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Comparative Study on the Root Positions
in Virtual Tooth Setups for Extraction Cases
between Simulated and Achieved Treatment Results

Mirinae Park

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

(Abstract)
Introduction: The purpose of the present study was to compare the root positions in virtual tooth setups using only crown in simulated treatment with those achieved in actual treatment, and suggest a new approach for virtual setup process, including root positioning simulation, with tooth models fabricated by integrating intraoral scan (IOS) and cone-beam computed tomography (CBCT) data.

Materials 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. Three-dimensional (3D) tooth models at pretreatment and posttreatment were fabricated by integrating the intraoral scans and CBCT scans. Virtual tooth setup for treatment simulation was prepared. Subsequently, the virtual setup 3D tooth model was fabricated by merging the crown image from the virtual setup and the root image from the pretreatment 3D tooth model. The resulting expected root positions of the simulated pretreatment model were compared to those of the actual posttreatment tooth models. The discrepancy of the simulated and actual root position was measured for each tooth.

Results: The average discrepancy in the simulated and actual root position was 1.84 ± 0.27 mm and 2.15 ± 0.89° in the maxilla, 1.79 ± 0.46 mm and 2.23 ± 0.73° in the mandible, respectively. There was a statistically significant difference in the accuracy of the three-dimensional root position and inter-root angulation between the virtual setup and posttreatment 3D tooth models in all types of the teeth, except maxillary lateral incisors and first molar. 

Conclusion: The virtual tooth setup using only crown data showed clinically acceptable accuracy and simulation for the root position. Clinical application of virtual setup using both crown and root is necessary for accurate and precise treatment simulation, particularly in extraction cases.










I. Introduction

Accurate diagnosis and treatment planning are important for successful orthodontic treatment. The goal of orthodontic treatment is to produce an ideal occlusion that is morphologically stable, esthetic and functional. After the plan is established, the study models and intraoral photographs are used for bracket positioning based on the plan, but these data provide limited information about the crown. Bracket positioning should be based on Andrews’ six keys. Andrews’ described six keys to achieve an esthetic and functional occlusion.1 The principles of Andrews’ six keys are based on collecting information about the crown from the study model. However, because of variations in the morphology of the crown, two of these keys―mesiodistal angulation and buccolingual inclination―depend on the crown and root positions.2-7 Knowledge regarding the mesiodistal angulation, buccolingual inclination and the parallels between the roots is the basis for accurate and stable orthodontic treatment, and a panorama or cephalogram are typically used to check the root position. However, to reproduce the three-dimensional (3D) structure in two dimensions, a better tool may be necessary for evaluating the root position.8-12
To overcome these limitations, scanned images of the crown have been studied to visualize the root position three-dimensionally. However, since even scans with accurate crown data do not show the accurate three-dimensional position of the root, several studies have been conducted on merging scanned crown images and cone-beam computed tomography (CBCT) root images.13 Macchi et al. presented a method for establishing a treatment plan that considers the location of the root before orthodontic treatment by composing the laser-scanned image with the CBCT root image.14 Kihara and Lightheart then synthesized the laser-scanned crown image with the CBCT root image and to reveal the accuracy of the tooth model that visualized the three-dimensional root position.15,16 However, the methods presented in these studies used laser scanning of the cast teeth models, which requires implementing traditional impression techniques. To overcome the shortcomings of the previous studies, Lee et al. showed that the three-dimensional root position can be determined using intraoral scans during or after orthodontic treatment, and revealed that the root position after orthodontic treatments could be predicted using intraoral scanned images and CBCT images before orthodontic treatment.17,18
When we simulate the orthodontic treatment plan, especially for extraction treatment, orthognathic surgery, or lingual orthodontic treatment with extraction, an orthodontic tooth setup and treatment simulation are essential. The conventional orthodontic tooth setup mostly used a tooth crown. Digital technology has increasingly been used to obtain three-dimensional (3D) models for diagnosis and treatment planning. Virtual occlusal records have been shown to be precise for contact size and location in virtual bite registrations with intraoral scanners. Since the introduction of intraoral scanners in dentistry and clinical practice, intraoral scans have replaced dental models and digital virtual tooth setup using intraoral scans has been widely used. Grünheid et al. evaluated the accuracy of virtual setup for Invisalign using surface-based registration in non-extraction cases.19 They compared the posttreatment model and virtual treatment plan model, however, in their virtual tooth setup, only tooth crown images were used; root images were not used.
In the orthodontic treatments with extraction, simulating the root position during virtual tooth setup is necessary to evaluate the root movement. Although it is ideal to perform accurate tooth setup using the crown and root for virtual tooth setup, there is no virtual tooth setup program that uses tooth crown and root together. As intraoral scanners do not contain root information, CBCT should be taken when the root information is necessary. However, the crown image of the CBCT is not clearer than the intraoral scanned image. Therefore, it is necessary to combine the intraoral scanned-crown images and CBCT root images. Also, owing to the large size of datasets, including all the roots of the whole dentition, a high computation load is required to run the software using crown and root data simultanelously. 
Therefore, it is necessary to evaluate how accurately the virtual setup simulation reflects the movement of the roots. Thus, the purpose of the present study was to evaluate the accuracy of a virtual setup using intraoral scans and CBCT images to simulate root positioning and  suggest a new approach to virtual setup process including root positioning simulation.













II. Materials and methods
1) Subjects
This retrospective study included patients with crowding or anterior protrusion who underwent conventional orthodontic treatment with premolar extraction at Chonnam National University Dental Hospital, Gwangju, South Korea. The inclusion criteria were as follows: (1) patients treated with upper and lower premolar extraction, (2) patients who had permanent dentitions and full clinical crown heights, (3) patients who had an CBCT and intraoral scanned data at pretreatment and posttreatment stage, (4) and patients who had proper occlusion and root parallelism at posttreatment stage. The exclusion criteria were as follows: (1) patients with teeth defects in need of bracket placement, (2) patients requiring postorthodontic restorative treatment, and (3) patients with incomplete pretreatment or posttreatment records. 
The sample size was calculated according to the result of previous study by Lee et al. (Lee 2018), where the mean difference of buccolingual inclination measurements was 1.30 ± 0.92 and the effect size was calculated as 1.41. A statistical power of 80% and a type I error of 5% were 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.
After the inclusion and exclusion criteria were applied, 15 consecutive orthodontic patients (4 males and 11 females) were enrolled. A total of 600 teeth (300 teeth with central and lateral incisors, canines, first or 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. The mean age was 18.8 ± 4.1 years. Thirteen patients underwent extractration of the 1st premolar, one patient underwent extraction of the upper right 2nd premolar, and one patient was missing state of the lower left 2nd premolar. The average treatment time was 31.1 ± 7.7 months. Of the 15 patients, 7 patients had skeletal Class I, 6 patients had skeletal Class II, and 2 patients had skeletal Class III relation. 

	Variable
	

	
	

	Sample size (number)
	15

	Gender (male/female)
	4/11

	Age (y)
	18.8

	ANB (〫)
	4.59

	SN/MP (〫)
	39.76

	FMA (〫)
	30.27

	FMIA (〫)
	51.70

	IMPA (〫)
	98.02

	1 to SN (〫)
	110.26

	1 to FP (mm)
	15.43

	1 to FP (mm)
	10.49

	UL to E-line (mm)
	2.06

	LL to E-line (mm)
	4.82


Table 1. Demographic data of the samples included in this study.










2) Methods
Intraoral scans and its corresponding CBCT data were obtained before and after treatment from fifteen patients who have completed orthodontic treatment with premolar extraction. This study was conducted retrospectively to compare the crown and root position in the virtual setup and posttreatment 3D tooth models. The methodology to compare the virtual setup 3-Dimensional tooth model (3D tooth model) and posttreatment 3D tooth model is shown in Figure 1. 
[image: ]Fig 1. Methodology to compare the virtual setup 3D tooth model and posttreatment 3D tooth model. The simulated root position is compared to the actual posttreatment CBCT root position.


Step I: Data acquisition of IOS and CBCT
The maxillary and mandibular arches were scanned using an optical intraoral scanner (TRIOS®, 3Shape, Copenhagen, Denmark), and converted into the stereolithography (STL) format using OrthoAnalyzerTM software program (3Shape). This STL format image was exported to a three-dimensional reverse engineering software (RapidformTM2006, 3D systems, RockHill, SC, USA). CBCT images (Alphard Vega; Asahi Roentgen, Kyoto, Japan; 80 kV and 5 mA; voxel size, 0.39 mm X 0.39 mm X 0.39 mm; and field of view, 200 mm X 179 mm) were taken in a state of centric occlusion. The digital imaging and communication in medicine (DICOM) file was exported to InVivo5 software (version 5.1, Anatomage, San Jose, CA, USA) for 3D volume rendering (Fig 2, 3). 

[image: ]
Fig 2. Intraoral scanned crown images acquired using Trios scanner and gingival areas were removed leaving the clinical crown parts.

[image: ]
Fig 3. Crown and root images were acquired from IOS and CBCT respectively in the pretreatment and posttreatment stage.

Step II: Fabrication of pretreatment 3D tooth model
In the “MD (medical design) studio” module, the individual tooth including the root was segmented and converted into STL format. At this time, the size of the CBCT crown image should be separated as closely as possible to the size of the actual crown so that the location of root can be accurately determined. Previous studies20 have shown that the roots and crowns are most similar in size when the ISO values in InVivo5 software are 600 and 900, respectively. Therefore, data for each tooth were stored separately with ISO value 600 and 900 to obtain images of the same size as the actual teeth.
To integrate intraoral scanned-crown images and CBCT root images, crown registration was performed using the ‘Register’ function in RapidformTM 2006 software. To superimpose the images, initial registration was performed by setting three corresponding points of the crown, and regional registration was performed on the based on the occlusal, buccal and lingual surfaces of the posterior teeth, and incisal, labial, and lingual surface of the anterior teeth. Then, the CBCT-scanned crown image was removed from the integrated image, and replaced with the intraoral scanned-crown image. After removing only of the crown of the CBCT image from the superimposed image, combined shell to create a 3D tooth model that combines the intraoral scanned-crown image and CBCT root image. After separating this 3D tooth model, which was produced in this way, using the function of separate cluster to shell, the indivisible 3D tooth model was fabricated by spliting the crown shells and root shells by teeth. Then, the 3D tooth model at pretreatment stage was fabricated by merging the intraoral scanned-crown images and CBCT root images before treatment (Fig 4).
[image: ]
Fig 4. Fabrication of pretreatment 3D tooth model using whole dentition registration after removal of CBCT crown image, merging intraoral scanned-crown image and CBCT root image.

Step III: Fabrication of posttreatment 3D tooth model
In the same way, intraoral scanning was performed after orthodontic treatment using Trios scanner, and converted into STL format using OrthoAnalyzerTM software program. Then cut off only the clinical crown area based on the gingival line using a three-dimensional reverse engineering software to obtain the crown image of posttreatment. Posttreatment CBCT images also formed CBCT root images with ISO value 600 in the same way as pretreatment. The 3D tooth model at posttreatment stage was fabricated by same method (Fig 5).
[image: ]
Fig 5. Fabrication of posttreatment 3D tooth model using whole dentition registration after removal of CBCT crown image, merging intraoral scanned-crown image and CBCT root image.
Step IV: Virtual setup using intraoral scanned image
The OrthoAnalyzerTM program was used for virtual setup with intraoral scanned image at the initial stage for treatment simulation, and the virtual setup model was exported to RapidformTM2006. The virtual pretreatment models had the same dental arches as the actual pretreatment models (Fig 6).
[image: ]
Fig 6. Virtual setup with intraoral scanned-crown image of the pretreatment stage.

Step V: Root simulation of virtual setup
To fabricate the virtual setup 3D tooth model, the virtual setup crown and segmented pretreatment 3D tooth model was integrated and crown registration was performed. Initially, the superimposition was roughly approximated using a point registration function in which more than three matching points were selected on each virtual setup crown and its respective pretreatment 3D tooth model crown. Gross errors after point registration were then corrected by the best fit registration function. The pretreatment 3D tooth model crown was then replaced with the virtual setup crown, and pretreatment 3D tooth model crown was removed from integrated image. The virtual setup 3D tooth model was fabricated by merging the virtual setup crown image and the pretreatment 3D tooth model root image (Fig 7)

[image: ]
Fig 7. Fabrication of virtual setup 3D tooth model using whole dentition registration after removal of CBCT crown image, merging virtual setup crown image and pretreatment 3D tooth model root image.

Step VI: Comparison of virtual setup 3D tooth model and posttreatment 3D tooth model
To assess the virtual setup and posttreatment 3D tooth models, the inter-root distance and three-dimensional root position, and angulation were measured for each tooth, including the central incisor, lateral incisor, canine, second premolar, and first molar. To compare the teeth in virtual setup and posttreatment 3D tooth models, the surface contour of the virtual setup 3D tooth model was overlaid onto the posttreatment 3D tooth model in three-dimensional reverse engineering software. 
To measure the inter-root distance, the long axis of the tooth was determined by pointing the center of the overlaid crown and each root in all three dimensions. For incisors, canines, and premolars, the point was chosen at the end of the root. For first molar, the point was chosen at the center of the root in the furcation area. Finally, using the three points, the root of the virtual setup 3D tooth model and posttreatment 3D tooth model, and center of the crown, the inter-root distance and inter-root angulation were measured for all teeth. Then, the discrepancy between the simulated and actual root position was analyzed for individually for each tooth to reduce the error caused by the morphology of the total arch (Fig 8). The investigator was trained and calibrated on how to measure the inter-root distance and angulation before collecting measurements on the 15 patients.

[image: ]
Fig 8. A, Comparison of virtual setup 3D tooth model and posttreatment 3D tooth model. B, Measurement: three-dimensional inter-root distance and inter-root angulation between the each simulated and actual 3D tooth model.


Statistical analysis
All measurements were performed by a single investigator. The paired sample t test was used to compare the tooth position in the virtual setup and posttreatment model in each tooth. A P value of <0.05 was considered statistically significant. All statistical analyses were performed using SPSS software (version 23.0; SPSS, Chicago, Ill, USA)



















III. Results

A total of 300 teeth in 15 patients were evaluated by one examiner comparing the virtual setup and posttreatment 3D tooth models; central incisors, lateral incisors, canines, premolars, and 1st molars of the maxilla and mandible were compared. To assess the accuracy of the virtual setup in evaluating root position, the similarity between the virtual setup 3D tooth model and the posttreatment 3D tooth model was compared.
The means and standard deviations of the absolute value of the differences between the virtual setup 3D tooth model and the posttreatment 3D tooth model measurements are shown in Table 2 for inter-root distance and Table 3 for 3-dimensional root position. The total mean differences in all measurements were 1.84 ± 0.27 mm in maxilla and 1.79 ± 0.46 mm in mandible. Statistically significant difference of accuracy between crown and root simulation were obtained for all teeth, except maxillary lateral incisors and 1st molar. 
The three-dimensional root positions in the virtual setup and posttreatment models were evaluated for each tooth. The differences are expressed by subtracting the value of the virtual setup 3D tooth model from that of the actual posttreatment 3D tooth model. A positive value on the X-axis indicates root movement in the medial direction; a positive value on the Y-axis indicates that the movement in the root direction in the maxilla and the movement in the occlusal plane direction in the mandible; and a positive value on the Z-axis indicates root movement in the forward direction. When comparing the roots of the virtual setup 3D tooth model and the posttreatment 3D tooth model, the simulated roots were located in the lateral and occlusal directions compared to the actual roots in both the maxilla and the mandible, and the Z-axis values were inconsistent. This is shown in Table 2 and 3.
Table 2. Comparison of inter-root distance between virtual setup and posttreatment in each tooth
	
	
	Difference
	Significance
(P value)

	
	
	       Mean
	±
	SD
	

	Maxilla
	
	
	
	
	

	Central incisor
	
	1.78
	±
	0.61
	0.031*

	Lateral incisor
	
	2.06
	±
	0.73
	0.091 

	Canine
	
	1.84
	±
	0.59
	0.000‡

	Second premolar
	
	2.09
	±
	0.91
	0.000‡

	First molar
	
	1.42
	±
	0.95
	0.032*

	Mandible
	
	
	
	
	

	Central incisor
	
	1.74
	±
	0.64
	0.000‡

	Lateral incisor
	
	2.16
	±
	0.81
	0.000‡

	Canine
	
	2.07
	±
	0.89
	0.000‡

	Second premolar
	
	1.96
	±
	0.74
	0.000‡

	First molar
	
	1.01
	±
	0.51
	0.031*


Data presents the distance (mm) between simulated and actual root position at the root apex level.
SD, Standard deviation. *P < 0.05; †P < 0.01; ‡P < 0.001 by the paired t-test
32

	
	
	Simulated
	Actual
	Difference

	
	
	X
	Y
	Z
	X
	Y
	Z
	X
	Y
	Z

	
	
	Mean
	±
	SD
	Mean
	±
	SD
	Mean
	±
	SD
	Mean
	±
	SD
	Mean
	±
	SD
	Mean
	±
	SD
	Mean
	±
	SD
	Mean
	±
	SD
	Mean
	±
	SD

	Maxilla
	
	
	
	
	
	
	
	
	
	

	Central incisor
	
	4.43
	±
	2.87
	11.56
	±
	4.04
	10.66
	±
	6.13
	3.75
	±
	2.92
	10.75
	±
	4.15
	10.95
	±
	6.19
	0.58
	±
	0.79*
	-0.82
	±
	0.91†
	-0.42
	±
	0.99†

	Lateral incisor
	
	8.81
	±
	3.09
	10.50
	±
	4.42
	9.32
	±
	5.73
	8.47
	±
	3.10
	9.95
	±
	4.51
	9.28
	±
	6.01
	0.28
	±
	1.09
	-0.55
	±
	1.18†
	-0.16
	±
	1.39

	Canine
	
	15.27
	±
	3.91
	14.31
	±
	4.60
	6.92
	±
	4.89
	14.85
	±
	3.99
	13.35
	±
	4.40
	6.77
	±
	4.75
	0.41
	±
	0.88*
	-0.95
	±
	1.06†
	0.10
	±
	0.91

	Second premolar
	
	19.17
	±
	4.56
	11.44
	±
	3.91
	5.44
	±
	3.38
	18.49
	±
	4.42
	10.73
	±
	4.16
	4.67
	±
	3.44
	0.74
	±
	1.27*
	-0.71
	±
	1.10†
	0.71
	±
	0.96*

	First molar
	
	21.65
	±
	5.67
	5.50
	±
	3.03
	6.23
	±
	3.84
	21.30
	±
	5.10
	5.19
	±
	3.15
	6.19
	±
	3.93
	0.45
	±
	1.06
	-0.31
	±
	0.98
	0.21
	±
	0.73

	Mandible
	
	
	
	
	
	
	
	
	
	

	Central incisor
	
	3.28
	±
	2.38
	22.75
	±
	2.74
	14.31
	±
	4.75
	2.98
	±
	2.17
	21.67
	±
	2.83
	14.75
	±
	5.03
	0.30
	±
	0.72∥
	1.08
	±
	0.89∥
	-0.43
	±
	0.86§

	Lateral incisor
	
	7.01
	±
	2.83
	23.26
	±
	3.38
	12.65
	±
	4.90
	6.59
	±
	3.13
	22.19
	±
	3.43
	12.86
	±
	5.17
	0.42
	±
	1.09∥
	1.07
	±
	0.93∥
	-0.21
	±
	1.43

	Canine
	
	11.81
	±
	3.21
	25.40
	±
	2.63
	8.71
	±
	4.41
	11.44
	±
	3.47
	24.62
	±
	2.72
	9.08
	±
	4.64
	0.37
	±
	1.05
	0.78
	±
	1.02∥
	-0.38
	±
	1.48

	Second premolar
	
	16.01
	±
	3.88
	23.54
	±
	3.28
	6.88
	±
	3.81
	15.88
	±
	3.70
	22.23
	±
	3.47
	6.95
	±
	4.04
	0.13
	±
	0.93
	1.30
	±
	0.77∥
	-0.08
	±
	1.13

	First molar
	
	20.72
	±
	3.25
	16.33
	±
	4.22
	4.01
	±
	3.79
	20.51
	±
	3.42
	16.02
	±
	4.08
	4.10
	±
	3.87
	0.21
	±
	0.62
	0.31
	±
	0.70∥
	-0.09
	±
	0.53


Table 3. Comparison of 3-dimensional root position between virtual setup and posttreatment in each tooth
Data presents the 3D distance (mm) between simulated and actual root position at the root apex level. 
SD, Standard deviation. 
X-, Y-, and Z-direction indicate mediolateral, superoinferior, and anteroposterior direction, respectively. In the maxilla, *positive value in the x-, y-, and z-direction indicates medial, apical, and anterior displacement; †negative value in the x-, y-, and z-direction indicates buccal, occlusal, and posterior displacement. In the mandible, §negative value in the x-, y-, and z-direction indicates lateral, apical, and posterior displacement;∥positive value in the x-, y-, and z-direction indicates lingual, occlusal, and anterior displacement.



Percentage differences in the values that were outside the clinically acceptable range of ±2.5° were seen in the maxillary central incisor, lateral incisor, mandibular central incisor, lateral incisor, and canine. The means and standard deviations of differences in inter-root angulation between the virtual setup 3D tooth model and the posttreatment 3D tooth model are shown in Table 4. The total mean differences in all measurements were 2.15 ± 0.89° in the maxilla and 2.23 ± 0.73° in the mandible, and these were within the ±2.5° clinically acceptable range. However, inter-root angulation differences between the virtual setup and posttreatment models were statistically significant in the maxillary canine (P<0.05) and mandibular canine (P<0.01). 

Table 4. Difference of inter-root angulation between virtual setup and posttreatment in each tooth
	
	
	Simulated
	
	Actual
	
	Difference
	Significance
(P value)

	
	
	Mean
	±
	SD
	
	Mean
	±
	SD
	
	Mean
	±
	SD
	

	Maxilla
	
	
	
	
	
	
	
	
	
	
	
	
	

	Central incisor
	
	85.40
	±
	18.11
	
	85.88
	±
	25.38
	
	3.21
	±
	2.21
	0.514 

	Lateral incisor
	
	82.83
	±
	32.17
	
	83.35
	±
	26.19
	
	2.99
	±
	2.56
	0.468 

	Canine
	
	74.43
	±
	21.04
	
	75.27
	±
	18.87
	
	1.78
	±
	1.50
	 0.046*

	Second premolar
	
	82.63
	±
	19.77
	
	82.14
	±
	19.22
	
	1.25
	±
	1.09
	0.107 

	First molar
	
	82.76
	±
	24.03
	
	82.63
	±
	20.42
	
	1.51
	±
	1.19
	0.717 

	Mandible
	
	
	
	
	
	
	
	
	
	
	
	
	

	Central incisor
	
	84.73
	±
	35.67
	
	86.23
	±
	10.10
	
	2.83
	±
	3.19
	0.051 

	Lateral incisor
	
	85.83
	±
	13.17
	
	86.54
	±
	05.29
	
	2.55
	±
	2.13
	0.243 

	Canine
	
	75.74
	±
	31.74
	
	77.83
	±
	30.95
	
	2.88
	±
	2.42
	 0.001†

	Second premolar
	
	81.36
	±
	23.43
	
	81.05
	±
	18.14
	
	1.40
	±
	1.28
	0.371 

	First molar
	
	79.33
	±
	23.14
	
	79.50
	±
	22.29
	
	1.49
	±
	0.89
	0.601 


Data presents in degree (°) between simulated and actual root axis at extraction site. 
SD, Standard deviation. *P < 0.05; † P < 0.01; ‡P < 0.001 by the paired t-test.




IV. Discussion

The position and parallelism of the root and the occlusion of the crown are important factors in orthodontic treatment. Proper bracket positioning according to Andrew’s six keys is necessary in this regard. Currently, the root position is primarily evaluated according to the panorama taken at the first visit.8-10 The American Board of Orthodontics recommends evaluation of root angulation using panoramic radiographs; however, these often contain distortions, resulting in an inaccurate portrayal of root angulations.21 Although the introduction of CBCT has been helpful in orthodontics by enabling three-dimensional positioning of the roots, many studies emphasize the ALARA (As Low As Reasonably Achievable) principle, arguing that the root position should not be replaced by CBCT if it is sufficiently understood by the study model or panorama alone.22 Thus, several studies have focused on methods for identifying the three dimensional root position while reducing radiation exposure.11,12,23-31 In particular, the development of laser scanners has led to studies that merge the laser-scanned crown of cast model with the root from CBCT images to determine the three-dimensional position of the root.14,32-35 This procedure has also been found to be clinically useful in terms of accuracy.15,16 Furthermore, recent studies have been also focused on creating individual composite tooth models by combining intraoral scanned-crown data and CBCT root data.17,18,36-40
Currently, bracket positioning is accomplished using intraoral scanned data; it depends solely on the crown position as intraoral scanned-images do not contain information about the root. Moreover, the intraoral scanned data may be disturbed in patients with gingival swelling or heavy salivation, which can complicate digital bracketing based on accurate information of the root position. Therefore, the objective of this study was to determine whether the virtual setup could be used for direct bracket positioning without root information at pretreatment stage. 
Pretreatment and posttreatment 3D tooth model were created using intraoral scanned images and CBCT images acquired during each stage. Using the OrthoAnalyzerTM program, a virtual setup was prepared with intraoral scanned images taken at the initial stage for treatment simulation. The virtual setup crown images were exported to STL files using a three-dimensional reverse engineering software, and the pre-made pretreatment 3D tooth model root was combined to predict the location of the root. To reduce errors caused by eyesight fatigue while developing the 3D tooth model, the operator made only one 3D tooth model per week. 
The accuracy of the simulated virtual setup root position was evaluated using the CBCT images taken after orthodontic treatment, the gold standard, and the difference between the simulated and actual posttreatment root positions was measured by comparing the virtual setup 3D tooth model with the posttreatment 3D tooth model. The predicted root position was evaluated as the difference in the three dimensional position and the root axis angle. The average difference between the three dimensional root positions was 1.84 ± 0.27 mm in the maxilla and 1.79 ± 0.46 mm in the mandible, and the average difference between the three dimensional root axis angles was 2.15 ± 0.89° on average in the maxilla and 2.23 ± 0.73° in the mandible 
Measurements of inter-root distance and angulation in each tooth were used to compare the virtual setup 3D tooth model and posttreatment 3D tooth model. If the methods reported in this study to measure inter-root distance and angulation for both the virtual setup and the actual models are consistent and precise, then the differences will be accurately reflected between these two sets of measurements.
Root positions in the virtual setup and posttreatment 3D tooth models showed a difference of more than 1 mm in all teeth, and statistically significant differences were observed in all teeth, except the maxillary lateral incisor. The values of the maxillary and mandibular incisors tended to be slightly greater than those of the other teeth. In particular, the difference in the anterior teeth was thought to be due to prominent root resorption in the incisors after orthodontic treatment, especially compared to the pretreatment stage. In addition, there are many other factors that can cause differences in root size and shape such as noise, voxel size, contrast variance, and segmentation accuracy. A potential solution for this would be to use a low-dose spiral CT rather than CBCT as it has been shown to generate high-quality images for orthodontic diagnosis without a significant increase of radiation for patients.41
Inter-root angulation measurements in the virtual setup and posttreatment 3D tooth models showed a difference of more than 1 degree in all teeth. In particular, there was a difference of more than 2 degrees in the maxillary and mandibular anterior teeth, and significant differences were observed in the maxillary and mandibular canine. This is because it was difficult to distinguish the root axis in these case. As measuring the root axis involves comparing the angular difference by marking the crown and the root apex, it was difficult to accurately measure the root axis in such cases. It is also apparent that positioning the bracket using solely the crown image does not accurately reflect the root location if the incisal edge of the anterior tooth does not have an ideal shape of crown due to attrition or abnormal form.
In this study, there was a significant difference between each measurement when a virtual setup was prepared without any information about the crown and posttreatment. This indicates that a virtual setup using crown images alone does not reflect 100% of the actual root position, and digital bracketing setup using intraoral scanned image that do not consider the root position also has practical limitations. Moreover, there are still technical limitations. There is no program that combines CBCT root images and intraoral scanner crown images, and the process of making 3D tooth models is time consuming. However, these shortcomings can be sufficiently overcome by future technological advances. Based on this, there is a need to develop a new virtual setup program that can simulate root position while integration crown information. 
















V. Conclusion

The present virtual setup protocol using intraoral scans showed clinically acceptable accuracy for root position simulation. The study demonstrated that compared to the posttreatment 3D tooth model, the virtual setup tooth model did not fully consider the root positioning in bracket positioning. Thus, for accurate and precise treatment simulation, a virtual setup using both crown and root data should be implemented in clinical practice.
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콘빔 CT 영상과 구강 스캔 영상을 활용한 
치근 위치 시뮬레이션을 위한 3차원 virtual setup의 정확도에 관한 연구


박미리내

전남대학교 대학원 치의학과
(지도교수: 이경민)


(국문초록)
연구목적: 교정치료의 결과를 예측하기 위해 시행되고 있는 가상 치아이동은 현재 치관 영상만을 이용하여 이루어지고 있으며, 치근 정보 없이 치관 정보만을 이용한 가상 치아이동이 실제 치근의 이동을 얼마나 반영하고 있는지에 대한 평가가 필요하다. 따라서, 소구치 발치를 동반한 교정치료를 받은 환자를 대상으로 이들의 콘빔 CT영상과 구강 스캔 영상을 이용하여 가상 치아이동 시의 치근 위치와 실제 치료 후의 치근 위치를 비교 분석했다.

연구방법: 교정 치료 전, 후에 해당하는 콘빔 CT영상 및 구강 스캔 영상이 확보된 환자 중, 소구치 발치를 동반한 교정치료를 완료한 15명의 환자를 대상으로 연구를 시행하였다. 구강 스캔 영상과 콘빔 CT영상을 병합하여 치료 전, 후의 3차원 치아 모델을 제작하였다. 동일한 방법으로 치료 전 구강 스캔 치관영상을 이용하여 가상 치아이동 후 치료 전 콘빔 CT치근영상과 병합하여 3차원 가상 치아 모델을 제작하였다. 치료 후 3차원 치아 모델의 치근과 가상 치아 모델을 비교하였으며, 각 모델의 치근 사이 직선 거리와 각도를 측정하고, paired t-test를 이용하여 이를 통계적으로 비교 분석하였다. 

연구결과: 치료 후 3차원 치아 모델과 가상 치아 모델 치근의 평균 불일치는 상악에서 1.84 ± 0.27 mm 및 2.15 ± 0.89°, 하악에서 1.79 ± 0.46 mm 및 2.23 ± 0.73°였다. 실제 치료 후 치근 위치와 가상 치아 모델의 치근 위치는 통계적으로 유의한 차이를 보였다. 

결론: 따라서 본 연구를 통해 치관 정보만을 이용한 가상 치아 이동시 치근의 위치는 실제 치근의 위치와 차이가 존재하며, 이를 보완하기 위해 기존의 치관 정보와 함께 치근 정보를 모두 사용하는 새로운 가상 치아 이동 방법이 필요하다. 
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