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-Abstract- 

 

Evaluation of reproduced 3D TMJ movement in 

preoperative patients with facial asymmetry using 3D 

CT image and tracking camera system 

 

Ah Ryum Chang, D.D.S 

Department of Oral and Maxillofacial Surgery 

School of Dentistry  

Seoul National University 

(Directed by Professor Soon Jung Hwang) 

 

Purpose: This study applied three-dimensional analysis to assess the condylar 

movement in preoperative patients with facial asymmetry using a simulation 

system with a 3-dimensional computed tomography (3D CT) image and tracking 

camera system. 
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Methods: Mandibular movement was simulated in pre-orthognathic surgery 

patients (n=26) using skull CT data and a position tracking camera system. The 

mandibular midline shift (MMS) was measured in posteroanterior cephalometric 

radiographs of patients. Patients were divided into two groups: Group I included 

patients with severe facial asymmetry (MMS≥4°). Group II consisted of patients 

with slight facial asymmetry or symmetric face shapes (MMS<4°). Group I was 

divided into two subgroups; deviated side and non-deviated side. Mandibular 

movements were analyzed three-dimensionally. The intra-articular distance 

between the condyle and glenoid fossa was recorded and compared between 

Group I and Group II. The differences between the right and left axial condylar 

angles and anteroposterior positions were measured. 

 

Results: The average condylar path length per one cycle in Group I 

(55.01±17.97) was longer than in Group II (44.38±13.67). The maximum linear 

distance in Group I (16.71±6.80) was longer than in Group II (13.05±5.92), and 

the difference between bilateral sides was significantly larger in Group I (p 

<0.05). The average intra-articular distance between condyle and glenoid fossa 

was shorter in Group I than Group II, especially at the lowest point (p < 0.05). 

The difference between the right and the left axial condylar angles was 

significantly larger in Group I than Group II (p <0.05) and the anteroposterior 

condylar position difference was slightly larger in Group I.  
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Conclusion: We determined that the range of temporomandibular joint (TMJ) 

movement is related to the severity of facial asymmetry and is impacted by the 

affected side. We propose that the reduced joint space may cause TMJ 

overloading in severe facial asymmetry, which can lead to internal TMJ 

derangement. Because TMJ movement is influenced by disc position and other 

pathologic changes, further studies using MRI data will be needed 
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1. Introduction
 

 

 Temporomandibular disorder (TMD), whether a primary cause or predisposing 

factor, is extensively associated with mandibular asymmetry [1]. Patients with 

mandibular asymmetry have asymmetrical and irregular joint movements that 

cause mechanical disturbances in the temporomandibular joint (TMJ) disc [2]. A 

high incidence of temporomandibular joint internal derangement (TMJ ID) that 

is associated with mandibular asymmetry patients has been reported (Fushima 

et al., 1999). A previous study revealed that vertical asymmetry of the mandible 

is related to TMJ ID (Trpkova et al., 2000). Biomechanically, these structural 

disturbances may affect the mechanical stress that occurs within the TMJ, and 

these disturbances could play a role in the development of TMD [3]. However, 

there is little information on how asymmetry affects the TMJ and leads to TMD. 

 

 The TMJ space or inter-articular space plays an important role in the 

temporomandibular disorder (TMD). The reduced joint space could lead to 

compressive loading on the viscoelastic TMJ disc. Theoretically, a reduction of 

the joint space could affect the disc by at least 50%, and up to 90% considering 

variable factors such as the thickness of the disc, the cartilage and soft tissues 

[16]. Abnormal mechanical stresses to the healthy joint structure can cause 
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joint cartilage degeneration leading to osteoarthritis, when peak stresses, the 

stress-rate or the loading duration, exceed critical levels [17, 18]. 

 

 We hypothesized that mandibular asymmetry produced mechanical stress at 

the joint due to asymmetrical and irregular joint movement. The deviated side 

of an asymmetric mandible may have excessive compression on the disc due to 

the great arc of the opening and closing movement with the wide range of 

motion followed by the reduction of the intra-articular space during 

translational movement at the posterior slop of the articular eminence, which 

can result in the collapse of the lubrication system. Nitzan (2003) proposed that 

an impaired lubrication system increases friction between the disc and fossa, 

and could lead to TMD. Similarly, it is possible that the impaired lubrication 

system may increase the acceleration or worsen TMD. [4-6] 

 

 The positional relationship between the condyle and glenoid fossa in the 

temporomandibular joint (TMJ) has been analyzed in many studies to identify an 

association between the condylar position and mandibular movement, and 

between the condylar position and articular disc displacement. While the 

transcranial TMJ view has been used in most studies to determine the condyle 

position in the glenoid fossa with satisfactory accuracy [7-9], the joint space 

has been examined only in static images of the condyle. Some authors have 
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used dynamic magnetic resonance imaging (MRI), but this technique allowed 

only two-dimensional analysis [10, 11].  

 

 In recent years, several methods and devices have been proposed to record 

dynamic mandibular movements. The conventional mechanical method, such 

as the JT-3D system (BioResearch Assoc. Inc., Milwaukee, WI, USA) usually 

employs an articulated device fixed on the head to record mandibular motion. 

However, this device only simulates a pure rotation of the lower jaw along a 

single axis, while mandibular movements involve simultaneous rotation and 

translation [19]. Ultrasonic-based methods, such as the JMA system (zebris 

Medical GmbH, Germany) are combined with a face-bow and the motion is 

captured by measuring the time of ultrasound impulses [20]. Similarly, the 

electromagnetic-based technique uses a facial arc with electromagnetic sensors 

to record appropriate kinematics [21]. In most clinical cases, these devices are 

somewhat bulky and heavy, and make patients feel unnatural during the 

routine test. In addition, many tests are also relatively expensive and 

complicated to use [19]. An alternative system that records jaw movement 

functions with a video camera and passive or active markers can be applied. A 

computational method for recording mandibular movements in a two-

dimensional space was proposed using a single CCD camera and a reflective 

marker fixed to the mandible [22]. This method provides non-invasive, dynamic 
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and quantitative insight into the TMJ. However, this does not simultaneously 

visualize and animate the right and the left sides of TMJ movements. 

Additionally, it was not possible to acquire the movement phase and appoint a 

specific point on the mandible with this method. 

 

 Recently, a three dimensional (3D) dynamic simulation system with a tracking 

camera and 3D computer tomography (CT) for mandibular movement has been 

introduced [6, 27, 28, 40]. This method facilitates non-invasive analysis of 3D 

TMJ movement with an ethically applicable technique for humans. An animated 

TMJ with real anatomic and kinematic data was able to measure changes in the 

intra-articular space during opening and closing movements. This system had 

good precision and accuracy with minimum obstruction [27, 28, 40]. 

 

 The purpose of this study was to acquire data for 3D analysis of TMJ movement 

in patients with facial asymmetry compared to patients without asymmetry 

using our 3D simulation system. First, we registered the 3D tracking data of TMJ 

movements instead of 2D data, and we measured the length of the tracking 

pathway with the 3D data. Second, we investigated the minimum distances 

between the condyle and the glenoid fossa to determine dynamic changes 

during mouth opening and closing movements, which can be reduced in 

overloading conditions. Third, the differences between the right and left axial 
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condylar angles and anteroposterior condylar positions were measured because 

those factors could influence the TMJ movement. 

 

2. Materials and methods 

 

2.1. Subjects  

 Twenty-six Korean patients who were scheduled for orthognathic surgery to 

correct dentoskeletal malocclusion were included in this study. The age range 

was 19 to 25 years and there were 10 males and 16 female patients. This study 

was approved by the institutional review board (IRB at the School of Dentistry, 

Seoul National University; Nr: S-D20090006). Before the procedure, a detailed 

explanation of the study was given to all patients. Patients who agreed to 

perform TMJ movement tracking were included in the study. 

 

2.2. Cephalometric radiography analysis 

The facial asymmetry was investigated with Posteroanterior cephalograms. As 

shown Fig. 1, the mid-facial reference plane was the line that ran through the 

crista galli (CG) and anterior nasal spine (ANS). The angle between the facial 

midline and a line passing through the ANS and menton (Me) was defined as the 

degree of mandibular midline shift (MMS) [24]. According to the study by 
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Masuoka et al. (2007), the distance of the menton (4.28mm) and mandibular 

midline shift (MMS) angle (4.31 degree) showed relatively high accuracy in all 

observers [25]. Therefore, mandibular midline shift (MMS) angle (4 degrees) was 

used as the guideline for facial asymmetry in this study. Group I included 14 

patients with asymmetry (MMS≥4°). Twelve Patients with mild asymmetry 

(MMS<4°) and no deviation were included in Group II. The error of the method 

was determined by double measurement of the selected landmark: , 

where d is the difference between two measurements of a pair, and n is the 

number of subjects [41,42]. The mean double-determination errors for the 

angular measurement were 0.5 degrees. 

 

2.3. Simulation system 

2.3.1 Patient specific splint 

 The patient-specific splint for image registration and mandibular movement 

tracking was fabricated (Fig.2a) (Kim et al., 2008) and the splint was mounted on 

the patient’s teeth using a dental impression material (vinyl polysiloxane). A 

registration body was attached to the splint with LEGO blocks (LEGO Group, 

Billund, Denmark) and contained 6 iron spheres (1 mm diameter) that could be 

used to determine the relationship between the CT coordinate system and the 

patient’s coordinate system. Infrared markers visible to the optical tracking 

camera (Polaris, Northern Digital, Inc., Waterloo, Ontario, Canada) were also 
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attached to the splint to acquire mandible positions with six-degrees of freedom 

during the tracking process (Fig.2b) [27,28,40].  

 

2.3.2 CT acquisition of 3D skeletal data and virtual skull model reconstruction 

 Facial CT data were acquired with a 10-slice helical CT scanner (Siemens 

SOMATOM Sensation 10, Munich, Germany) at 12- kVp and 80mAs with a slice 

thickness of 0.75mm. The 3D volumetric areas of the maxilla and the mandible 

were first segmented from CT images using a threshold technique. Surface 

models of each part were separately reconstructed with a marching-cube 

algorithm [27,28]. 

 

2.3.3. 3D positional data acquisition  

 Before mandible movement tracking was initiated, patients were registered to 

match the patient’s physical and CT image spaces. The locations of the 6 iron 

spheres on the registration body were registered by point-to-point matching 

with those identified on the 3D CT images. The splint combined with infrared 

reflecting markers was in the same position at the moment tracking was 

initiated as the position used with CT scanning. The maxillary tracking tool was 

installed on a supporting frame mounted to the patient’s forehead, and the 

mandibular tracking tool was on the splint. Then, 3D movements of the 

mandibular and maxillary tracking tools were tracked using an optical camera 
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system. The position of the mandibular-tracking tool was tracked and recorded 

at 20 Hz in relation to the maxillary-tracking tool. After the initial jaw opening 

and closing exercises, each subject performed 20 voluntary maximum mouth 

opening and closing movements. The continuous positions of the mandible and 

maxilla were recorded as a formatted data [27, 28]. 

 

2.3.4. Mandibular movement simulation 

 The mandibular movement tracking data was applied to the surface models in 

sequence to simulate the mandibular movement. Acquired position data were 

transformed into the CT coordinate data. We calculated the relative position of 

the maxillary probe in CT coordinates by first multiplying the inverse of the 

mandibular probe's homogeneous matrix with the original 3D position of the 

maxilla in the camera coordinates. Finally, the constructed surface models of 

the mandible and the maxilla were reoriented according to the Frankfort 

horizontal plane [27, 28]. The series of point movement data were recorded 

during the simulation (Xn,Yn,Zn: 3D points composing a trajectory, Fig.3) by 

appointing specific points (right and left condylion: X0,Y0,Z0) on the surface 

model. 

 

2.4. Evaluation 
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 1) The 3D condylar movements of patients with asymmetry and without 

asymmetry were evaluated (Fig. 4). The horizontal reference plane was the FH 

plane containing porion on both sides and orbitale on the left side. By 

appointing both condylion points on the surface model, 3D coordinates 

(Xn,Yn,Zn) were recorded and the tracking paths of both condylions were 

presented on the reference coordinate system. The mean length and maximum-

linear distance (i.e., the linear distance between the start and end point) per one 

cycle of the condylar pathway were calculated during mouth opening and 

closing movements.  

 2) The minimum distance (Dn) between the condylion (Xn,Yn,Zn) and the closest 

point on the glenoid fossa was measured and changes in the minimum distance 

(Dn) were recorded (Fig.5). Since the opening and closing tracking path was 

different in patients with facial asymmetry, the minimum distance was analyzed 

by dividing the data into opening and closing phases. Furthermore, the lowest 

point on the graph (Fig.5), which indicated the condylion position that passed 

through the lowest point of the articular eminence was also evaluated, because 

it could be the most compressive phase on the disc. The mean value of each 

phase and the lowest point was compared between a) Group I and Group II, and 

b) the deviated side and contra-deviated side patients in the asymmetry group.  

 3) We also investigated the axial condylar angle, defined as the angle between 

the long axis of the condylar process (the line between the most medial and 
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lateral poles) and a perpendicular line to the mid-sagittal plane in the axial view 

(Fig. 6a). The axial slices were evaluated at the point where the mediolateral 

diameter of the right or left condyle was the greatest. In addition, the 

anteroposterior difference between the right and left condylar position was 

measured (Fig. 6b), and the difference (degree) between the right and left axial 

condylar angles was calculated. The measured values of Group I and Group II 

were compared. 

 

2.5. Statistical analysis  

 Each measurement was statistically analyzed using the Mann-Whitney U-test 

and paired t-test. A p-value of <0.05 was selected for the significance level in all 

tests. 

 

3. Results  

3.1. Mandibular movement 

 The patient-specific TMJ movements were simultaneously visualized and 

animated in the virtual 3D space (Fig.5). The condylion point on the surface 

model was determined by referencing multi-planar images. The position of the 

condylion point on the mandible was traced and displayed through mandibular 

movement simulation in the virtual 3D space.  
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 Bilateral condylar paths were separately shown in the sagittal plane (Fig. 7a), 

and real-time 3D tracking data of both condyle movements was visualized on 

the reference coordinate system (Fig. 7b). The condylar path of a patient with 

facial asymmetry and accompanying degeneration arthritis showed irregular 

movement out of the glenoid fossa (Fig.8a, b). In Group II, the condylar 

pathways of the right and left condylions were constant and had similar 

patterns (Fig.9a, b). The mean length (mm) per one condylar pathway cycle 

during mouth opening and closing movements was shorter in Group II 

(44.38±13.67) than Group I (55.01±17.97). The difference between the right and 

left condylar path lengths was a little higher in Group I (5.58±5.38) than Group II 

(2.59±2.82) (Table 1). Even though the average maximum linear distances in 

Group I (16.71±6.80) was not significantly longer than Group II (13.05±5.92), the 

difference between the right and left side maximum linear distances was 

significantly larger in Group I (2.65±2.58) than Group II (0.91±0.69) (p <0.05) 

(Table2). 

 

3.2. Minimum distance between condylion and glenoid fossa  

The average intra-articular minimum distances during the opening phase and 

the closing phase in Group I and II are presented in Table 3. The mean intra-

articular distance was smaller in Group I (3.44 mm) than in Group II (4.43 mm). 

The intra-articular distance at the lowest point, where the condyle passes 
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through the lowest articular eminence, was significantly smaller in Group I than 

Group II (p< 0.05). The peak point of the graph showing the minimum distance 

changes between the right and the left condyle was distinctly different in Group 

I (Fig. 10a) while the values were similar and symmetric in Group II (Fig.10b). 

The mean intra-articular distances were slightly smaller on the deviated side 

(3.41 mm) than on the non-deviated side (3.55 mm) in Group I, even though 

there was no statistical significance (Table 4). 

 

3.3. Medio-lateral condylar axis and anteroposterior condylar position  

 There were differences in the axial condylar angle in the right and left sides in 

Group I (Fig. 11a) and Group II (Fig.11b). The mean value of the angular 

differences in Group I (8.77±3.85) was significantly larger than the mean value 

in Group II (3.17±2.98) (p<0.05). The mean value of the anteropsterior 

differences in Group I (2.00±1.74) was a little larger than in Group II (1.41±1.66) 

(Table 5). 

 

4. Discussion 

We obtained several measurement advantages for TMJ evaluation using our 

proposed simulation system. First, the simulation system provided a visualized 

dynamic animation of patient-specific TMJ movements and we were able to 
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investigate bilateral 3D TMJ movement. The optoelectronic techniques used in 

recent mandible movement studies require the use of a large dimension face 

bow that restricts jaw movement [35]. Our patient-specific stent with a tracking 

camera, however, was relatively simple and is easily applicable in clinical 

conditions. Second, three dimensional quantitative evaluation of TMJ movement 

was possible using the techniques in this study. Condylar movement and the 

minimum condyle-fossa distances were registered with x,y,z-coordinates. 

Although TMJ movement occurs three-dimensionally, most studies have 

examined the movement with only a two-dimensional plane [35,36]. However, 

our simulation system records the trajectory movements in 3D space and used 

an accurate and easy technique to set the reference point.  

 

 To analyze mandibular movement, the choice of the reference condylar point 

was arbitrary; in literature, the terminal hinge axis or the point that 

corresponds to the cutaneous lateral projection of the condylar process, 

identified by palpation, have often been chosen, as well as the kinematic center 

[29-34]. However, this point was problematic for inter- and intra- operator 

reproducibility [43]. Our simulation system is more precise because it 

designates a point on a three-dimensional CT surface model. We compared the 

properties of some of the previously mentioned techniques and commercial 

systems with our method (Table 7). Our method can be affected by error 
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sources that originate in CT and jaw tracking devices such as artifacts, 

elasticity of dental impression material and LED sensor dynamic noise. While 

the optoelectronic techniques that use CCD cameras and LED sensors had a 

mean error of 0.156-0.400 mm (Table 7), the mean error of our system was 0.3 

mm. Three-dimensional mandibular movement was accurately recorded and 

qualitatively analyzed using our simulation system [6.40]. Our method can be 

applied with virtual articulators, to analyze TMJ movements of patients with 

TMD symptoms and facial asymmetry and to analyze jaw movement for 

orthodontic and surgical preparation.  

  

In the previous studies [34, 45], the TMJ movement was primarily analyzed two-

dimensionally by referencing the sagittal plane, even though TMJ movement 

occurs three-dimensionally. In our study, the average amount of pure 

translation analyzed in 3D was 15.02 mm, which was similar to the mean value 

in the previous 2D studies (14.4 mm (women), 20.1 mm (men)) [34, 45]. The 

average condyle path length analyzed in 3D was 50.09±16.41mm and it was 

similar to the average value from previous studies in the sagittal plane 

(49.2±4.0 mm (male), 46.7±4.5 mm (female)) [34, 45]. The small discrepancy 

could have occurred because the curved, uneven and complicated pathway of 

condylar movement is difficult to accurately analyze with previous 2D 

techniques. 
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 Takashi et al [44] reported that the overall condylar path length (maximum 

linear distance) in patients that exhibit mandibular prognathism during 

opening-closing movement was significantly longer on the deviated side 

(13.1±3.3 mm) than that on the non-deviated side (11.5±4.1 mm). However, in 

our study, there was no significant difference between the deviated side 

(16.20±6.04 mm) and non-deviated side (17.21±7.90 mm) (Table 6). Rather, the 

maximum linear distance on the deviated side was slightly shorter than the 

non-deviated side. This discrepancy could have occurred because patients in 

this study had mandibular prognathism in addition to other malocclusions such 

as mandibular retrognathism. The steepness of the articular eminence, 

condylar morphology and disc displacement could also affect condylar 

movements [27, 33, 34, 43, 44].  

 

 In patients with severe asymmetry (Group I), the rotational movement 

occurred simultaneously at the short (deviated side) and long ramus (non-

deviated side), and the amount was almost the same on both sides. However, 

the translational movement was different. In six of 14 patients (42%), the long 

ramus translated first, and then was followed by the short ramus. While the 

long ramus showed a maximal translation, the short ramus had a restricted 

translation. This difference resulted in mandibular deviation on the side of the 

short ramus. In five of 14 patients (35%) the short ramus took the translation 
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movement earlier than the long ramus, and the amount was much more than 

the long ramus. Therefore, the mandible deviated to the long ramus side while 

the mouth opened. In three of 14 patients (21%), the short ramus was restricted 

as it started translational movement, then after the long ramus showed a 

maximal translation, the short ramus was able to reach the maximal 

translation. Consequently, there was no mandibular deviation at the maximum 

mouth opening position. 

 

 The intra-articular distance decreased during condyle sliding movement along 

the articular eminence, and its value in patients with facial asymmetry (Group I) 

was significantly smaller than in patients without asymmetry (Group II). Tazuka 

K. et al [38] reported that the TMJ on the deviated side showed a higher 

incidence of disk displacement than the non-deviated side and was associated 

with mandibular deviation. In our study, the lowest intra-articular distance on 

the deviated side was smaller than the non-deviated side. Therefore, it was 

reasonable to accept that reduced intra-articular distance could overload the 

disc, which could lead to disc displacement.  

 

 After the condyle passed through the lowest point of the articular eminence, 

the condyle showed a maximal translation out of the glenoid fossa. At that time, 

the peak point of the intra-articular distance appeared on the graph. In 13 of 14 
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patients (92%) with facial asymmetry (Group I), different peak points between 

the right and left condyle were observed (Fig. 10a), and the average of the 

difference between the right and left peak points was 7.96±6.11 Hz. In one of 14 

patients (8%) with facial asymmetry (Group I), the peak points did not appear on 

both condyles. Reduced distance ranges were seen bilaterally (Fig. 10c) and in 

eight of 12 (67%) patients without asymmetry (Group II), similar and symmetric 

peak points between the right and left condyle were observed (Fig. 10b). The 

average difference between the right and left peak points was 3.25±2.62 Hz, and 

it was shorter than the mean value in Group I. Peak points were not seen in four 

of 12 (33%) patients without asymmetry (Group II). The unvaried distances or 

reduced distance ranges were seen on one side or both sides (Fig. 10d). Because 

the peak points indicate condylar movements out of the glenoid fossa and 

potential disc displacement, patients with distinct peak points could be carefully 

examined to determine the TMJ status during orthognathic diagnosis and 

treatment planning. 

 

 Westesson et al. [46] proposed that the mean axial condylar angle was smallest 

in a joint with a normal disk position (mean, 21.2°) and became larger in joints 

with disk displacement (33.5° for disc displacement without reduction), 

degenerative joint disease (36.5°), or both. Ueki et al. [47] reported a mean axial 

condylar angle for the symmetrical class III group as 12.0° on the right and 11.8° 
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on the left. Compared to prior studies, this study revealed an approximate 20° 

mean axial condylar angle for patients in Group I. Patients without severe facial 

asymmetry (in Group II) had a smaller angle of approximately 18° (Table 5). In 

Group I, the deviated side had an approximately 21° mean axial condylar angle 

and the non-deviated side had an approximately 18° mean value (Table 6). This 

result indicated that the axial condylar angle tended to be larger on the 

deviated side in Group I. Therefore, as the mandible grows asymmetrically on 

the deviated side, the condyle adjusts and rotates in a medial (inner) direction. 

In addition, from prior studies [46, 47], skeletal class III patients had smaller 

axial condylar angles than the normal occlusion patients, and the class II 

malocclusion patients had larger axial condylar angles. Therefore, classifying 

patients into skeletal class I, II and III would be important for additional analysis 

in a future study.      

 

 In three patients without asymmetry in Group II, there were uneven and 

asymmetric condylar movements similar to movements in patients in Group I. 

Two of these patients had distinct differences in the axial condylar angle (9°,9°) 

between  the right and left side, and one patient had distinct differences (4.5 

mm) in the right and left side anteroposterior condylar positions (Fig. 12 a,b,c). 

In Group I, patients who had small difference axial condylar angle differences 

or the same anteroposterior condylar position between both sides had irregular 
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and asymmetric condylar movements, which suggested that mandibular 

deviation may be the main factor for asymmetrical condylar movement.  

 

5. Conclusion  

 3D analysis with simulation of mandibular movement was an useful tool for the 

evaluation of 3D TMJ movement. TMJ movement in patients with facial 

asymmetry was variable depending on severity of asymmetry. The length of 

condylar trajectory was longer in patients with facial asymmetry than in 

patients with symmetry. The difference of the right and left condylar tracking 

path was distinct. Analyses of the TMJ space from data obtained after 

reconstructing and animating the TMJ with real anatomic and kinematic data 

showed that the intra-articular distance in patients with facial asymmetry was 

smaller than in patients with symmetry. And the intra-articular distance on 

short ramus side was a little narrower than on long ramus side in patients with 

facial asymmetry, even though there was no significant difference. 

Furthermore, the medio-lateral condylar angle to the mid-sagittal was 

associated with asymmetric movement, and it may lead to TMJ internal 

derangement. Combined study with MRI will give more elucidatory information 

for disc displacement in patients with facial asymmetry.  
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Table 1. Mean value of the condylar path length (mm) and the difference 

between right and left sides in Groups I and II. 

 Group I Group II p-value 

Mean±SD 55.01±17.97 44.38±13.67 NS 

Difference between bilateral CPLs 5.58±5.38 2.59±2.82 NS 

CPL: condylar path length. Statistical analysis was performed with the Mann-Whitney U-test.  NS: not  

significant 

 

 

 

Table 2. Mean value of the maximum linear distance (mm) and the difference 

between right and left sides in Groups I and II. 

 Group I Group II p-value 

Mean±SD 
16.71±6.80 13.05±5.92 NS 

Difference between bilateral MLDs 2.65±2.58 0.91±0.69 0.041 

MLD: maximum linear distance. Statistical analysis was performed with the Mann-Whitney U-test. NS: 

not significant 
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Table 3. Average minimum intra-articular distances 

 Opening phase Closing phase The lowest point 

Group I 3.41±1.93 3.48±1.71 1.11±1.61 

Group II 4.39±1.98 4.47±1.97 2.29±1.71 

p-value NS NS 0.049 

 

Data are presented as the mean±SD in millimeters. Statistical analysis was performed with the Mann-

Whitney U-test. NS: not significant 

 

 

 

Table 4. Average minimum intra-articular distance on deviated and non-

deviated sides. 

 Opening phase Closing phase The lowest point 

Deviated side 3.41±1.71 3.41±1.69 1.77±2.04 

Non-deviated side 3.53±2.01 3.56±2.07 1.86±1.79 

p-value NS NS NS 

 

Data are presented as the mean ± SD in millimeters. Statistical analysis was performed with the Mann-

Whitney U-test. NS: not significant 

 

 

 



35 
 

Table 5. Axial condylar angle and anteroposterior position of the right and left 

sides. 

 Group I Group II p-value 

Axial condylar angle (°) 19.77±10.18 18.38±11.53 NS 

Angular difference (°) 8.77±3.85 3.17±2.98 0.001 

Positional difference (mm) 2.00±1.74 1.41±1.66 NS 

 

Data are presented as the mean ± SD. Statistical analysis was performed with the paired t-test.  NS: not 

significant 

 

 

 

Table 6. Average condylar path length, maximal linear distance and axial 

condylar angle on deviated and non-deviated sides in Group I 

 deviated side 

non-deviated 

side 

p-value 

Condylar path length (mm) 54.25±15.34 55.76±19.77 NS 

Maximal linear distance (mm) 16.20±6.04 17.21±7.90 NS 

Axial condylar angel (°) 21.15±10.85 18.38±9.26 NS 

 

Data are presented as the mean ± SD. Statistical analysis was performed with the paired t-test. NS: not 

significant 
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Table 7. Comparison of our proposed simulation system and recently published 

techniques and commercial systems. 

 
3D 

analysis 
Cost 

Mean 

error 

(mm) 

Mandibular 

morphology 

estimation 

Obstruction 

Specialized 

for mandible 

analysis 

Our simulation system Yes Low 0.3 Yes Moderate yes 

Optical by Pinheiro et al. 

(2011) 
No Low 0.400 No Low yes 

Optical by Fang and Kuo 

(2008) 
Yes Moderate 0.177 No High yes 

Optical-CT by Koseki et 

al. (2007) 
Yes High 0.200 Yes Low yes 

Magnetic by Santos et al. 

(2008) 

Yes low - - High yes 

Magnetic by Yoon et al. 

(2006) 

Yes moderate 0.320 No Moderate no 

Ultrasound JMA Yes moderate ~0.1 No High yes 
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Figure.1. Mandibular midline shift (MMS) angle determined by the angle between 

the crista galli to the anterior nasal spine (CG-ANS) and the anterior nasal spine 

to the menton (ANS-Me).  

 

 

 

Figure 2. a) Patient-specific stent for image registration and tracking with 6-

unit metal ball land markers (left picture), and b) infrared reflecting markers 

were attached to the stent (right picture). 
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Figure 3. Condylion during mandibular movement recording. The x,y,z-

coordinates of the right (red point) and left (blue point) condylion were 

simultaneously recorded on the virtual 3D coordinate system during the 

mandibular movement simulation. The red line indicates the right condylion 

trajectories and the blue line indicates the left condylion trajectories. 

 

 

 

Figure.4. Images of 3D condylar movement during mouth opening and closing 

movements.  
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Figure 5. The minimum distance between the condylions to the glenoid fossa on 

both sides during mouth opening and closing movements. The distance changes 

on the graph were separately recorded in the opening and closing phase and at 

the lowest point. An example of one cycle in Group I: the red line is the change 

on the right side, the blue line is on the left side. 
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Figure 6. Axial view CT images.  A) Different bilateral axial condylar angles (left 

image). b) Different anteroposterior condyle positions on the right and left side 

(right image).   

 

      

Figure 7.  Typical graph that represents patients with facial asymmetry (Group 

I). The red line is the right condylar pathway and the blue line is the left 

condylar pathway. a) (left) Condylion movements displayed separately in the 2D 

sagittal plane, b) (right) Both condylions movements displayed together in the 

3D reference coordinate system.  
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Figure 8. Irregular condylar movements in a patient with degenerative arthritis 

from Group I. The red line is the right condylar path and the blue line is the left 

condylar path. a) (left) Condylion movements are displayed separately in the 

sagittal plane, b) (right) both condylions movements are displayed together in a 

3D reference coordinate system. 

 

     

Figure 9. Typical graph representation of patients without asymmetry (Group II). 

The red line is the right condylar path and the blue line is the left condylar 

path. a) (left) Condylion movements were seen separately in the sagittal plane.  

b) (right) Both condylion movements were seen in the 3D reference coordinate 

system. 
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      a. Typical Group I patient graph        b. Typical Group II patient graph

  

      c. Atypical Group I graph                d. Atypical Group II graph 

Figure 10. Changes of the intra-articular distance during mouth opening and closing 

movements. The arrows indicated the moment when the maximum condylar 

displacement occurred (red: right condyle, blue: left condyle).  a) A typical graph of 

Group I patients; the peak points of the right and the left condyle were distinctly 

different. b) A typical graph of Group II patients; the peak points of both condyles were 

symmetric and similar.  c) An atypical graph of Group I patients; the peak points were 

not seen (n=1) and the reduced distance range was seen bilaterally.  d) An atypical 

graph of Group II patients; the peak points were not observed (n=4) and a reduced 

distance range was seen. 
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Figure 11. Bilateral axial condylar angle differences. a) Measured angles of all 

subjects in Group I (left graph). b) Measured angles of all subjects in Group II 

(right graph). Subjects 3 and 7 showed distinct differences. 
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   a. Subject 3 in Group II                        b. Subject 7 in Group II  

 

   c. Subject 8 in Group II 

Figure 12. Atypical movements in the 3D coordinate system in three patients in 

Group II. a) Subject 3 demonstrated a large axial condylar angle difference and 

both sides showed uneven and asymmetric movement. b) Subject 7 had large 

differences in the axial condylar angle between both sides and showed 

asymmetric and restricted movement. c) Subject 8 showed large differences in 

the anteroposterior position of the condyle on both sides and showed uneven 

and asymmetric movement. 
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-국문초록- 

 

3차원 컴퓨터 단층촬영과 추적카메라 시스

템을 이용한 안면비대칭 환자의 수술 전 3

차원 악관절 움직임 평가 

 

장 아 렴 

서울대학교 치의학 대학원 

치의과학과 구강악안면외과학 전공 

(지도교수  황  순  정) 

 

목적 : 컴퓨터 단층촬영과 악관절의 3차원적 움직임 정보를 획득하여 하악 운동을 시

뮬레이션하여, 안면비대칭이 악관절 운동에 미치는 영향을 3차원적으로 분석하고자 

한다. 

 

방법 : 안면비대칭을 가진 수술예정 환자(n=26)에서 하악골의 운동을 재현하기 위해, 
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두경부 컴퓨터 단층촬영 데이터에서 마칭 큐브 알고리즘을 통해 3차원적 하악과 상악

의 표면모델을 만들어 낸다. 하악 움직임을 위치 추적 카메라를 통해 3차원적 위치 

데이터를 얻고, 기록 과정을 통해 컴퓨터단층촬영 좌표로 전환된다. 이 정보를 이용하

여 환자의 3차원적 악관절 움직임을 가상 환경에서 시뮬레이션 시킨다. 양측 하악 과

두 부위를 표시한 후, 하악의 움직임을 시뮬레이션하여 궤적 데이터를 기록한다. 환자

의 정모방사선 사진 상에서, 하악의 중심선 변위를 조사하여, 전체 환자를 안면비대칭

이 심한환자(그룹I)와 안면비대칭이 없거나 경미한 환자(그룹II)로 나누어, 3차원적인 

악관절 운동을 추적하였다. 그룹I은 비대칭이 이환된 쪽과 아닌 쪽으로 구분하여 조사

하였다. 또한 악관절 운동에 영향을 줄 수 있는 하악과두와 정중시상면사이의 각도 차

이와 하악과두의 전후방적 위치차이를 조사하였다. 

 

결과 : 차원적으로 기록되던 3차원 악관절의 움직임을 3차원적으로 기록할 수 있었으

며, 양적계산이 가능했다. 그룹II 에 비해 그룹I 에서 악관절의 움직임이 활발하며, 양

쪽 병진운동의 차이가 큰 것으로 나타났다 (p< 0.05). 또한 그룹I이 그룹II 에 비해 하

악 과두와 관절와 사이의 (condyle-fossa) 거리가 좁았으며, 특히, 하악과두가 관절 

에미넌스(articular eminence)의 최후하방지점을 지나갈 때 통계적으로 유의하게 좁

았다 (p< 0.05). 그룹 I에서, 비대칭이 이환된 쪽이 아닌 쪽 보다 거리가 좁았다. 양쪽 

하악 과두의 정중 시상면과의 각도차이와 전후방적 위치차이는 그룹I 이 그룹II 에 비

해 차이가 컸으며, 그룹II 로 분류된 환자라도 이들 차이가 큰 환자는 그룹I에 속한 환

자들처럼 비대칭적이고 불규칙한 움직임을 보였다. 

 

결론 : 3차원 시뮬레이션을 통해 안면비대칭의 환자에서 과두운동의 정도는 안면비대
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칭의 정도와 좌우 이완부위에 따라서 다르게 나타나고, 비대칭이 심한 경우에 관절 간

극이 좁아 과두에 부하가 많이 생길 수 있으므로 악관절 장애와 관련 있음을 확인할 

수 있었다. 또한 하악 과두의 수직적인 차이 뿐 만 아니라 하악과두의 위치 차이와 정

중 시상면과 각도 차이 또한 악관절 운동에 영향을 줄 수 있음을 알 수 있었다. 하지

만 악관절 운동에 영향을 주는 요인은, 악관절의 모양, 관절원판의 위치와 병변 등의 

요인이 더 관여할 수 있어, MRI 데이터와의 비교 연구가 더 필요할 것으로 보인다.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

주요어 : 3차원적 악관절 시뮬레이션, 하악 과두의 움직임, 하악과두와 관절와 사이의 

거리 변화, 하악 과두의 위치와 정중시상면에 대한 각도, 안면비대칭 
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