, particularly in open-closure cycles. In contrast, pa-
tients with TMD exhibit abnormal mandibular patterns, such as de-
flections, erratic movements, and 8-shaped trajectories. These findings
underscore the importance of refining trajectory-based analysis beyond
subjective categorical methods that rely solely on visual observation.
Although the smoothness and overlap of mandibular movements serve
as crucial markers in TMJ examinations, their significance remains
understudied, particularly compared with the detailed kinematic ana-
lyses of other joints [36,37]. Emerging technologies, such as
high-resolution optical scanning systems like Zebris (Isny, Germany)
and Modjaw (Villeurbanne, France), have facilitated more accurate
tracking of jaw movement. Mandibular motion analysis can evolve into
a more objective and reliable tool for functional TMJ assessment by
incorporating quantitative parameters such as smoothness and separa-
tion. Our algorithm differentiated normal subjects from TMD cases by
highlighting the reduced smoothness and separation in the latter group.
Additionally, according to our descriptive findings, the smoothness of
condylar trajectories in both groups decreased compared with inter-
incisal point (IP) trajectories. This observation might be attributed to the
geoanatomical differences between the reference points, stressing the
significance of intrajoint examinations to reflect more accurately the
impacts of TMDs on mandibular movement.

The multiaxial TSy of the control group indicated greater symmet-
rical movement than that of the TMD group. Given its potential asso-
ciation with TMDs, analyzing asymmetries in mandibular movement is
of paramount importance [40]. Lezcano et al. previously assessed
mandibular movement symmetry in asymptomatic individuals, relying
solely on the symmetry of Posselt polygons and 2D projection of refer-
ence planes, which is an imminent source of error [22]. Our study
revealed the complexity of mandibular motion and symmetry by uti-
lizing exposed individually diverted loci via 3D projection. Another
alternative method employed MRI to objectively evaluate asymmetry,
albeit with a limited sample size, possibly due to procedural inconve-
nience. Moreover, the generalizability of the authors’ method for the
consistent reproduction of customary mandibular movement is ques-
tionable when a neutral head position cannot be secured in an MRI
machine, leading to conflicting and unreliable quantified data [41].
Although MRI remains the gold standard for TMJ soft tissue and
disc-condyle relationship monitoring, CBCT-based 3D volumetric
reconstruction yields superior quantitative data for bone or other hard
tissue morphology assessments and is essential for training advanced AI
algorithms [42].

From a clinical perspective, the differences between the control and
TMD groups were related to statistically significant yet clinically minor
increases in variation. Calculating the 95th percentile for each assessor
helps clinicians determine and understand the normal reference range
for quantitative indicators, thereby identifying values that are abnor-
mally high or low values. This approach highlights deviations in the
TMD group, emphasizing their clinical significance in the context of the
normal distribution. Values outside this benchmark range may require
further medical evaluation or intervention for the TMJ. This is helpful in
establishing related diagnostic standards and health guidelines. The
proposed quantitative method offers several significant clinical advan-
tages. First, it enhances diagnostic accuracy by enabling clinicians to
identify subtle clinical symptoms more precisely. Second, it facilitates
the identification of high-risk populations by enriching the clinical
perception of borderline TMJ symptomatic pathologies independent of
practitioner expertise. Moreover, the variability of trajectory behaviour
could be argued to be a signature or manifestation of the biomechanical
and pathophysiological pathways leading to more severe symptoms.
This method, therefore, has the potential to improve the diagnosis of
patients with first-onset TMD, characterized by symptoms such as oro-
facial pain and jaw stiffness or soreness, thus enabling timely inter-
vention. Furthermore, this parametric reflection of mandibular motion
intricacies facilitates not only accurate, individualized pre- and

Table 3
Presentation of descriptive analysis results and U test analysis.

Parameters Normal TMD P value

Smoothness IP-
open

0.012 (0.005,
0.028)

​ 0.023 (0.007,
0.051)

0.003*

LCC-
open

0.031 (0.015,
0.094)

​ 0.083 (0.039,
0.142)

<0.001
*

RCC-
open

0.043 (0.019,
0.110)

​ 0.065 (0.026,
0.186)

0.026*

IP-
close

0.011 (0.004,
0.021)

​ 0.012 (0.006,
0.032)

0.043*

LCC-
close

0.031 (0.015,
0.087)

​ 0.105 (0.035,
0.260)

<0.001
*

RCC-
close

0.038 (0.015,
0.107)

​ 0.065 (0.024,
0.118)

0.037*

IP-total 0.013 (0.006,
0.027)

​ 0.019 (0.009,
0.045)

0.004*

LCC-
total

0.040 (0.020,
0.124)

​ 0.119 (0.045,
0.199)

<0.001
*

RCC-
total

0.043 (0.021,
0.127)

​ 0.069 (0.036,
0.189)

0.007*

Open-closure
separation
(mm)

IP 1.305 (1.087,
1.717)

​ 2.048 (1.228,
2.944)

<0.001
*

LCC 0.890 (0.601,
1.279)

​ 1.538 (0.878,
2.162)

<0.001
*

RCC 0.849 (0.620,
1.352)

​ 1.153 (0.797,
1.893)

<0.001
*

Left-right
symmetry
(mm)

​ 2.816 (1.732,
3.401)

​ 2.818 (2.147,
5.452)

0.012*

Data are expressed as median (interquartile range).
* indicates a significant difference (P < 0.05).

Table 4
The normal reference ranges of the parameters.

Parameters Normal range

Smoothness IP-open 0 ~ 0.082
LCC-open 0 ~ 0.214
RCC-open 0 ~ 0.247
IP-close 0 ~ 0.095
LCC-close 0 ~ 0.202
RCC-close 0 ~ 0.221
IP-total 0 ~ 0.089
LCC-total 0 ~ 0.174
RCC-total 0 ~ 0.171

Open-closure separation
(mm)

IP 0 ~ 2.284
LCC 0 ~ 1.899
RCC 0 ~ 1.756

Left-right symmetry
(mm)

​ 0 ~ 4.214
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postoperative evaluations but also enhances postoperative outcome as-
sessments of various treatment approaches, ultimately contributing to
optimized patient care.

Although the binocular stereo system we developed is a specialized
device, the underlying methodology can be adapted for use with
commercially available 3D imaging and motion capture systems, which
are becoming increasingly common in clinical practice. Many dental
clinics already utilize advanced imaging technologies, such as CBCT and
optical tracking systems, and our approach can be integrated with these
existing tools through software adjustments and proper calibration. This
minimizes the need for new hardware and maximizes the use of current
resources, making the implementation both feasible and cost-effective.
As the cost of high-quality imaging systems continues to decrease and
further research advances, this methodology is expected to become more
practical for routine clinical use.

This study has several limitations. First, the prefixed positioning of
the binocular stereo cameras and jaw trackers may introduce variability
in the results across different planes, necessitating future detailed and
quantitative assessments of intra-operator and inter-operator reliability
concerning the repeatability of marker positioning. Another limitation
of our study is the inherent error associated with CBCT imaging in
detecting landmarks and reference points due to the available voxel size
of 0.3 mm. This voxel limitation may introduce minor inaccuracies in
point localization, affecting the precision of motion trajectory analysis.
Additionally, despite our efforts to mitigate the effects of velocity on
computations through resampling during preprocessing, its impact on
the rendered trajectories cannot be overlooked as a technical drawback.
To address these limitations, future studies should aim to collect data
from multiple motion cycles with sufficient interval times, as well as
incorporate other mandibular motions, such as retrusion, protrusion,
and lateral excursions, to assemble a more comprehensive and reliable
dataset. Furthermore, integrating big data analysis and Al learning could
facilitate identifying subtle patterns in mandibular motion across
diverse populations and conditions, helping to define normative
thresholds and TMD-related deviations more accurately. Nevertheless,
the presented methodology complements current optical acquisition
instruments such as Modjaw and SDiMatrix, which offer CBCT image
fusion capabilities by integrating our data processing technique to
visualize mandibular motion trajectories.

5. Conclusions

We conducted an in-depth quantitative characterization of mandib-
ular movement features in both healthy individuals and those diagnosed
with anterior disc displacement with reduction of the TMJ. This inves-
tigation provided a population-specific reference interval for smooth-
ness, open-closure separation, and left-right symmetry and revealed
substantial differences in all comparisons, suggesting its potential to
distinguish patients with TMD from those with normal conditions in
clinical assessments. From a clinical perspective, our findings were
internally validated and aligned with the evaluations of clinical experts.
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