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Abstract 

 

Analysis of the phase differences between bilateral 

condylar movements using the cross power 

spectral density 

 

Sang Yoon Woo 

Interdisciplinary Program in Radiation 

Applied Life Science major 

The Graduate School 

Seoul National University 

 

Purpose : To investigate the relationship between facial morphology 

differences and phase differences in bilateral condylar movements before and 

after orthognathic surgery. 

Methods : Total 14 subjects (5 male and 9 female, mean age: 21.9, range: 19-

28) were selected, and CT data were collected before surgery and after surgery. 

All subject were undergone bilateral sagittal split ramus osteotomy in 
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combination with Le Fort I osteotomy. Personalized splints were made for 

image registration and to track mandibular movement. The movements of the 

bilateral condyles were tracked and stored in terms of their CT coordinates 

using an optical tracking system. The CT images were reconstructed three-

dimensionally and then normalized with the image parallel to the Frankfort 

horizontal plane (FH plane). The phase differences between bilateral condylar 

movements were calculated with the cross power spectral density. The 

calculated phase differences and facial morphologies were analyzed using 

Pearson’s correlation coefficients. 

Results : Before surgery, the phase differences between bilateral condylar 

movements were randomly distributed regardless of the facial morphology. A 

patient who had severe asymmetry may have a short time delay and a patient 

who had relatively low asymmetry may have a long time delay. The 

correlation between the time delay and the morphology before surgery was 

not significant in the X, Y or Z directions (P>.05). After surgery, the 

relationship between the time delay and menton angle (MA) was statistically 

correlated in the Y and Z directions (P<.05). While CGM angle, GonMen, 

ConMen and ConGon parameters after surgery were not statistically 

significant, the correlation coefficient on the Z axis after surgery increased. 

Conclusion : Given that the phase differences and morphology differences 

were not correlated before surgery, the results of this study imply that the time 
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delay may be related to other factors. These factors could be the inside 

characteristics of the temporomandibular joint or the degree of muscle 

asymmetry. Although the time delay after surgery was correlated with the MA 

morphology in the Y and Z directions, the evidence was weak due to the 

limited sample size. It is expected that this result will be clearer if future 

studies use data from more patients and other modalities such as MRI and 

EMG study. 

Keywords: Condylar phase difference, TMJ dislocation, TMJ movement, 

Facial morphology difference, cross power spectral density 

Student Number: 2012-23660 
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Introduction 

 

The temporomandibular joint (TMJ) is related to all types of human 

jaw movements such as mouth opening-closing, chewing and speaking. 

Although the TMJ performs important roles related to the lives of humans, it 

has been difficult to investigate its biomechanics and to treat diseases related 

to it. These problems were caused by the complexity of the TMJ. Because 

both sides of the TMJ are connected to the jaw bone, the movement of one 

side of the TMJ affects the movement of the other side. Moreover, various 

muscles are related to the TMJ. The mandibular movements are able to 

operate in the open-close, pro, and lateral directions and can undertake gliding 

movement. 

Historically, mandibular movement has been studied for more than a 

century. According to Soboļeva’s historical review paper [1], the beginning of 

mandible movement study was published by Walker who invented a system 

that recorded rough condyle movement using a photographic method [2]. The 

method conducted the continuous recording of the location of a reflector by 

photography. The reflector was attached to facial morphological landmarks 

such as the condyle and gonion. Since Walker’s paper, there have been 

various studies simulating jaw tracking and analyzing the temporomandibular 

joint. Some recent mandible systems also adopted a method similar to 
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Walker’s. As the technology developed, new tracking methods and record 

systems were invented for mandible movement using electronic equipment. 

Most current studies were performed with electrical measuring systems which 

assured researchers of higher accuracy and better resolutions than 

conventional manual measurements. Yashiro et al. estimated the model of 

chewing jaw movement in patients with temporomandibular disorders [3]. In 

terms of a human jaw model, Otake et al. analyzed four-dimensional mandible 

movement using a real-time cranial bone model with CT imagery [4]. Not 

only condyle movements but also the shape of the mandible or bone was 

shown using CT imagery. Nishigawa reported a novel articulator that 

reproduced mandible movements [5]. Based on jaw movement measuring 

systems, researchers have studied the relationship between the facial 

morphology and jaw movement [6, 7]. These studies collectively imply that 

the facial morphology is significantly correlated with jaw movement. Given 

that mandible movements are affected by multiple factor, other morphologies 

and muscles were also investigated. For an investigation of the inside TMJ, 

the locations of the glenoid fossa and articular tubercle were studied [8, 9]. 

These types of studies generally used MR or ultrasonic images to see soft 

tissue instead of CT images. According to these studies, different shapes of 

the fossa and tubercle affected human jaw movements, thus reflecting 

complex factor of the TMJ again. Also, functional and morphological changes 

after orthognathic surgery were studied [10-13]. In some previous studies, a 
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changed mandibular path was achieved after orthognathic surgery [14, 15]. 

However, Hashimoto reported that the condylar path length could either 

change or not change after surgery. Although the path could be affected by the 

shape of glenoid fossa, the shape remains unchanged after orthognathic 

surgery. From a different point of view regarding differences in facial 

morphologies, some researchers have investigated the relationship between 

facial morphology differences and muscle activity from electromyographic 

signals. Dong et al. investigated relationship between asymmetric muscle and 

jaw movements [16-18]. They reported that asymmetric muscle provoked 

non-symmetric jaw movements [16]. Three years after jaw correction surgery, 

the masticatory muscle function was improved and the movement of mandible 

was different [19]. These studies regarding TMJ can provide information 

about pre- and postoperative evaluation factors. The previous studies revealed 

clinical findings such as those related to the functional side of TMJ and 

improvements after surgery [17-21]. 

Recently, our research team fabricated a system which record and 

simulates TMJ movement. Kim et al. undertook quantitative analysis of facial 

morphology relative to condylar movement [6, 14]. However, while most 

researchers have analyzed quantitative information such as the jaw opening 

distance and condylar trajectory, no studies have investigated the time delays 

between bilateral condylar movements. The time delays between bilateral 

condylar movements causes phase differences in their trajectory. 
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 In this research, the objective was to analyze the hypothesis that 

mandibular morphological asymmetry causes a phase difference in the 

bilateral heads of condylar movements. We performed an analysis of jaw 

movements with different facial morphologies and phase differences in 

bilateral condylar movements. In order to calculate the phase differences, the 

cross power spectral density method was used. The human jaw movement was 

considered to be rigid body movement. 
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Materials and Methods 

 

1. Subjects and CT scanning 

The jaw movement data of 25 patients who were planned to undergo 

orthognathic surgery (eleven male and fourteen female, mean age: 22.0, range: 

18-28) were acquired. Among the subjects, patients were excluded for this 

study if they had preoperative TMD symptoms and temporomandibular 

disorder. Three-dimensional images were obtained with a MDCT (Siemens 

SOMATOM Sensation 10, Munich, Germany) operating at 120kVp and 

80mAs with a 0.75mm slice thickness. This research was approved by the 

institutional review board of Seoul National University and informed consents 

were obtained from all subjects. 

In total, 14 subjects (five male and nine female, mean age: 21.9, 

range: 19-28) who had no TMD symptoms were enrolled in this study. All 

patients were treated with bilateral sagittal split ramus osteotomy and Le Fort 

I osteotomy. 

 

2. Jaw Movement tracking and morphology calculations 

A personalized splint was made for image registration and 

mandibular movement tracking (Fig. 1). The splint consisted of a dental 
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impression material (Thixotropic vinyl polysiloxane, PARKELL Inc., 

Edgewood, NY), and it was made to reproduce the synchronized occlusion 

condition between CT scanning and jaw movement simulation. Six spherical 

metal balls installed in a rigid body attached onto the splint using LEGO 

blocks (LEGO Group, Billund, Denmark). This rigid registration body was 

used for image registration between the CT image coordination and the 

physical coordination.  

In order to store and reproduce the jaw movement, two optical 

markers were used. One marker was attached to headgear, representing the 

maxilla, and the other marker was fixed to the splint (Fig. 2). The jaw 

movement of subjects was recorded by an optical camera system (Polaris, 

Northern Digital, Inc., Waterloo, Ontario, Canada) before and three months 

after surgery. The sampling resolution was 22Hz. The 3D maxilla and 

mandible models were reconstructed and used for the simulation of the 

condylar movements of the subject. The recorded relative locations of the 

Figure 1. Personalized splint was made for each patient.  

Registration body includes 6 metal balls. 
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mandible from the maxilla were visualized in a time series view using 

Visualization Toolkit Kit (VTK, Kitware Inc., Clifton Park, NY). 

 

 

Figure 2. Optical markers were attached on headgear and splint.  

They represent the position and orientation of maxilla and 

mandible respectively.  

 

The mandible movement was calculated by relative mandible 

position based on initial maxilla position. The mathematical equation is 

represented (Eq. 1),   

alman_physic
-1
man_init

-1
ref

-1
ref_initregman_image TTTTMT )(

 --------(1)  

Tman_image was applied to the mandible model in relation to the maxilla model 
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in 3D image space. Tman_physical and Tman_ref mean positions of the mandible 

tracking tool and the reference tool respectively in physical space. Tman_init and 

Tref_init are their initial positions respectively [17]. 

In order to unify the head positions of patients, we needed a standard 

patient orientation. We defined a new coordinate system based on facial 

morphology. The origin of the CT image was set to the right porion. The X 

axis was from the origin to the left porion and the Y axis, from anterior to 

posterior, was set perpendicular to the X axis. The XY plane was designated 

as the Frankfurt horizontal plane (FH plane) in order to normalize the CT 

position of the subject. The Z axis was defined as the right-hand rule, from 

inferior to superior. The horizontal line was defined as a parallel line from the 

FH plane. As the patients voluntarily opened and closed their mouths, we 

stored 10 cycles during this action. We calculated the phase differences in 

pairs of 10 cycles. To find the average phase differences in an opening-closing 

cycle, the calculated whole phase differences were divided by ten. 

To reproduce three-dimensional reconstruction, Amira 5.0 (TGS Inc., 

San Diego, CA) was used and the three-dimensional facial morphology was 

analyzed. The selected morphology landmarks were menton, nasion, the 

superior point of the condyle, and the gonion. These are described in Table 1. 

Facial morphology difference parameters are defined in Table 2 and Figure 3. 
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Table 1 Facial landmarks 

Facial 

Landmark 
Abbreviation Definition 

Menton Men the lowest point of the mandibular symphysis 

Nasion Na 
craniometric point at the bridge of the nose where 

the frontal and nasal bone of the skull meet 

Condyle Con 
the highest point on the superior outline of the 

mandibular condyle 

Gonion Gon 
Midpoint of the mandibular angle between ramus 

and corpus mandibulae 

 

Table 2 Facial morphology difference parameters 

Abbreviation Definition 

MA  the angle difference between right angle and menton deviation 

CGM angle 
the difference between bilateral angles formed by condyle-gonion-

menton 

Gon-Men the length difference between bilateral gonion-menton 

Con-Men the length difference between bilateral condyle-menton 

Con-Gon the length difference between bilateral condyle-gonion 



10 

 

 

Figure 3. Facial morphology parameter 

 

3. Calculation of the phase differences between bilateral 

condyles 

The movements of the bilateral condyle can be represented as two 

signals. During the signal processing step, the phase differences of two signals 

can be measured by means of cross correlation or via the cross power spectral 

density. In terms of the frequency domain, cross power spectral density is the 

Fourier transform of the cross correlation. Because these two signals had 

various frequencies, it was difficult to find main frequency in the time domain. 

As a result, we used cross power spectral density (CPSD) to calculate the 
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phase differences between the bilateral condylar movements. The CPSD 

equation is shown in (Eq. 2) 







t

t

tj-
fgfg etRωP )()(

-------- (2) 

,where signal f and g denote the movement of the bilateral condyles and R is 

the cross correlation function. We computed the phase differences of the two 

signal in x, y, and z directions before and after surgery. To remove the 

fluctuation from the bilateral condylar movements, a moving-average filter 

was applied using the mean of the previous five data instances. The calculated 

phase differences and facial morphology parameters were analyzed using 

Pearson’s correlation coefficients. 
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Results 

 

We assessed 14 subjects (five male and nine female, mean age: 21.9, 

range: 19-28) who had undergone two jaw surgery. We acquired 3D facial 

asymmetric data from the CT data before and after treatment. The bilateral 

condylar movements were recorded for each patient using an optical tracking 

system. The relative locations of the mandible from the maxilla were 

represented at a 22 Hz sampling frequency. The patient-specific splints 

guaranteed the initial occlusion position when the patients were scanned in the 

CT machine. Mandible movements were loaded in order to track facial 

landmarks. The selected facial landmarks were the incisor and the superior 

point of the bilateral condyles. Original CT data and jaw movement data were 

not normalized between the patients’ pose and the location in the image space. 

To unify the head positions, all landmarks were transformed to the FH plane 

for all CT data. We then loaded the jaw movement data normalized by the FH 

plane. The animation of 6-DOF jaw movement was realized as the location of 

the mandible was sequentially changed from the maxilla. Figure 4 shows a 

reproduced 3D image and the trajectory of the left condyle. 
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Figure 4. Simulation of mandibular movement was performed. The 

red trajectory represented left condylar movement. 

 

Bilateral condylar movements were analyzed as two random signals. 

The major frequency of the two signals could be selected using a periodogram 

as shown in Figure 5-(a). Next, we determined the phase difference of the 

majority frequency using the cross power spectral density, as shown in Figure 

5-(b). The phase difference was computed as a degree formula. 
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The phase difference and the facial morphology difference were 

arranged before surgery (Table 3) and after surgery (Table 4). The absolute 

mean values of the phase difference, the CGM GonMen parameters, and the 

ConGon parameters were increased, but MA and ConMen parameters were 

decreased (Table 3, Table 4). Table 5 shows a comparison of the absolute 

means of between before and after surgery. While the phase difference on the 

Y axis, the MA parameters, and ConMen parameters were decreased, the 

phase difference on the Z axis, and the CGM, GonMen and ConGon 

parameters were increased after surgery. 

Figure 5. (a): Periodogram of right condylar movement in Z axis,  

        (b): Cross spectrum phase 
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Table 3 Phase difference and facial morphology difference before surgery 

 

  
Patient 

number 

Phase 

difference 

in Y axis(°) 

Phase 

difference 

in Z axis(°) 
MA(°) CGM(°) GonMen(mm) ConMen(mm) ConGon(mm) 

1 0.16 -2.16 -1.75 -1.59 1.30 -2.63 -3.20 

2 -0.03 0.07 -3.13 -4.40 -3.06 -6.45 -0.86 

3 -1.42 -1.16 0.50 5.41 0.84 4.17 0.05 

4 -0.07 -0.07 -4.76 -1.01 -2.41 -8.71 -7.43 

5 -0.51 -0.68 -0.42 2.90 0.82 0.14 -2.54 

6 -0.32 0.06 1.98 -0.05 4.45 0.41 -4.44 

7 0.31 1.19 -2.84 -1.54 0.90 -5.31 -6.54 

8 -0.08 0.12 -6.73 3.51 -0.49 -10.73 -15.24 

9 0.4 0.02 0.32 -1.51 4.66 1.85 -1.24 

10 0.05 0.01 -0.96 0.66 8.01 0.28 -9.01 

11 -0.29 0.02 -2.67 -2.47 -4.26 -6.36 -1.06 

12 0.27 -0.12 7.75 3.70 7.77 17.55 10.59 

13 0.96 0.38 2.63 0.35 -0.75 3.60 4.96 

14 2.69 0.43 0.77 8.16 0.79 4.74 -2.70 

mean±SD 0.15±0.87 -0.14±0.76 -0.66±3.41 0.87±3.32 1.33±3.59 -0.53±6.91 -2.76±5.91 

mean of 

absolute 
0.54 0.46 2.66 2.66 2.89 5.21 4.99 
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Table 4 Phase difference and facial morphology difference after surgery 

Patient 

number 

Phase 

difference 

in Y axis(°) 

Phase 

difference 

in Z axis(°) 
MA(°) CGM(°) GonMen(mm) ConMen(mm) ConGon(mm) 

1 0.16 -2.16 -1.75 -1.59 1.30 -2.63 -3.20 

2 -0.03 0.07 -3.13 -4.40 -3.06 -6.45 -0.86 

3 -1.42 -1.16 0.50 5.41 0.84 4.17 0.05 

4 -0.07 -0.07 -4.76 -1.01 -2.41 -8.71 -7.43 

5 -0.51 -0.68 -0.42 2.90 0.82 0.14 -2.54 

6 -0.32 0.06 1.98 -0.05 4.45 0.41 -4.44 

7 0.31 1.19 -2.84 -1.54 0.90 -5.31 -6.54 

8 -0.08 0.12 -6.73 3.51 -0.49 -10.73 -15.24 

9 0.4 0.02 0.32 -1.51 4.66 1.85 -1.24 

10 0.05 0.01 -0.96 0.66 8.01 0.28 -9.01 

11 -0.29 0.02 -2.67 -2.47 -4.26 -6.36 -1.06 

12 0.27 -0.12 7.75 3.70 7.77 17.55 10.59 

13 0.96 0.38 2.63 0.35 -0.75 3.60 4.96 

14 2.69 0.43 0.77 8.16 0.79 4.74 -2.70 

mean±SD 0.15±0.87 -0.14±0.76 -0.66±3.41 0.87±3.32 1.33±3.59 -0.53±6.91 -2.76±5.91 

mean of 

absolute 
0.54 0.46 2.66 2.66 2.89 5.21 4.99 
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Table 5 Comparison of mean of absolute between before and after surgery 

 

Phase 

difference 

in Y axis(°) 

Phase 

difference 

in Z axis(°) 
MA(°) CGM(°) GonMen(mm) ConMen(mm) ConGon(mm) 

Mean of absolute 

before surgery 
0.54 0.46 2.66 2.66 2.89 5.21 4.99 

Mean of absolute 

after surgery 
0.34 0.57 1.48 4.12 4.69 3.03 5.76 

Variation between 

before and after 

surgery 

decreased increased decreased increased increased decreased increased 
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Table 6 presents the correlation between the phase differences and 

the morphologies. The condylar movements on the Y and Z axes were 

calculated, but the movement in the X axis was weak and meaningless. The 

correlation between the phase differences and the morphology before surgery 

was not significant in the X, Y and Z directions (P>.05). However, after 

surgery, the relationship between phase differences and menton angle(MA) 

was statistically correlated in the Y and Z directions (P<.05). Although the 

CGM angle, GonMen, ConMen and ConGon values after surgery were not 

statistically significant, the correlation coefficient on the Z axis after surgery 

was increased. Figure 6 shows a scatter plot between the menton angle and the 

phase difference on the Y and Z axis after surgery.  
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Table 6 Correlation between phase differences and morphology 

Facial 

morphology 

Correlation in Y-axis Correlation in Z-axis 

Correlation 

Coefficient 
P Value 

Correlation 

coefficient 
P Value 

Before surgery     

MA .183 .530 -.039 .896 

CGM angle .286 .322 -.050 .864 

GonMen .045 .880 -.037 .900 

ConMen .215 .460 -.089 .762 

ConGon .104 .724 -.108 .713 

After surgery     

MA -.566
*
 .035

*
 -.548

*
 .043

*
 

CGM angle -.114 .697 -.302 .293 

GonMen -.056 .850 .154 .599 

ConMen -.201 .490 -.437 .118 

ConGon -.035 .905 -.297 .302 

* P<.05 
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The phase differences of the bilateral condylar movements were not 

distributed homogenously among the patients before surgery. The 

preoperative condylar movements of two patients are shown in Figure 7. A 

patient who had relatively severe asymmetry may have a short time delay (Fig 

7-A), whereas a patient who had relatively low asymmetry may show a long 

time delay (Fig 7-B). 

Figure 6. Scatter plot between menton angle and phase delays 

in the Y and Z axis after surgery. 
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Figure 7. Bilateral condylar movements in the Z-axis before 

surgery. (A) : patient number 12 , (B) : patient number 14 
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Discussion 

 

The aim of this paper was to investigate the relationship between 

facial morphology differences and phase differences between bilateral 

condylar movements before and after orthognathic surgery. The hypothesis 

was that mandibular asymmetry caused a phase difference between condylar 

movements. Our research group has analyzed mandibular movement in terms 

of its relationship with morphology and the effects after orthognathic surgery. 

Facial morphology was linearly correlated with three-dimensional jaw 

movement in Kim’s research in 2010 [6]. Another study reported that 

morphological changes after orthognathic surgery can cause a change in 

condylar movements [14]. We have continuously focused on facial 

morphology differences and condylar movements. Some patients had different 

movement shapes between bilateral condyles and one side of the trajectory 

appeared to be faster or slower than the other. We searched the literature for 

condylar movements regarding phase differences and found that there were no 

studies related to phase differences in bilateral condylar movement. 

The phase differences and facial morphology differences are shown 

in Table 3 and Table 4. We compared the preoperative result with the 

postoperative result in Table 5. Because the phase differences and facial 

morphology differences showed either negative or positive values, the 
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averages of the absolute values were investigated. Although the phase 

difference on the Y axis and the MA and ConMen parameters were decreased, 

the phase difference on the Z axis, CGM and the GonMen and ConGon 

parameters were increased after surgery. The phase differences and 

morphology differences after surgery showed no consistency. We inferred that 

orthognathic surgery not only focused on the absolute symmetry of each of 

the morphologies, but also on the overall aesthetics. Moreover, normal 

occlusion and TMJ functionality should be improved after surgery.  

The correlation between the phase differences and morphology 

differences before surgery was not significant in the X, Y or Z directions 

(P>.05). After surgery, however, the relationship between phase differences 

and menton angle(MA) was statistically correlated in the Y and Z directions 

(P<.0.5) (Table 6). Although the CGM angle, GonMen, ConMen and ConGon 

parameters after surgery were not statistically significant, the correlation 

coefficient on the Z axis after surgery was increased. In Figure 6, the 

relationship between the menton angle (MA) after surgery and the phase 

difference is shown as a scatter plot. Although the MA parameter was 

statistically correlated, many cases showed a small value for the phase 

difference on both the Y and the Z axes. It was considered that some high 

value determined this major tendency. Because patient numbers were limited 

in this research, this result may not be representative of the overall population. 

Other factors such as soft tissue in the TMJ and the effects of muscles could 
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be confounding variables. 

Researchers have investigated the relationship between facial 

morphology differences and mandibular movements. Wang et al. reported 

patients’ jaw movements were small before orthognathic surgery, which 

maybe a limitation caused by abnormalities of the dental occlusions and 

muscle functions [10]. The range of mandible border movement was enlarged 

after surgery [10]. Wang speculated that the condylus is restored to its natural 

position in the glenoid fossa and that steady occlusion is established [10]. 

Compared to our research, Wang’s work was also quantitative research, and it 

was necessary to observe the glenoid fossa. Chewing patterns were studied by 

Ueki et al., who revealed no significant differences in chewing patterns in 

both the symmetry and asymmetry groups [18]. The point that surgical 

orthodontic treatment does not significantly change the chewing pattern [18] 

implied that the shape of the condylar trajectory pattern in the asymmetry 

group did not differ from that of the symmetry group. Although previous 

researches have shown quantitative differences between jaw movement and 

facial morphology, earlier results suggest that the shape of the jaw movement 

and the phase differences in bilateral condylar movements may not be 

affected by the facial morphology. Moreover, Hashimoto et al. analyzed the 

correlation between facial morphology and the condylar path [18]. Hashimoto 

noted that condylar path length asymmetry remained after orthognathic 

correction [19]. This shows that there can be some jaw movement regardless 
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of the facial morphology. Hashimoto also found that asymmetry of the 

glenoid fossa was present in subjects with a facial morphology difference, 

indicating that a facial morphology difference is not only related to outside 

facial landmarks, but also to inside facial features [19].  

In an effort to investigate the inner part of the craniofacial area or 

related functionality, there has been research on mandibular asymmetry and 

muscle functions using electromyographic (EMG) recordings [20-24]. 

Takeshita et al. reported that skeletal correction after orthognathic surgery 

induced an improvement in the asymmetric masticatory muscle activity. 

However, Holmlund et al. reported that the temporalis muscle tended to do 

better, but not significantly so after surgery [25]. Holmlund’s study indicated 

that muscle changes would be not affected after surgery. Consequentially, 

more study should investigate rehabilitation of muscle activity as caused by 

improvements in asymmetric condylar movement. Trawitzki et al. and 

Matsumoto et al. also found that an imbalanced muscle led to abnormal jaw 

movement. However, EMG signals were measured from the muscle regardless 

of the thickness of the subcutaneous tissues. In addition, their results may not 

be representative of the movement of the entire mandible as well as the 

condyle. 

 In terms of jaw tracking technology, various jaw tracking system 

diagnostic modalities have been developed. In the research on jaw tracking 
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systems, there are at present conventional cephalometric analysis, optical 

tracking, and electromagnetic tracking. However, there are three advantages 

in our methods. First, we fabricated an accurate system which mimics human 

jaw movement. Our system reproduces three-dimensional anatomic data and 

real-time virtual jaw movement. This assured that the same occlusion between 

CT imagery and jaw movement is saved and tracked. Once the jaw movement 

data was recorded, it guaranteed actual jaw movement based on a time 

sequence. We could find any point of the facial anatomic structure such as 

bilateral condyles, menton and incisor using the three-dimensional anatomic 

data. Secondly, jaw movement data was quantitatively analyzed. Different 

image postures from patient to patient were normalized as the X, Y and Z axes 

were converted to new coordinates using the FH plane. This allowed us to 

analyze the jaw movement trajectory of each axis separately. Bilateral 

condylar movements were mainly shown on the the Y and Z axeis, but 

movements toward the X axis were relatively weak. Thirdly, our tracking 

system was small and light. Although past optical tracking systems were 

bulky [26], our system was fabricated in a simpler manner, small and light. 

Our system alleviated the patient ś jaw load and more reliable movement 

could be measured.  

There were some limitations of this research. Although TMJ is 

structurally complex, soft tissue was not analyzed or tracked in this research. 

The inner parts, such as the glenoid fossa, articular tubercle, and articular 
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discs, should also be imaged. Past studies using MRI were able to track soft 

tissue, such as the articular disc, and muscle activity [8, 27- 29]. Also, 

research involving 3.0T a super-high magnetic-field MR researches was 

introduced by Iwasaki et al. [30, 31]. This high-magnetic-field MR method 

produced better image quality and making it a proper method with which to 

investigate inside of the TMJ. We also need a high-resolution system to 

analyze the phase differences. Nishigawa et al. established a mandible 

tracking system operating at 50 Hz, and Fukui et al. used a tracking system 

running at a sampling frequency of 90 Hz. In our study, the resolution was 

22Hz. Higher resolutions and a more accurate system could perform more 

accurate analyses. 

In this research, we acquired bilateral condylar movements and 

analyzed the phase differences of the trajectory. This research was the first 

study to investigate the phase differences between bilateral condylar 

movements. The phase difference is likely related to some factors, and we 

expect that these differences will be related to new clinical findings in further 

studies. The phase differences were considered to be caused by the inner part 

of the TMJ and the muscle condition. We expect that these results will 

clarified with more sample data, a high-resolution tracking system, MRI 

research and EMG studies. 
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국문 초록 

 

상호파워스펙트럼 방법을 이용한 좌우 

하악과두 궤적의 위상차이 분석 

 

우상윤 

방사선응용생명과학전공 

서울대학교 대학원 

 

목적 : 양악 수술 전과 후의 좌우 하악 과두 궤적의 시간차이를 획

득하여, 안면 좌우 비대칭과 좌우 하악과두 움직임에 시간차이와의 

상관관계에 대해서 연구하였다. 

방법 : 술전 TMD 증상이 없으며 bilateral sagittal split ramus 

osteotomy와 Le Fort I 수술을 실시한 14명 환자를 선정하였다. 환자

의 술전과 술후 CT영상을 획득하였고, 환자맞춤식 스플린트를 제작

하여 영상등록과 하악 움직임을 추적에 사용하였다. 광학위치추적 

카메라와 적외선 마커를 이용하여 술전과 술후에 대한 환자의 좌,우

측 하약과두의 CT좌표계에서 궤적을 추적 및 저장하였다. 각 환자

의 CT 영상은 3차원 모델로 재구성되었고，Frankfort horizontal 평면

에 수평하게 정규화되었다. 술전과 술후에 대하여 좌우측 하악과두 

움직임의 궤적을 추적하였고, 상호파워스펙트럼 분석방법(Cross 

power spectral density)을 이용하여 두 궤적의 지연시간을 분석하였다. 

수술전과 후의 좌,우측 하악과두 궤적간의 시간차이와 안면형태학적 
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특성을 Pearson’s correlation coefficients를 이용하여 통계적으로 분석하

였다.  

결과 : 술전 양쪽 하악과두 움직임의 위상차이는 안면비대칭적 요

소와 관계없이 무작위적으로 분포하였다. 상대적으로 비대칭이 심한 

환자에서 위상차이가 작은 경우도 있고, 상대적으로 비대칭이 심하

지 않은 환자가 좌, 우측 큰 위상차이를 가지는 경우도 있었다. 통

계적으로 수술 전 좌우 하악과두의 위상차이와 수술 전 안면형태학

적 특성은 상관관계는 없었다 (p>.05). 수술 후 좌우 하악과두의 위

상차이와 수술 후 안면형태학적 특성의 상관관계를 분석한 결과 

menton angle은 통계적으로 상관관계를 보였다 (p<.05). 반면에 수술 

후에 CGM angle, GonMen, ConMen, ConGon 요소에서 통계적 유의하

지 않았으나 correlation coefficient 값이 증가하였다. 

결론 : 술전 안면 비대칭과 하악과두의 시간차이의 상관관계는 없었

다. 이것은 하악과두의 시간차이는 다른 요인에 연관되어 있을 수 

있음을 암시한다. 다른 요인으로는 턱관절의 내부적 특징이나 근육

의 비대칭이 될 수 있다. 술후 Y축과 Z축의 시간차이는 MA 비대칭 

요인과 상관관계를 보였지만, 이 결과를 일반화 하기에 본 연구의 

샘플 수가 제한적이었다. 계속된 연구로써 연조직을 관찰 할 수 있

는 MRI이미지와 근육의 기능을 관찰 할 수 있는 EMG 신호를 이용

하고，더 많은 환자 데이터를 확보한다면 본 결과를 더 명확하게 

설명할 것으로 예측된다. 

 

주요어 : 하악과두 위상지연, 턱관절 탈구, 턱관절 움직임,  

안면비대칭, 상호파워스펙트럼 
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