Doctoral Dissertation

Integration Accuracy of Intraoral Scans into Cone-beam
[bookmark: _GoBack]Computed Tomography Images: A Comparison between
Automatic and Manual Approach





Department of Dental Science
Graduate School, Chonnam National University



Suk-Cheol Lee
Supervised by Professor Kyung-Min Lee









February 2021


Contents


	
	
	Abstract·································································································
	1

	
	
	
	

	I
	.
	Introduction·····························································································
	3

	
	
	
	

	II
	.
	Materials and Methods················································································
	5

	
	
	
	

	III
	.
	Results··································································································
	11

	
	
	
	

	IV
	.
	Discussion······························································································
	23

	
	
	
	

	V
	.
	Conclusion······························································································
	27

	
	
	
	

	
	
	References······························································································
	28

	
	
	
	

	
	
	Korean abstract························································································
	31





Integration Accuracy of Intraoral Scans into Cone-beam 
Computed Tomography Images: A Comparison between 
Automatic and Manual Approach


Suk-Cheol Lee
	
Department of Dental Science
Graduate School, Chonnam National University
(Supervised by Professor Kyung-Min Lee) 

(Abstract)
Introduction: The purposes of this study were to evaluate tooth root position before and after orthodontic treatment using three-dimensional (3D) tooth models composed of intraoral-scanned crown and cone-beam computed tomography (CBCT)-scanned root and to compare the fabrication process using automatic and manual approaches. 
Material and Methods: Intraoral scans and its corresponding CBCT scans before and after treatment were obtained from 15 patients who completed orthodontic treatment with premolar extraction. 3D tooth model was generated using automatic and manual approaches, respectively, by merging the intraoral scans and CBCT scans at pretreatment. Posttreatment intraoral scans were integrated into the tooth model and the resulting position of the root estimated were compared to the actual root position at posttreatment CBCT scans. The discrepancies of the estimated and actual root position including average surface difference, arch width, inter-root distance, and root axis angle were obtained in each automatic and manual approaches, and these measurements were compared between the two approaches. 
Results: Average surface difference of estimated and actual tooth model was 0.02 mm for maxillary arch and 0.03 mm for mandibular arch in manual approach. In automatic approach, discrepancy was 0.07 mm for maxillary arch and 0.08 mm for mandibular arch. For the measurements of arch width, inter-root distance, and root axis angle, there were no statistically significant difference between estimated and actual models both in manual and automatic approaches except for some measurements. In comparison of manual and automatic approaches, only three measurements showed statistically significant differences between the two approaches. The procedure times taken to obtain the measurements were longer in manual approach than in automatic approach. 
Conclusion: Both automatic and manual approaches showed similar accuracy in the integration of intraoral scans and CBCT images. Considering the time and efficiency, automatic approach is more likely to be applied to clinical practice.


I. Introduction
Creating three-dimensional (3D) digital datasets has become the standard. As previous studies have reported the integration of different imaging modalities (Maal TJ, 2008; Rangel FA, 2008; Swennen, 2009), the procedure of treatment planning and evaluation in orthodontics and maxillofacial surgery have shifted to a digital 3D approach. However, cone-beam computed tomography (CBCT) scan has a limitation of occlusal visualization. Most researchers and clinicians agree that CBCT scans do not provide enough detailed information about the dentition and interocclusal relationships for treatment planning purposes. This is because of the limited scanning resolution and streak artifacts caused by radiopaque dental restorations or orthodontic braces. (Gateno J, 2003; Uechi J, 2006; Swennen GR,2007; Plooij JM, 2011; Rangel FA, 2012; Ye N, 2014). Moreover, taking CBCT scans during or after treatment has the issues of the radiation exposure and this is challenging for patients and clinicians. Repeated CBCT scans would expose the patient to higher levels of radiation; this is not recommended clinically, especially in children (Ludlow JB, 2006; Silva MA, 2008; Brooks SL, 2009). 
Lee et al. (2015, 2018) reported that the method for monitoring of root movement during orthodontic treatment with a combination of CBCT image and laser-scanned model. They used CBCT scan at pretreatment and laser-scanned model at posttreatment for predicting root position after treatment. They did not make the tooth model at pretreatment by merging CBCT root and laser-scanned crown. In addition, the manual method used in their study is time consuming and requires much manual effort. Particularly, process of tooth segmentation from alveolar bone in CBCT is technique sensitive and user-dependent. Considering the resolution and noise of images and touching adjacent tooth, touching tooth and bones, tooth segmentation using manual threshold adjustment (Lee, 2014) and region growing (Lee, 2015) might be a challenging issue to handle the complex image conditions as well as the root branching problem. 
Tooth segmentation is an important step in fabricating of individual tooth model and accurate segmentation is essential for fabricating reliable and consistent model. Various computer algorithms for automatic tooth segmentation have been proposed and some software programs for automatic segmentation have been released in dentistry. Hence, a method that isolates the tooth including root from CBCT images without the effort of removing the alveolar bone is preferable. 
In order to evaluate the integration accuracy of individual tooth model which was fabricated by merging intraoral scans and CBCT images, surface image of the tooth crown needs to be intact without braces or attachment for accurate comparison. The purposes of this study were to validate the accuracy of individual tooth model and to compare two methods, automatic and manual approach, for fabricating the individual tooth model.


II. Material and methods
1. Subjects
This study was approved by the institutional review board of Chonnam National University, Gwangju, Korea (CNUDH-EXP-2019-018) in compliance with the Helsinki Declaration. Patient records for this study were obtained from the patient database at the Department of Orthodontics at Chonnam National University Dental Hospital. The study protocol was shown in Figure 1. The inclusion criteria were as follows: (1) patients who have completed orthodontic treatment with premolar extraction and had intraoral scans; (2) patients whose intraoral scan and CBCT scan at the pre- and post-treatment stages were available. The exclusion criteria were as follows: (1) patients who have undergone restorative treatments during orthodontic treatment; (2) patients who had restorative or prosthodontic treatment covering greater than 2 surfaces during treatment; (3) patients who were treated with interproximal reduction during the treatment; and (4) patients who have dilacerated roots or severe root resorption. 
The sample size calculation was performed according to the result of previous study of Lee et al. (Lee 2018). In their study, mean differences of buccolingual inclination measurements was 1.30 ± 0.92. The effect size was calculated to 1.41. A statistical power of 80 percent and a type I error of 5 percent was assumed by the G*power program (version 3.1.9.2, Heinrich-Heine-University, Dusseldorf, Germany). The calculation indicated that 5 individuals were required in the study. In this study, 15 patients were included. A total of 660 teeth (360 teeth with central and lateral incisors, canines, first and second premolars, and first molars in the pretreatment stage; 300 teeth with central and lateral incisors, canines, first and second premolars, and first molars in the posttreatment stage) were included in the study.
[image: C:\Users\user\AppData\Local\Microsoft\Windows\INetCache\Content.Word\fig 1.jpg]
Figure 1. The study protocol of this study. Composite tooth model was fabricated using pretreatment CBCT scan and pretreatment intraoral scans (A). The fabricated pretreatment composite tooth model was registered onto the posttreatment intraoral scans and resulting estimated posttreatment composite tooth model was compared to actual posttreatment composite tooth models.

2. Methods
In order to generate the 3D tooth model at pretreatment, intraoral scans and its corresponding CBCT scans at pretreatment are required. Intraoral scans of maxillary and mandibular arches were obtained using Trios scanner (3shape, Copenhagen Denmark). The intraoral scans were trimmed to be clinical crown by deleting gingival area, and they were sent to the OrthoAnalyzer (3shape) program and reprocessed as a stereolithography (STL) file format. The CBCT scans were taken with an Alphard Vega scanner (Asahi Roentgen Co. Kyoto, Japan) set at a 200 x 179 mm field of view; 80 kV; 5mA; and a voxel size of 0.39 mm. Automatic and manual approaches were used for the individual tooth segmentation for all teeth from the pretreatment and posttreatment CBCT scans. Mimics software program (version 23.0; Materialise, Leuven, Belgium) was used for manual approach. The individual tooth segmentation was performed with extracting and isolating individual tooth from surrounding alveolar bone using region-growing tool in the program. For automatic approach, 3D tooth modeling service (CephX, ORCA Dental AI Inc., Herzliya, Israel) was used to generate all teeth segmentations from pretreatment and posttreatment CBCT scans (Figure 2).
[image: Fig 2]
Figure 2. Tooth segmentation using manual (A) and automatic (B) segmentation methods.

Intraoral scans and segmented individual CBCT teeth was both imported into 3D reverse engineering software (Rapidform 2006, INUS Technology, Seoul, Korea) and the 3D tooth model at pretreatment was fabricated through a integration process of the pretreatment CBCT-scanned tooth root and intraoral scanned tooth crown (Figure 3). The first step in this integration process was to use “initial registration” function to grossly pick 3 corresponding points on both the crown of the pretreatment CBCT tooth and its corresponding pretreatment intraoral scans. Central fossa of the right and left second molars and midpoint of central incisors were selected as 3 corresponding points. To maintain the orientation of CBCT scans, pretreatment CBCT tooth was locked in the software. Register then, a “regional registration” function was used to finalize the best-fit registration, which uses an iterative closest algorithm. The regions of interests include labial surfaces of 6 anteriors and buccal surface of molars. Next, by changing the color opacity and being translucent, the crown area of CBCT tooth was erased to be replaced with its corresponding intraoral scans. Finally, 3D tooth model composed of CBCT-scanned root and intraoral-scanned crown was generated by integrating these two imaging modalities using “merge” function.   
[image: ]
Figure 3. Fabrication of individual composite tooth model using pretreatment record. Intraoral scans were registered onto CBCT image and then individual composite tooth model was obtained by dividing each composite tooth shell.  

In order to estimate the posttreatment root position, individual tooth model at pretreatment was superimposed to the posttreatment intraoral scans. Both the individual tooth model at pretreatment and posttreatment intraoral scans were imported into software. Initial registration and regional registration process were used to superimpose two imaging modalities. Since the crown morphology is identical in principle, the only initial registration using picking several points was enough, but regional registration was added for a more accurate superimposition process. 
In order to determine whether the resulting estimated position of the root would agree with the actual root position at posttreatment CBCT, the discrepancy of the estimated and actual root position was calculated. First, the average surface discrepancy of estimated and actual tooth model in each automatic and manual approach was calculated. Also, the average surface discrepancy of estimated and actual tooth model was compared between automatic and manual approaches. For quantitative evaluation, 3D Euclidean inter-root distances between proximal teeth, arch widths, and root axis angle to occlusal plane were obtained from estimated and actual tooth models, respectively. 3D Euclidean inter-root distances were obtained from distances between proximal teeth and arch widths were obtained from inter-incisor width, inter-canine width, inter-premolar width, and inter-molar width (Figure 4). The distances were obtained by using the function of point to point distances in the software and root apexes were used for these points. Also, these values were compared between automatic and manual approaches.

[image: Fig 4]
Figure 4. Measurements used for evaluation of integration accuracy: A and B, 3D Euclidean arch width and inter-root distances in each estimated and actual tooth models; C, root axis angle to occlusal plane in each estimated and actual tooth models.

Furthermore, the difference between automatic and manual approaches in terms of the individual tooth segmentation was evaluated. The times taken to obtain these measurements were also recorded and were compared with both approaches. 

Statistical analysis
The means and standard deviations of the measurements in each estimated and actual tooth models and in each manual and automatic approaches. Shapiro-Wilk test for normal distribution of the differences accepted the normality, thus, paired t-test was used for the comparisons. Paired t-test was used to analyze the differences between the estimated and actual tooth models, and between the manual and automatic approaches. Statistical analysis was performed by using SPSS software (version 26.0, IBM SPSS, Armonk, NY). The level of significance was set at P <0.05 for all tests.


III. Results
Average surface difference of estimated and actual tooth model was 0.02 mm for maxillary arch and 0.03 mm for mandibular arch in manual approach. In automatic approach, discrepancy was 0.07 mm for maxillary arch and 0.08 mm for mandibular arch. However, there was no significant difference between the two approaches (Table 1).

Table 1. Average surface difference of estimated and actual tooth model in each automatic and manual approach and its comparison between the two approaches (unit: mm)
	Average surface difference

	
	Automatic approach
	
	Manual approach
	
	P-value

	
	
	
Mean ± SD
	
	
Mean ± SD
	
	

	Maxilla
	
	0.07 ± 0.06
	
	0.02 ± 0.02
	
	0.863

	Mandible
	
	0.08 ± 0.04
	
	0.03 ± 0.02
	
	0.775



Data show the average surface discrepancy (mm) between estimated and actual model in each automatic and manual approach by means of shell/shell deviation in the program. SD, Standard deviation.












For the measurements of arch width, inter-root distance, and root axis angle, there were no significant difference between estimated and actual models both in manual and automatic approaches except for some measurements (Tables 2, 3, 4, 5, 6 and 7). The premolar widths in both maxilla and mandible showed statistically significant differences between estimated and actual models by means of manual approach. The difference of inter-premolar width between estimated and actual models was 1.3 mm in maxilla and 1.7 mm in mandible (Table 2). The inter-root distance between mandibular second premolar and canine showed statistically significant differences of 1.0 mm between estimated and actual models by means of automatic approach (Table 5). The root axis angle of maxillary first molar and mandibular incisors showed statistically significant differences between estimated and actual models by means of automatic approach. The difference value was 2.4° in maxillary first molar and 2.8° in mandibular incisors (Table 7).
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Table 2. Comparison of the arch width between estimated and actual tooth models in manual approach (unit: mm)
	
	
	Estimated tooth model
	
	Actual tooth model
	
	P-value

	
	
	Mean
	SD
	Max
	Min
	
	Mean
	SD
	Max
	Min
	
	

	Maxilla
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-incisor width U1
	
	6.8
	1.3
	8.8
	5.2
	
	7.1
	1.0
	8.4
	6.1
	
	0.384

	Inter-incisor width U2
	
	16.6
	2.0
	19.9
	14.9
	
	17.4
	2.3
	20.6
	14.6
	
	0.170

	Inter-canine width 
	
	32.3
	1.9
	35.0
	30.0
	
	32.0
	1.9
	35.0
	30.0
	
	0.233

	Inter-premolar width
	
	38.6
	2.8
	40.4
	33.8
	
	39.7
	2.7
	42.1
	35.4
	
	 0.014*

	Inter-molar width
	
	50.3
	2.8
	52.2
	45.4
	
	51.2
	3.0
	54.5
	46.4
	
	0.145

	Mandible
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-incisor width L1
	
	4.0
	1.6
	6.7
	2.8
	
	4.0
	1.2
	5.9
	2.9
	
	0.946

	Inter-incisor width L2
	
	11.2
	0.9
	12.2
	9.9
	
	11.6
	1.0
	12.5
	10.5
	
	0.203

	Inter-canine width 
	
	21.9
	2.4
	25.8
	19.8
	
	22.0
	2.2
	25.4
	19.7
	
	0.934

	Inter-premolar width
	
	30.3
	1.6
	33.0
	29.0
	
	32.0
	2.2
	35.1
	29.7
	
	 0.018*

	Inter-molar width
	
	39.9
	2.0
	43.3
	38.3
	
	41.0
	2.2
	43.8
	38.3
	
	0.202



SD, Standard deviation.*The result of paired t-test.


Table 3. Comparison of the arch width between estimated and actual tooth models in automatic approach (unit: mm)
	
	
	Estimated tooth model
	
	Actual tooth model
	
	P-value

	
	
	Mean
	SD
	Max
	Min
	
	Mean
	SD
	Max
	Min
	
	

	Maxilla
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-incisor width U1
	
	7.2
	1.0
	8.7
	6.3
	
	7.1
	0.9
	8.4
	6.2
	
	0.882

	Inter-incisor width U2
	
	17.6
	1.8
	20.1
	15.7
	
	18.1
	2.2
	20.3
	15.3
	
	0.488

	Inter-canine width 
	
	32.5
	2.3
	36.0
	30.1
	
	32.1
	2.5
	35.8
	29.3
	
	0.366

	Inter-premolar width
	
	39.0
	2.9
	41.9
	34.6
	
	39.0
	3.3
	42.3
	34.7
	
	0.904

	Inter-molar width
	
	50.4
	2.6
	52.1
	46.1
	
	50.2
	3.1
	52.9
	45.5
	
	0.663

	Mandible
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-incisor width L1
	
	4.2
	1.3
	6.2
	2.9
	
	4.3
	1.0
	5.8
	3.3
	
	0.883

	Inter-incisor width L2
	
	12.3
	0.6
	13.0
	11.5
	
	12.6
	0.8
	13.6
	11.6
	
	0.324

	Inter-canine width 
	
	22.4
	2.6
	26.4
	19.5
	
	23.2
	2.1
	26.5
	21.2
	
	0.199

	Inter-premolar width
	
	31.1
	1.7
	33.6
	29.6
	
	31.9
	1.8
	34.8
	30.1
	
	0.115

	Inter-molar width
	
	38.9
	2.5
	42.5
	36.3
	
	39.9
	2.0
	41.6
	37.3
	
	0.316



SD, Standard deviation.


Table 4. Comparison of inter-root distance between estimated and actual tooth models in manual approach (unit: mm)

	
	
	Estimated tooth model
	
	Actual tooth model
	
	P-value

	
	
	Mean
	SD
	Max
	Min
	
	Mean
	SD
	Max
	Min
	
	

	Maxilla, Rt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between U6 and U5
	
	9.4
	1.0
	10.6
	8.0
	
	8.8
	0.7
	9.6
	8.1
	
	0.138

	Inter-root distances between U5 and U3
	
	6.4
	0.9
	7.3
	5.1
	
	6.8
	0.7
	7.6
	6.0
	
	0.089

	Inter-root distances between U3 and U2
	
	10.7
	2.0
	12.6
	8.6
	
	10.5
	0.8
	11.7
	9.8
	
	0.709

	Inter-root distances between U2 and U1
	
	6.6
	2.4
	9.7
	4.3
	
	6.3
	1.4
	8.1
	5.0
	
	0.535

	Maxilla, Lt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between U6 and U5
	
	8.6
	0.8
	9.9
	7.7
	
	8.8
	0.5
	9.3
	8.3
	
	0.531

	Inter-root distances between U5 and U3
	
	4.9
	1.8
	7.6
	2.5
	
	5.3
	1.4
	6.8
	3.7
	
	0.421

	Inter-root distances between U3 and U2
	
	9.6
	2.5
	12.9
	6.1
	
	9.8
	2.0
	11.8
	6.5
	
	0.673

	Inter-root distances between U2 and U1
	
	6.4
	2.2
	9.8
	4.1
	
	5.9
	1.4
	7.7
	4.1
	
	0.408

	Mandible, Rt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between L6 and L5
	
	7.4
	1.3
	8.6
	5.2
	
	7.3
	0.9
	8.5
	6.4
	
	0.834

	Inter-root distances between L5 and L3
	
	5.9
	0.7
	6.7
	5.2
	
	6.7
	1.4
	9.0
	5.5
	
	0.165

	Inter-root distances between L3 and L2
	
	6.7
	1.1
	8.2
	5.4
	
	6.8
	1.0
	7.8
	5.6
	
	0.537

	Inter-root distances between L2 and L1
	
	4.7
	1.5
	6.9
	3.2
	
	4.3
	0.7
	5.3
	3.7
	
	0.338

	Mandible, Lt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between L6 and L5
	
	8.2
	1.5
	9.8
	5.9
	
	7.7
	1.5
	9.7
	5.5
	
	0.072

	Inter-root distances between L5 and L3
	
	6.5
	1.3
	8.5
	5.5
	
	7.2
	1.3
	9.1
	6.0
	
	0.141

	Inter-root distances between L3 and L2
	
	7.2
	1.2
	9.3
	6.2
	
	7.1
	1.4
	8.9
	5.5
	
	0.702

	Inter-root distances between L2 and L1
	
	4.5
	0.4
	5.1
	4.1
	
	4.3
	0.5
	4.8
	3.5
	
	0.410



SD, Standard deviation.




Table 5. Comparison of inter-root distance between estimated and actual tooth models in automatic approach (unit: mm)
	
	
	Estimated tooth model
	
	Actual tooth model
	
	P-value

	
	
	Mean
	SD
	Max
	Min
	
	Mean
	SD
	Max
	Min
	
	

	Maxilla, Rt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between U6 and U5
	
	8.6 
	1.1 
	9.8 
	7.0 
	
	8.6 
	0.7 
	9.4 
	7.8 
	
	0.935

	Inter-root distances between U5 and U3
	
	6.4 
	1.0 
	7.6 
	5.2 
	
	6.5 
	1.0 
	7.9 
	5.4 
	
	0.476

	Inter-root distances between U3 and U2
	
	10.1 
	1.4 
	12.0 
	8.6 
	
	10.1 
	0.8 
	11.4 
	9.5 
	
	0.930

	Inter-root distances between U2 and U1
	
	6.8 
	1.8 
	9.1 
	5.0 
	
	6.8 
	1.3 
	8.3 
	5.6 
	
	0.869

	Maxilla, Lt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between U6 and U5
	
	8.1 
	0.5 
	8.7 
	7.5 
	
	9.1 
	0.7 
	10.1 
	8.0 
	
	0.065

	Inter-root distances between U5 and U3
	
	5.7 
	1.4 
	7.6 
	4.2 
	
	5.6 
	1.4 
	6.9 
	3.4 
	
	0.618

	Inter-root distances between U3 and U2
	
	9.6 
	2.2 
	12.5 
	6.5 
	
	9.4 
	1.8 
	11.1 
	6.7 
	
	0.670

	Inter-root distances between U2 and U1
	
	6.3 
	1.4 
	8.1 
	4.5 
	
	6.2 
	1.2 
	7.7 
	4.9 
	
	0.780

	Mandible, Rt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between L6 and L5
	
	7.0 
	1.2 
	8.3 
	5.7 
	
	7.0 
	0.7 
	7.9 
	6.1 
	
	0.882

	Inter-root distances between L5 and L3
	
	6.2 
	0.5 
	6.7 
	5.4 
	
	6.7 
	1.3 
	8.9 
	5.6 
	
	0.353

	Inter-root distances between L3 and L2
	
	7.2 
	1.1 
	8.6 
	6.0 
	
	6.8 
	0.8 
	8.1 
	6.1 
	
	0.159

	Inter-root distances between L2 and L1
	
	5.1 
	1.1 
	6.3 
	3.4 
	
	4.4 
	0.4 
	5.0 
	3.9 
	
	0.227

	Mandible, Lt
	
	
	
	
	
	
	
	
	
	
	
	

	Inter-root distances between L6 and L5
	
	7.8 
	1.3 
	9.1 
	5.7 
	
	7.4 
	1.4 
	9.3 
	5.3 
	
	0.128

	Inter-root distances between L5 and L3
	
	6.0 
	1.2 
	7.6 
	4.8 
	
	7.0 
	1.7 
	9.2 
	5.3 
	
	 0.042*

	Inter-root distances between L3 and L2
	
	7.9 
	1.0 
	9.1 
	6.9 
	
	7.1 
	1.1 
	8.7 
	5.8 
	
	0.149

	Inter-root distances between L2 and L1
	
	4.6 
	0.3 
	4.9 
	4.1 
	
	4.8 
	0.5 
	5.3 
	4.0 
	
	0.714



SD, Standard deviation. *The results of paired t-test.


Table 6. Comparison of root axis angle to occlusal plane between estimated and actual tooth models in manual approach (unit: degree)
	
	
	Estimated tooth model
	
	Actual tooth model
	
	P-value

	
	
	Mean
	SD
	Max
	Min
	
	Mean
	SD
	Max
	Min
	
	

	Maxilla
	
	
	
	
	
	
	
	
	
	
	
	

	  Incisors
	
	58.4 
	4.4 
	70.3 
	49.0 
	
	58.8 
	3.9 
	67.2 
	52.7 
	
	0.461

	  Canine
	
	67.0 
	4.1 
	72.0 
	58.4 
	
	67.3 
	3.7 
	73.4 
	62.7 
	
	0.763

	Second premolar 
	
	78.6 
	4.5 
	86.3 
	69.6 
	
	78.5 
	5.4 
	86.0 
	71.8 
	
	0.949

	First molar 
	
	79.4 
	4.4 
	87.1 
	74.4 
	
	79.8 
	5.4 
	88.5 
	73.7 
	
	0.741

	Mandible
	
	
	
	
	
	
	
	
	
	
	
	

	  Incisors
	
	58.4 
	5.1 
	70.5 
	51.7 
	
	58.6 
	5.0 
	68.8 
	52.2 
	
	0.648

	  Canine
	
	67.5 
	5.4 
	77.0 
	62.0 
	
	66.9 
	6.0 
	76.9 
	60.3 
	
	0.294

	Second premolar 
	
	74.8 
	4.1 
	82.4 
	67.8 
	
	74.0 
	3.1 
	78.5 
	68.3 
	
	0.468

	First molar 
	
	76.8 
	5.1 
	86.2 
	68.4 
	
	77.7 
	4.9 
	86.5 
	68.7 
	
	0.338



SD, Standard deviation. 


Table 7. Comparison of root axis angle to occlusal plane between estimated and actual tooth models in automatic approach (unit: degree)
	
	
	Estimated tooth model
	
	Actual tooth model
	
	P-value

	
	
	Mean
	SD
	Max
	Min
	
	Mean
	SD
	Max
	Min
	
	

	Maxilla
	
	
	
	
	
	
	
	
	
	
	
	

	 Incisors
	
	59.0 
	3.9 
	68.2 
	51.6 
	
	59.5 
	2.9 
	67.1 
	54.7 
	
	0.455

	  Canine
	
	68.5 
	4.1 
	74.2 
	60.4 
	
	68.1 
	3.4 
	72.3 
	61.7 
	
	0.522

	Second premolar 
	
	78.4 
	5.8 
	87.4 
	70.7 
	
	77.7 
	5.1 
	85.0 
	71.1 
	
	0.425

	First molar 
	
	82.6 
	3.4 
	88.2 
	79.2 
	
	80.2 
	3.1 
	83.4 
	75.1 
	
	 0.021*

	Mandible
	
	
	
	
	
	
	
	
	
	
	
	

	  Incisors
	
	60.1 
	6.0 
	72.0 
	50.4 
	
	62.9 
	4.5 
	71.5 
	54.4 
	
	 0.001*

	  Canine
	
	69.4 
	5.7 
	80.3 
	63.9 
	
	70.5 
	4.7 
	76.8 
	65.0 
	
	0.217

	Second premolar 
	
	77.9 
	4.0 
	84.8 
	70.9 
	
	76.2 
	3.7 
	80.0 
	69.3 
	
	0.213

	First molar 
	
	79.5 
	4.7 
	86.6 
	72.4 
	
	81.0 
	3.5 
	86.5 
	76.7 
	
	0.370



SD, Standard deviation. *The results of paired t-test.








In comparison of manual and automatic approaches, only three measurements, inter-root distance between right maxillary first molar and second premolar, left maxillary canine and premolar, and root axis angle of mandibular incisor, showed statistically significant difference between the two approaches (Tables 8, 9 and 10). 
The procedure times taken to obtain the measurements were longer in manual approach than in automatic approach. Individual tooth segmentation using mimics program takes 15 minutes for each tooth and 24 tooth including first molar require 360 minutes, 6 hours. Individual tooth segmentation using AI takes 1 minutes for each tooth and 24 tooth including first molar require 24 minutes without manual labor. 






















Table 8. Comparison of the difference of estimated and actual tooth models in arch width between automatic and manual approach (unit: mm)
	Difference of 
estimated and actual tooth models
	
	Manual approach
	
	Automatic approach
	
	P-value

	
	
	Mean ± SD
	
	Mean ± SD
	
	

	Maxilla
	
	
	
	
	
	

	Inter-incisor width U1s
	
	-0.32 ± 0.73
	
	-0.06± 0.84
	
	0.238

	Inter-incisor width U2s
	
	-0.84 ± 1.13
	
	-0.84 ± 1.13
	
	0.184

	Inter-canine width 
	
	0.34 ± 0.54
	
	0.36± 0.73
	
	0.966

	Inter-premolar width
	
	-1.12 ± 0.60
	
	-0.06± 1.05
	
	0.079

	Inter-molar width
	
	-0.90 ± 1.11
	
	0.20± 0.95
	
	0.077

	Mandible
	
	
	
	
	
	

	Inter-incisor width L1s
	
	0.02± 0.62
	
	0.02 ± 0.29
	
	0.088

	Inter-incisor width L2s
	
	-0.44 ± 0.64
	
	-0.32 ± 0.63
	
	0.695

	Inter-canine width 
	
	-0.04 ± 1.02
	
	-0.76 ± 1.10
	
	0.208

	Inter-premolar width
	
	-1.72 ± 0.90
	
	-0.80± 0.89
	
	0.172

	Inter-molar width
	
	-1.10 ± 1.61
	
	-1.04± 2.03
	
	0.920



SD, Standard deviation.


Table 9. Comparison of the difference of estimated and actual tooth models in inter-root distance between automatic and manual approach (unit: mm)
	Difference of 
estimated and actual tooth models
	
	Manual approach
	
	Automatic approach
	
	P-value

	
	
	Mean ± SD
	
	Mean ± SD
	
	

	Maxilla, Rt
	
	
	
	
	
	

	  Inter-root distances between U6 and U5
	
	0.54±0.65
	
	-0.02 ± 0.52
	
	 0.008*

	  Inter-root distances between U5 and U3
	
	-0.40± 0.40
	
	-0.12 ± 0.34
	
	0.058

	  Inter-root distances between U3 and U2
	
	0.26 ± 1.45
	
	0.04 ± 0.96
	
	0.453

	  Inter-root distances between U2 and U1
	
	0.34±1.12
	
	-0.06 ± 0.76
	
	0.222

	Maxilla, Lt
	
	
	
	
	
	

	  Inter-root distances between U6 and U5
	
	-0.22 ± 0.72
	
	-0.94 ± 0.83
	
	0.053

	  Inter-root distances between U5 and U3
	
	-0.46 ± 1.15
	
	0.14 ± 0.58
	
	0.082

	  Inter-root distances between U3 and U2
	
	-0.18 ± 0.88
	
	0.18± 0.87
	
	 0.011*

	  Inter-root distances between U2 and U1
	
	0.46 ± 1.11
	
	0.10± 0.75
	
	0.276

	Mandible, Rt
	
	
	
	
	
	

	  Inter-root distances between L6 and L5
	
	0.08 ± 0.80
	
	-0.04 ± 0.56
	
	0.761

	  Inter-root distances between L5 and L3
	
	-0.78 ± 1.02
	
	-0.56 ± 1.19
	
	0.360

	  Inter-root distances between L3 and L2
	
	-0.10 ± 0.33
	
	0.42± 0.54
	
	0.146

	  Inter-root distances between L2 and L1
	
	0.42 ± 0.86
	
	0.66± 1.03
	
	0.614

	Mandible, Lt
	
	
	
	
	
	

	  Inter-root distances between L6 and L5
	
	0.54 ± 0.49
	
	0.34 ± 0.39
	
	0.368

	  Inter-root distances between L5 and L3
	
	-0.78 ± 0.95
	
	-1.06 ± 0.80
	
	0.636

	  Inter-root distances between L3 and L2
	
	0.16 ± 0.87
	
	0.74 ± 0.92
	
	0.278

	  Inter-root distances between L2 and L1
	
	0.22 ± 0.53
	
	-0.12 ± 0.68
	
	0.401



SD, Standard deviation.*The results of paired t-test.



Table 10. Comparison of the difference of estimated and actual tooth models in root axis angle to occlusal plane between automatic and manual approach (unit: degree)
	Difference of 
estimated and actual tooth models
	
	Manual approach
	
	Automatic approach
	
	P-value

	
	
	Mean ± SD
	
	Mean ± SD
	
	

	Maxilla
	
	
	
	
	
	

	Incisors
	
	-0.44 ± 2.61
	
	-0.43 ± 2.55
	
	0.992

	Canine
	
	-0.27 ± 2.75
	
	0.39 ± 1.85
	
	0.533

	Second premolar 
	
	0.06 ± 2.89
	
	0.68 ± 2.57
	
	0.554

	First molar 
	
	-0.45 ± 4.18
	
	2.41± 2.74
	
	0.088

	Mandible
	
	
	
	
	
	

	  Incisors
	
	-0.19 ± 1.83
	
	-2.81± 2.76
	
	 0.002*

	  Canine
	
	0.64 ± 1.81
	
	-1.09± 2.59
	
	0.090

	Second premolar 
	
	0.82 ± 3.42
	
	1.70± 4.01
	
	0.200

	First molar 
	
	-0.92 ± 2.87
	
	-1.50± 5.02
	
	0.714



SD, Standard deviation.*The results of paired t-test.



















IV. Discussion

Lee et al. (Lee, 2015, 2018, 2019) have attempted to combine a CBCT image and laser scanned models for evaluating the root position at different stages of orthodontic treatment and have reported that tooth root position could be predicted from combination with pretreatment CBCT images and posttreatment laser-scanned model images. However, pretreatment CBCT images do not depict the detail information of crown morphology and occlusion. When interdigitating between maxillary and mandibular dentition is tight or crown restorations present, artifacts of CBCT images occurred, thus, it is difficult to integrate the two imaging modalities, CBCT images and laser-scanned model images. Inaccuracy of integration of two imaging modalities affects final predictability of tooth root position. Therefore, in this report, from the beginning stage before starting orthodontic treatment, pretreatment 3D tooth models were generated from pretreatment CBCT and pretreatment intraoral scans. The tooth roots were obtained from the CBCT image, and the tooth crowns were obtained from the intraoral scans, thereby minimizing the possibility of overlapping error (integration error) due to the artifacts of the crown appearing in the CBCT image at the pretreatment stage.
[bookmark: _gjdgxs]Tooth segmentation is an important step for fabricating of individual tooth model and accurate segmentation is essential for fabricating reliable and consistent model. Various computer algorithms for automatic tooth segmentation have been proposed and some software programs for automatic segmentation have been released in dentistry. Hence, a method that isolates the tooth including root from the alveolar bone in CBCT images without the effort of removing the alveolar bone is preferable. The software used in this study is generally used for processing medical images and creating 3D models. Unlike medical segmentation process of other anatomic structures such as pelvic bone or heart, tooth segmentation from alveolar bone was difficult to be performed. Basically, the program performs segmentation by differentiating and taking different levels of multiple anatomic structures. However, the contrast level of tooth and alveolar bone are similar, and differentiating of this is hard for the software due to very narrow periodontal ligament space between tooth and alveolar bone. Thus, fully automatic segmentation was impossible for isolating tooth from the alveolar bone. The program’s automatic segmentation function, region-growing, was primarily used for rough segmentation and it was adjusted manually for accuracy using slice edit tool. Region-growing tool provides the capacity to split the segmentation into separate objects. Morphology operation prior to region-growing was done on all slices to take the intrinsic tooth structure from the bone. There are two options in the function for 8-connectivity and 26-connectivity; 26-connectivity was applied to select the pixels in the boundary of the structure considering neighboring pixels in 3D. One study about the segmentation method of watershed transformation reported that the proper selection of the segmentation threshold is critical for CBCT images having a low contrast and high noise level (Naumovich, 2015). Ye et al. evaluated integration accuracy of CBCT images and dental model according to segmentation threshold settings, and they found that the accuracy of the integration of laser-scanned dental models into CBCT images is higher with a high-relative Hounsfield units threshold setting in 0.20- and 0.40-mm voxel sizes (Ye, 2014).
In the present study, there were differences around second premolar area between estimated and actual tooth models. In the study participants with premolar extraction, all patients have undergone first premolars extraction. The amount of tooth movement is generally large around extraction spaces. It is believed that these differences are due to the large amount of teeth movement in the second premolar area. Moreover, the root axis angle of mandibular incisors showed statistically significant differences between estimated and actual models by means of automatic approach. The root axis angle of mandibular incisors also showed statistically significant differences in the comparison of manual and automatic approaches. The inter-radicular spaces around the mandibular incisors are narrow, thus, inter-radicular alveolar bone is commonly thin around the mandibular incisors. This might contribute the errors in tooth segmentation process. Therefore, careful consideration of tooth segmentation is essential for this area.  
In this study, the second molars were excluded from the design of the study. The second molars are rarely monitored compared to the other teeth during orthodontic treatment. Also, there are many cases in which the tooth root morphology of the second molars are irregular rather than the first molars, this can contribute the possibility of errors in the study. Furthermore, intraoral scanning inaccuracy of second molars also causes the possibility of errors in the study (Zhang 2016; Roth 2020). However, as digital technologies in orthodontic treatment including virtual setup and indirect bonding using 3D printing became popular, the second molars are included in the orthodontic treatment from the beginning of the treatment stages. Considering this, further researches including the measurements of second molars are necessary.
Regarding the repeatability or reproducibility of this fabrication process of composite tooth models, a previous study (Lim et al., 2020) reported that composite tooth models showed excellent construction reproducibility in mesiodistal angulation and buccolingual inclination regardless of the construction skill and experience levels of the examiners. In the present study, tooth-modelling service of CephX was used for automatic approach using artificial intelligence (AI) technology and it is known that this technology was based on convolutional neural network (CNNs) features. With the advent of deep learning, AI technology is showing remarkable practical effects as it can analyze and learn like a person, recognize data in text, image and sound format, and perform image classification, segmentation, and enhancement. Different from the previous two waves, this wave of deep learning is gradually changing the era we live in, especially with incomparable advantages in the identification of medical images and the diagnosis of diseases. AI technology is bringing forth brand new diagnostic and therapeutic systems for radiology, imaging technology, ultrasound imaging, and pathological diagnosis, which can improve the quality and efficiency of clinical work comprehensively. At present, AI is gradually changing the traditional medical model, representing a direction and trend for future human medical development. In the present study, the procedure times taken to obtain the measurements were longer in manual approach than in automatic approach. Considering the time and efficiency, automatic approach is highly recommendable for clinical practice.



V. Conclusion
1. Average surface discrepancy of estimated and actual tooth model was 0.07 mm for maxillary arch and 0.08 mm for mandibular arch in automatic approach.
2. In manual approach, discrepancy was 0.02 mm for maxillary arch and 0.03 mm for mandibular arch.
3. Both automatic and manual approaches showed similar accuracy in the integration of intraoral scans and CBCT images. 
4. Procedure times taken to obtain the measurements were much longer in manual approach than in automatic approach. 
5. Considering the time and efficiency, automatic approach is highly recommendable for clinical practice.
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구강 스캔 영상과 콘빔 CT 영상을 이용한 합성 치아 
모델의 정확도: 자동 및 수동 접근법의 비교에 관한 연구


이석철

전남대학교 대학원 치의학과
(지도교수: 이경민)


(국문초록)
본 연구의 목적은 구강스캔 치관 영상과 콘빔 CT 치근 영상을 합성하여 만든 3차원 치아모델의 정확도를 알아보고, 형성하는 방법의 차이 즉, 자동 접근법과 수동 접근법에 따른 정확도 또한 비교하는 것이다. 소구치 발치를 동반한 교정치료를 받은 15명의 환자를 대상으로 치료 전, 후 3차원 치아모델을 자동 접근법과 수동 접근법을 이용하여 각각 형성하였다. 치료 후 구강스캔 영상과 형성과 3차원 치아모델을 비교하여 구강스캔 치관 영상과 콘빔 CT 치근 영상을 합성하여 만든 3차원 치아모델의 정확도를 평가하였다. 먼저 표면의 무수히 많은 점군간의 평균적인 차이는 자동 접근법을 이용하여 만든 3차원 치아모델 에서는 상악에서 0.07 mm, 하악에서 0.08 mm로 나타났다. 수동 접근법을 이용하여 만든 3차원 치아모델에서는 상악에서 0.02 mm, 하악에서 0.03 mm로 나타났다. 그러나 두 가지 방법에서의 통계적인 유의차이는 보이지 않았다. 악궁폭경과 인접치아간의 거리 그리고 교합평면에 대한 치축의 각도를 측정한 평가에서는 자동 접근법과 수동 접근법 각각의 몇몇 항목에서 정확도 차이는 존재하였으나 그 차이는 임상적으로 미미하였다. 또한 이러한 계측항목을 자동 접근법과 수동 접근법간 차이로 비교평가 하였을 때 3개의 계측항목을 제외하고는 통계적인 유의차이는 보이지 않았다. 3차원 치아모델을 형성하는 과정에 대한 시간을 각 방법 별로 조사한 결과, 자동 접근법을 이용하는 것이 수동 접근법을 이용하는 것에 비해 적은 시간이 소요되었다. 자동 접근법과 수동 접근법 모두 3차원 치아모델을 정확히 형성하는 것으로 나타났지만, 시간적 효율성과 작업을 편리성을 고려한다면, 임상에서는 자동 접근법을 이용하여 3차원 치아모델을 형성하는 것이 더 적합하리라고 생각된다. 
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