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Three-dimensional evaluation
of a virtual setup considering
the roots and alveolar bone

in molar distalization cases
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We aimed to evaluate root parallelism and the dehiscence or fenestrations of virtual teeth setup using
roots isolated from cone beam computed tomography (CBCT) images. Sixteen patients undergoing
non-extraction orthodontic treatment with molar distalization were selected. Composite teeth

were created by merging CBCT-isolated roots with intraoral scan-derived crowns. Three setups were
performed sequentially: crown setup considering only the crowns, root setup-1 considering root
alignment, and root setup-2 considering the roots and surrounding alveolar bone. We evaluated the
parallelism and exposure of the roots and compared the American Board of Orthodontics Objective
Grading System (ABO-OGS) scores using three-dimensionally printed models among the setups. The
mean angulation differences between adjacent teeth in root setups-1 and -2 were significantly smaller
than in the crown setup, except for some posterior teeth (p<0.05). The amount of root exposure

was significantly smaller in root setup-2 compared to crown setup and root setup-1 except when

the mean exposure was less than 0.6 mm (p <0.05). There was no significant difference in ABO-OGS
scores among the setups. Thus, virtual setup considering the roots and alveolar bone can improve root
parallelism and reduce the risk of root exposure without compromising occlusion quality.

Many studies have investigated the optimal alignment of teeth and occlusal relationships to achieve the best pos-
sible orthodontic treatment results". Several methods for objectively evaluating orthodontic treatment outcomes
have been proposed, including the American Board of Orthodontics Objective Grading System (ABO-OGS)
and Peer Assessment Rating index®. However, to evaluate tooth alignment, previous studies have predominantly
focused on clinical crown arrangement, and root alignment was not considered, aside from root parallelism
evaluation using panoramic radiographs™*. Appropriate root alignment is necessary to prevent iatrogenic dehis-
cence or fenestration®. However, panoramic radiographs have limited accuracy in assessing the relationship
between the roots and surrounding alveolar bone®’.

Virtual technology has been widely used in treatment planning as a means of simulating or predicting ortho-
dontic treatment plans and outcomes®. Moreover, the virtual diagnostic setup has demonstrated similar reliability
and accuracy as the manual setup, justifying its use in orthodontic diagnosis’~'2. However, most of the current
virtual setups only consider crowns, and limited research has been conducted on root arrangements and their
relationship with the alveolar bone'?. A recently proposed technique describes superimposing CBCT teeth images
onto intraoral scans allowing root alignment evaluation during orthodontic treatment without additional radia-
tion exposure'*~!%, The assessment of the conventional virtual setup through this method showed that a setup
using only crowns was insufficient for obtaining optimal root alignment'*!7.
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The development of temporary anchorage devices (TADs) has increased the range of tooth movement in
orthodontic treatment, which has facilitated the distalization of molars, enabling non-extraction treatment in
some significant crowding cases'®'®. However, if the position to which we plan to move the tooth means that
roots will exit the alveolar bone, complications including dehiscence or fenestration?, or root resorption® may
occur unless the alveolar bone remodeling is complete??. The tooth may also fail to reach the desired location.
Despite the importance of root movement within the alveolar bone for stable treatment results, few studies
have quantified expected root exposure during or after orthodontic treatment. There have been many studies
on the anatomical structures that limit posterior tooth movement in the maxilla and mandible****. However,
research on the extent and distribution of root exposure occurring during posterior tooth movement is scarce.
The simulation of orthodontic treatment during which the teeth are moved within the confines of the alveolar
bone can help minimize the potential side effects, including root exposure, gingival recession, and root resorp-
tion that may arise as a result of tooth movement exceeding the limits of the alveolar bone®. It would also be
meaningful to investigate the qualitative impact on occlusion when modifying the conventional setup method
to avoid root exposure.

In this study, we aimed: 1) to evaluate the virtual setups of non-extraction molar distalization cases with or
without consideration of the roots and alveolar bone in terms of the root parallelism and the occurrence of root
exposure and 2) to qualitatively evaluate the occlusion in each of the virtual setups.

The null hypotheses of this study were as follows: 1) There is no difference in root parallelism and root
exposure among virtual setups that consider the roots and alveolar bone and those that do not. 2) There is no
difference in ABO OGS scores among virtual setups.

Results

The ICC for angulation of the teeth was 0.987 and displayed high intra-rater reliability. The paired t-test did not
reveal differences in angular measurements between the left and right sides of all teeth in the initial scan and
thus these were pooled for analyses.

Root parallelism between adjacent teeth. Upon measuring the angulation differences between the
adjacent maxillary teeth, we observed that the long axes of the teeth in the root setup-1 were significantly more
parallel (p <0.05) than those in the crown setup. Specifically, this was observed in between the central and lateral
incisors, lateral incisor and canine, and first and second premolars. In the mandible, the root setup-1 showed sig-
nificantly greater parallelism (p <0.05) between adjacent teeth in all areas, except between the second premolar
and first molar, and the first and second molars (Table 1).

Root exposure measurements. Among the three setups, comparison of the amount of root exposure
in the maxilla showed significant differences (p <0.01) for all tooth types on the buccal side and incisors on the
palatal side. In the mandible, we observed significant differences on the buccal side only in the anterior teeth
(p<0.001). On lingual side, all tooth types had significant differences (p <0.01). The post-hoc tests demonstrated
significantly less root exposure in root setup-2 compared to both crown setup and root setup-1 for all tooth types
that displayed significant differences among setups except the mandibular canines on the buccal side and pre-
molars on the lingual side. In contrast, root setup-1 did not show significant differences compared to the crown
setup except in the maxillary canines on the buccal side and mandibular incisors on the lingual side (Table 2).

Crown setup | Root setup-1 | Root setup-2
Location | Mean |SD |Mean |SD |Mean |SD |p-value | Post-hoc
1-2 7.35 4.79 |5.92 4.39 |5.89 4.59 0.014* | a>b
2-3 5.82 5.00 |4.13 353 |4.22 3.12 0.008* | a>b,c
3-4 527 340 |4.63 224 | 4.80 2.14 0.380 | NA
Maxillary
4-5 5.68 4.58 | 4.01 2.37 |3.98 2.15 0.007* | a>b,c
5-6 3.51 297 |2.52 1.54 | 2.64 1.74 0.088 | NA
6-7 2.58 230 |2.41 2.19 |2.49 2.40 0.666 | NA
1-2 4.07 2.54 |3.06 2.02 |2.80 1.98 <0.001% | a>b,c
2-3 6.93 3.62 |4.82 2.46 |4.88 2.78 0.001* [ a>b,c
3-4 3.88 3.05 |2.39 1.64 |2.26 1.64 0.012* [ a>b,c
Mandibular
4-5 3.30 234 (222 1.62 | 193 1.37 0.001* [ a>b,c
5-6 4.78 311 |4.16 2.85 |4.08 2.72 0.024* | NA
6-7 4.22 296 |4.24 312 |4.38 3.28 0.723 |NA

Table 1. Comparison of the mean differences of angulation between adjacent teeth for the three setup models
(in Degrees). p-values were derived from repeated-measures ANOVA, *p <0.05. Bonferroni adjustment was
used for multiple comparisons. NA =not applicable. a, Crown setup; b, Root setup-1; ¢, Root setup-2. 1-2,
Between the central andlateral incisors; 2-3, Between the lateral incisor and canine; 3-4 Between the canine
and first premolar; 4-5, Between the first and second premolars; 5-6, Between the second premolar and first
molar; 6-7, Between the first and second molars.
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Buccal (mm) Palatal/lingual (mm)
Crown setup | Root setup-1 | Root setup-2 Crown setup | Root setup-1 | Root setup-2
Toothtype |Mean |[SD |Mean |SD |Mean |SD |p-value |Post-hoc |Mean |SD |Mean |SD |Mean |SD | p-value | Post-hoc
Incisor 127|343 |123 |38 |0.00 |0.00 0.002¢ | 2¢ 068 |177 |065 |165 |0.04 |09 |<0001% |27€
b>c b>c
a>b
Canine 270|475 |196 [429 |0.00 |0.00 | <0.001* |a>c 031 |079 |037 |083 |0.07 |021 |0255 NA
Maxillary b>c
Premolar 101 284 [091 [269 [0.00 |0.00 0.002% | 7€ 0.00 |0.00 {000 [0.00 |0.00 |0.00 |NA NA
Molar 192|324 [185 [320 (006 |028 | <0001*|P7¢ 0.00 |0.00 {000 [0.00 |0.00 |0.00 |NA NA
asc a>b
Incisor 120|231 124|229 |005 |037 | <0.001* |, 7¢ 127 [207 112 [198 [0.04 |08 |<0.001* |a>c
b>c
Mandibular | Canine 055 |165 |055 [L66 [0.01 |0.06 0.018* | NA 104|153 |108 [175 [0a7 |057 |0002¢ |B7¢
Premolar  |0.02 [0.16 [0.02 |0.17 |0.04 |0.34 0.867 | NA 035 |13l |0.09 |053 002 |02 |0.031* |NA
Molar 0.03 |023 |0.00 [0.00 [0.04 [0.34 0.607 | NA 100|281 |094 |279 000 |000 |0001* B¢
Table 2. Comparison of mean values of root exposure on buccal and palatal/lingual sides for setup models.
p-values were derived from the Friedman test, *p <0.05. Post-hoc tests were performed with the Wilcoxon
signed rank test. Bonferroni adjustment was used for multiple comparisons. NA =not applicable. a, Crown
setup; b, Root setup-1; ¢, Root setup-2. If a root extended beyond the trimmed border of alveolar bone, it was
considered exposed.
Comparison of the frequency of root exposure. The McNemar test revealed significant differences in
the frequency of root exposure greater than 2 mm between the buccal and palatal/lingual sides on several loca-
tions (p <0.05). In the crown setup and root setup-1, the maxillary posterior teeth displayed frequent root expo-
sure on the buccal side whereas lingual root exposure was more frequent in the molars of the mandible (Table 3).
In the crown setup, the maxillary canines showed significantly more frequent root exposure on the palatal side.
Evaluation of occlusion. The evaluation of the ABO-OGS scores did not reveal any significant differences
among the setups in individual categories or in the overall score. The average overall scores for the crown setup,
root setup-1, and root setup-2 were 13.31, 13.06, and 13.50, respectively (Table 4).
Discussion
The primary focus of orthodontic treatment has traditionally been on crown alignment, which has resulted in a
limited number of studies on the three-dimensional (3-D) evaluation of the relationship between the roots?. The
relationship between root proximity and periodontal problems? and the effects of root parallelism on stability
following orthodontic treatment has been studied**-**. However, the research on root alignment mainly relied on
evaluating panoramic radiographs and has been challenging due to imaging artifacts and distortions®'. Recently,
Maxilla Mandible
Buccal Palatal no exposure p-value Buccal Lingual no exposure p-value
Incisor 8 (125%) |7 | (109%) |49 | (76.6%) 1.000 14 |(219%) |16 | (250%) |34 |(53.1%) |0.855
Canine 9 (28.1%) |1 | (3.1%) 22 | (68.8%) 0.021 3 (9.4%) 7 (21.9%) |22 | (68.8%) | 0.344
Crown setup
Premolar |8 (125%) |0 | (0.0%) 56 | (87.5%) 0.008 0 (0.0%) 5 (7.8%) 59 | (92.2%) | 0.063
Molar 18 | (281%) |0 | (0.0%) 46 | (71.9%) <0.001 |0 (0.0%) 8 (125%) |56 | (87.5%) | 0.008*%
Incisor 9 (14.1%) |7 | (109%) |48 | (75.0%) 0.804 17 | (266%) |13 [(203%) |34 |(53.1%) | 0.584
N . Canine 6 (18.8%) |1 |[(3.1%) 25 | (78.1%) 0.125 3 (9.4%) 6 (188%) |23 | (71.9%) | 0.508
oot setup-
P Premolar | 8 (125%) |0 [ (0.0%) 56 | (87.5%) 0.008 0 (0.0%) 1 (1.6%) 63 | (984%) | 1.000
Molar 18 | (281%) |0 | (0.0%) 46 | (71.9%) <0.001 |0 (0.0%) 8 (125%) |56 | (87.5%) | 0.008*
Incisor 0 (0.0%) 0 | (0.0%) 64 | (100.0%) |NA 1 (1.6%) 0 (0.0%) 63 | (98.4%) | 1.000
Canine 0 (0.0%) 0 | (0.0%) 32 | (100.0%) | NA 0 (0.0%) 1 (3.1%) 31 | (96.9%) | 1.000
Root setup-2
Premolar | 0 (0.0%) 0 | (0.0%) 64 | (100.0%) |NA 1 (1.6%) 0 (0.0%) 63 | (98.4%) | 1.000
Molar 1 (1.6%) 0 | (0.0%) 63 | (98.4%) 1.000 1 (1.6%) 0 (0.0%) 63 | (98.4%) | 1.000
Table 3. Comparison of the frequency of root exposure greater than 2 mm on the buccal and palatal/lingual
sides for the three setup methods. p-values were derived from the McNemar test. *p <0.05. Data are presented
as frequency (%).
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Crown setup | Root setup-1 | Root setup-2

Mean |SD |Mean |SD |Mean |SD | p-value
Alignment/rotation 1.56 | 1.75 1.50 | 1.63 1.38 | 1.63 |0.094
Marginal ridges 275 229 | 275 |241 | 294 |238 |0.395
Buccolingual inclination 1.50 | 1.26 1.50 | 1.21 1.94 | 1.39 |0.111
Overjet 0.38 | 0.81 0.50 |0.63 0.56 | 1.09 |0.750
Occlusal contacts 431 |2.70 | 419 |248 | 425 |252 |0916
Occlusal relationships 2.81 1.72 2.63 | 1.86 244 | 186 |0.161
Total 1331 [4.14 |13.06 |443 |1350 |4.93 |0.760

Table 4. Comparison of ABO-OGS score among the three setup models. p-values were derived from
repeated-measures ANOVA.

methods for measuring the mesiodistal angulation and the faciolingual inclination of teeth, including roots,
using CBCT have been proposed to overcome the limitations of panoramic radiographs®~*. In the present study,
we measured angular values in 3-D and evaluated the parallelism of the teeth, including the roots. For the 3-D
angular measurement of individual teeth, instead of projecting the long axes of all teeth onto a common coronal
or sagittal plane, we set different reference planes for each tooth while keeping the same occlusal plane reference.

We observed that using a root setup significantly improved root parallelism. In comparison to crown setup,
the root setups-1 and -2 had significantly smaller angular deviations between the adjacent teeth, except for a few
posterior teeth. In contrast, we observed that no teeth had a significant difference between root setups-1 and -2,
suggesting that the consideration of the alveolar bone did not impair root parallelism in the orthodontic setup.
For aesthetic reasons, orthodontic setups are more often focused on improving parallelism in the anterior teeth
rather than the posterior teeth, which was also reflected in the observations between setups performed in the
present study.

As part of the study, inclination values of the roots were measured for the three setups. Among these measure-
ments, the mandibular premolars exhibited the highest mean deviation of 2.6° between crown setup and root
setup-2 (supplementary table S1). This may cause a change of less than 0.4 mm in the vertical height difference
between buccal and palatal/lingual cusps in molars and premolars®. According to the ABO-OGS, a deviation
of more than 1 mm is required to deduct points for the buccolingual inclination and occlusal contacts section of
the scoring system®. Therefore, this degree of inclination change is not considered sufficient to cause a qualita-
tive change in the occlusion.

Orthodontic tooth movement can be associated with the risk of root exposure in the case of reduced alveolar
bone support>’. Tooth movement without considering the morphology of the alveolar bone can increase the
risk of dehiscence or fenestration®. Therefore, a setup that considers both the roots and alveolar bone can help to
predict or prevent root exposure caused by orthodontic tooth movement. The reported frequency of the alveolar
bone defect varies among studies®**, and varied definitions of dehiscence exist*!~*’. Thus, quantitatively observ-
ing bone defects before and after orthodontic treatment has some limitations. Moreover, segmented root images
do not accurately represent the actual roots owing to the minor gray scale difference between the roots and sur-
rounding alveolar bone****. Additionally, there are several limitations in the accurate segmentation of alveolar
bone. These include the relatively lower spatial resolution of CBCT compared to that of intraoral scanners*, the
presence of artifacts generated during scanning®, and the challenges in determining the threshold settings in
the volume rendering process*. Furthermore, alveolar bone remodeling by orthodontic tooth movement* and
the potential impacts of pathophysiological changes due to increasing age*” and periodontal disease® were not
considered in the present study and root exposure was evaluated assuming that the alveolar bone morphology
would remain unchanged during orthodontic treatment. Hence, an observed root exposure in a virtual setup
is less likely to represent dehiscence or fenestration accurately. Unfortunately, no method has been proposed to
simulate alveolar bone remodelling in response to orthodontic tooth movement. Even in vivo studies of root
exposure®! have not been able to take into account the various conditions such as age, gender, and general health.
Nevertheless, we believe that the methodology’s efficacy remains apparent, as it could facilitate the reduction
of root exposure without adversely affecting occlusal integrity or root parallelism, even under more stringent
conditions where the beneficial impact of alveolar bone remodeling to mitigate root exposure was not present. To
address the limitations in observing root exposure when comparing the frequency between buccal and palatal/
lingual sides, we only considered teeth with root exposure greater than 2 mm>.

Limited research has been conducted on the root exposure that occurs during posterior molar movement on
the buccal and palatal sides of the alveolar bone®!. In this study, it was found that root exposure occurred on the
buccal and palatal side in the crown setup simulating posterior tooth movement. The root setup-1, which did
not consider the alveolar bone, did not significantly reduce root exposure except for maxillary canines and man-
dibular incisors. Only after considering the alveolar bone was a substantial reduction in root exposure achieved.
We also observed that the location of frequent root exposure differed between the maxillary and mandibular
dentitions and depended on the tooth type. A higher frequency of exposure on the palatal sides of the maxillary
canines in the crown setup could be attributed to the posterior movement of the anterior teeth (1.82+1.00 mm
in the maxillary incisors and 0.85+1.05 mm in the mandibular incisors; supplementary table S2). In contrast, the
difference in exposure patterns in the posterior teeth of the maxillary and mandibular dentition was principally
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attributed to the morphological characteristics of the alveolar bone. In the maxilla, the buccal side of the tuber-
osity was identified as the posterior anatomical limitation for molar distalization due to the smaller distance
from the distobuccal root to the cortex when compared to the distance from the palatal root to the cortex?. In
contrast, the lingual cortex of the mandibular body represented the posterior anatomical constraint owing to
the posteriorly diverging shape®.

In this study, we incorporated samples with skeletal Class I and mild-to-moderate Class II, III malocclusion.
To ensure overall consistency in the study results, all samples exclusively consisted of non-extraction cases, with
a common factor of posterior molar movement. Additionally, there was a consistent constraint placed on the
anterior movement of incisors.

All setups achieved good-quality occlusion according to the ABO-OGS scores. Among the eight ABO-OGS
categories, we observed no statistically significant difference among three setup groups, except for the evaluation
of root parallelism using panoramic radiographs, which was not performed in the present study. Therefore, the
superior occlusion quality of the crown setup did not deteriorate despite its additional modification to consider
the roots and alveolar bone.

This study found that the virtual setup presented a potential risk of root exposure during molar distalization
if the relationship between the roots and alveolar bone was not considered. However, developing a virtual setup
with 3-D radiographic imaging for all patients is challenging because of the relatively high dose of radiation
exposure in CBCT. Therefore, root setup should be considered carefully for treating patients who require sub-
stantial tooth movement that may exceed the boundary of the alveolar bone.

Limitations of the study. Owing to the difficulty in achieving the ideal segmentation of the teeth and
alveolar bone, we arbitrarily removed the portion of teeth above the alveolar crest and placed reference planes
for dehiscence measurement. Follow-up studies should aim to accurately measure bone defects and reflect actual
bone remodeling around the roots during orthodontic tooth movement. In addition, we only investigated the
exposure pattern of the roots for the posterior movement of the dentition; thus, follow-up studies are warranted
and should investigate transverse tooth movement.

Conclusions

The virtual teeth setup using both crown and root composite data could improve root parallelism. Meanwhile, the
virtual setup for molar distalization may demonstrate a potential risk of root exposure, which could be reduced
through the virtual alignment of composite teeth within the alveolar bone. The prevalence of molar root exposure
differed in the maxilla and the mandible, with higher incidences observed on the buccal side of the maxilla and
the lingual side of the mandible. Moreover, the virtual setup considering both the roots and alveolar bone did
not decrease the occlusion quality compared with that of the conventional crown setup. Therefore, the first null
hypothesis was rejected and the second null hypothesis was not rejected.

Methods

This study was approved by the Institutional Review Board of Yonsei University Dental Hospital (No. 2-2022-
0070) and all research was carried out in accordance with the relevant guidelines and regulations. Informed
consent was waived for this study by Institutional Review Board of Yonsei University Dental Hospital due to
the retrospective design. All procedures in this study were conducted in accordance with the Declaration of
Helsinki. The study sample was selected from 614 patients who visited the Department of Orthodontics, Yonsei
University Dental Hospital, between February 2018 and February 2021, with treatment plans established by one
of the authors (JY Cha). One-hundred-and-nine patients with non-extraction treatment plans underwent pre-
treatment CBCT (Alphard VEGA; ASAHI Roentgen IND, Kyoto, Japan) and intraoral scans (Trios3; 3Shape,
Copenhagen, Denmark). CBCT was set at 80 kV, 5.0 mA, 17 s scanning time, 154 mm x 154 mm field of view,
and 0.3 mm voxel size (CBCT panoramic mode, low dose exposure). Of the 109 patients, 16 (5 male, 11 female;
mean age 23.4 + 8.2 years) were selected based on the following inclusion criteria. : (1) Skeletal Class I and mild-
to-moderate Class II or Class III (ANB —2.8° to 5.5°), (2) completely erupted permanent dentition, except for
the third molars, and (3) Presence of crowding that is expected to be resolved by distalization of molars without
forward movement of anterior teeth. The exclusion criteria were as follows: (1) developmental tooth anomalies,
(2) cleft lip or palate, (3) severe periodontitis, (4) severe skeletal asymmetry, (5) anterior open bite, (6) history of
orthodontic treatment with fixed appliances, (7) posterior crossbite, and (8) Less than 1 mm of combined poste-
rior movement of the upper and lower first molars. CBCT was performed on the 109 non-extraction patients to
investigate skeletal or periodontal problems, temporomandibular joint (TM]) disorders, and impacted or missing
teeth. However, among the patients who met the aforementioned criteria, few had reasons to undergo CBCT
other than impacted third molars, minor skeletal asymmetry, or TM]J disorders, resulting in a small sample size
of 16 patients (10 patients in Skeletal Class I, 2 in Class II, and 4 in Class III). Descriptive statistics of the enrolled
patients are presented in supplementary table S3.

In previous studies comparing root angulation and inclination between expected root position using compos-
ite teeth and CBCT, a pilot study with five subjects demonstrated that the buccolingual inclination of maxillary
canines required the largest sample size (30 teeth)'>*. Subsequently, a post hoc power analysis was conducted
for the current study with 16 subjects (32 maxillary canines) using G*Power (version 3.1.9.7; Heinrich-Heine-
Universitat Diisseldorf, Diisseldorf, Germany), specifically for the inclination of maxillary canines. The partial
eta squared and correlation coefficients among repeated measures were obtained from our preliminary study,
which compared the inclination and angulation of each tooth type among the three setups using a sample of five
subjects. For maxillary canines, the partial eta squared was determined to be 0.027, and the correlation coefficient
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0.827. The effect size was calculated to be 0.11. In this study, the statistical power was estimated at 94% with a
significance level of 0.05 for the repeated-measures analysis of variance (ANOVA) of maxillary canines.

Segmentation of the maxilla, mandible, and individual teeth. Individual teeth were segmented
from pre-treatment CBCT using LaonCBCT Viewer (version 1.2; Laon People; Gyeonggi-Do, Korea). The max-
illa and mandible were separately segmented using the supervised classification mode of the ITK-SNAP pro-
gram (version 3.8.0; http://www.itksnap.org), owing to the difference in gray scale’’. Segmented images were
saved as stereolithography (STL) files (Fig. 1).

Preparation of the maxilla, mandible, and composite teeth. The STL files of individually seg-
mented teeth, including their root parts, were aligned with intraoral-scanned crowns to fabricate composite
teeth. The maxillary and mandibular teeth were aligned in their position of maximum intercuspation. Subse-
quently, the crowns of the segmented teeth were removed and replaced by intraoral-scanned crowns. To estab-
lish a baseline for measuring root exposure from the alveolar bone, we trimmed the tooth portion above the
alveolar crest from the maxilla and mandible STL files. The STL files were manipulated using Geomagic Control
(version 2015; 3D Systems, Rock Hill, SC, USA) and Meshmixer (version 3.5.474; Autodesk, Mill Valley, CA,
USA) (Fig. 2A-D). Meshmixer was used for trimming the teeth part from the alveolar bone and making the
disc-shaped reference planes, and Geomagic Control was utilized otherwise.

Virtual setup. The setups were constructed in three steps by a technician with 11 years of experience from
Orapix (Seoul, Korea) using a virtual setup program (3Txer 2.0; Orapix, Seoul, Korea). The goals of all set-
ups were set according to the actual treatment plan. First, a setup was fabricated using only intraoral-scanned
crowns. The technician was instructed to relieve crowding with posterior molar movement and create a proper
overjet/overbite relationship without anterior displacement of the incisors (crown setup). In the second step, the
individual crowns of the crown setup were replaced with the composite teeth. Then, the setup was modified to
ensure optimal inclination and angulation of the roots while maintaining the arch width and anterior-posterior
position of the teeth (root setup-1). Finally, root setup-1 was refined to minimize dehiscence and fenestration in
the presence of overlaying alveolar bone with the least possible deterioration in the root angulation, arch width
and anterjor-posterior relationship of the teeth (root setup-2) (Fig. 2E-H).

Reference point assignments on the composite teeth. To define the tooth axes, three reference
points were embedded on individual composite teeth in terms of the point features of the Geomagic Control
program. The reference points were as follows: the most mesial point (M point), most distal point (D point), and
apex point (A point; the apex of single-rooted teeth or the center of furcation of multi-rooted teeth) (Fig. 3).

Evaluation of root parallelism. For angulation and inclination measurement of each tooth in the three
setups, the long axis of each tooth was defined as the line segment connecting the midpoint of the M and D
points with the A point. The occlusal plane was defined as the plane passing through the distobuccal cusps of
the maxillary left and right second molars and the contact point of the maxillary central incisors in the setup
model. Angulation was defined as the angle between the line perpendicular to the occlusal plane and the long
axis of each tooth projected to a plane passing through the M and D points of each tooth and perpendicular to
the occlusal plane. If A point was distal to the midpoint of the M and D points, the measurement was positive;
otherwise, it was negative. Inclination was defined as the angle between the line perpendicular to the occlusal
plane and the long axis of each tooth projected to the plane perpendicular to the occlusal plane and to the refer-
ence plane for angulation measurement (Fig. 3). If A point was lingual/palatal to the midpoint of the M and D
points, the measurement was positive; otherwise, it was negative. Root parallelism was evaluated by calculating
the difference in angulation values between the adjacent teeth. In all three setups, the occlusal plane of root
setup-2 was commonly used as a reference plane to ensure consistency in angular measurements.

A

Figure 1. Segmentation of the maxilla, mandible, and teeth from CBCT. (A), segmentation of the maxilla and
mandible. (B), segmentation of the individual teeth. CBCT, cone beam computed tomography.
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Composite teeth of the intraoral- Segmented maxilla and mandible
scanned crowns and CBCT roots without teeth
Individual composite Maxilla and mandible are
Testh segmentead from teeth replace the visualized for root setup-2

the initial CBCT individual crowns of

the crown setup

Cropped crowns from
the initial scan

Crown setup Root setup-1 (without alveolar Root setup-2 (with alveolar bone
bone consideration) consideration)

Figure 2. Setup process of the crown setup, root setup-1, and root setup-2. (A), The initial intraoral scan. (B),
Teeth segmented from the initial CBCT. (C), Composite teeth of the intraoral-scanned crowns and CBCT
roots. (D), Segmented maxilla and mandible with the tooth portion above the alveolar crest removed. (E),
Crowns cropped from the initial scan. (F), Crown setup using the cropped crowns. (G), Root setup-1 using the
composite teeth. (H), Root setup-2 considering the alveolar bone. CBCT, cone beam computed tomography.

Figure 3. Reference points and planes for angular measurements. Each tooth has a distinct reference plane for
angular measurement. The measurement plane for the upper right canine is illustrated as an example. M, mesial
point. D, distal point. A, apex point. Long axis, the line segment connecting the A point and the midpoint of
the M and D points. Purple, Occlusal plane. It is a plane defined by the distobuccal cusp tips of the maxillary
second molars and the contact point of the maxillary central incisors. Green, a reference plane for angulation
measurement. It passes through the M and D points of each tooth and is perpendicular to the occlusal plane.
Blue, a reference plane for inclination measurement perpendicular to the green plane and occlusal plane.

Measurement of root exposure. In the initial teeth position, a disc-shaped reference plane was placed on
each composite tooth with embeded M, D and A reference points. This reference plane was positioned to align
with the trimmed surface of the maxilla and mandible and served as a reference for measuring root exposure.
The set of composite teeth with disc-shaped reference planes and three reference points was duplicated, and
each set was aligned to the three setup models, ensuring the consistency of the reference points for all subse-
quent measurements. During the process of alveolar bone preparation, the trimmed area where the portion of
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the tooth above the alveolar crest was separated was covered with a plane resulting in a sharp border. If the root
extended beyond this border, the amount of exposure was measured. However, to minimize overestimation of
root exposure, we only included teeth with dehiscence or fenestration exceeding 2 mm when comparing the
frequency of root exposure between the buccal and palatal/lingual sides®. In each setup, the extents of dehis-
cence and fenestration were measured for each tooth on the buccal and lingual sides. When both dehiscence and
fenestration were present, the lengths of each were measured separately and then combined. Dehiscence was
measured from the disc-shaped reference planes embedded on each composite tooth (Fig. 4). Additional refer-
ence points were embedded on the composite teeth which showed root exposure for linear measurements on the
uppermost and lowermost points of dehiscence and/or fenestration.

Throughout this study, we utilized a spreadsheet program (Microsoft Excel 2010; Microsoft, Redmond, WA,
USA) for calculation of the linear and angular variables. Instead of using the measurement tool provided by the
3-D analysis program, we employed the 3-D coordinates of the embedded reference points from the Geomagic
Control program in each tooth to mitigate potential measurement errors. The linear distances between the two
points were directly calculated using their respective coordinates, while the angular values were determined
using trigonometric functions. To achieve this, formulas were created to manipulate the coordinates of each
tooth’s reference points and the reference points forming the occlusal plane, either by horizontal movement or
rotation around the coordinate axes.

Evaluation of occlusion.  We measured and compared the ABO-OGS scores by printing rapid prototyping
models of the three setups at a layer thickness of 50 um using a stereolithography apparatus-type 3-D printer
(Sindoh A1l +; Sindoh, Seoul, Korea). The printing material was S-100 M (Graphy, Seoul, Korea). Following
curing for 60 s with the MP300 curing machine (Veltz 3D, Incheon, Korea), the models were rinsed with 99%
isopropyl alcohol for 5 min.

Statistical analysis. The intraclass correlation coefficient (ICC) was calculated by repeating the angulation
measurement of the teeth in the initial scan and three setups after resetting the M, D, and A points at an interval
of 4 weeks in four randomly selected cases. We performed a repeated-measures ANOVA to compare the angular
measurements and ABO-OGS scores among the initial scan and three setups. The absolute values were used in
the evaluation of angular differences. For each ANOVA test, we performed Mauchly’s Test of Sphericity to assess
the sphericity assumption. Post-hoc Bonferroni corrections were used for multiple comparisons. The compari-
son of the amount of root exposure was conducted using the Friedman test and post-hoc tests were performed
with the Wilcoxon signed rank test. We performed the McNemar test to compare the frequency of root exposure
between the buccal and palatal sides. Statistical significance was set at p <0.05. We used SPSS software (version
24.0; IBM, Armonk, NY, USA) for all statistical analyses.

Figure 4. The measurements of root exposure: (A), initial state before the setup. The tooth portion above the
alveolar crest has been removed from the bone and disc-shaped reference planes indicating the junction of
the alveolar bone and roots have been embedded into each composite tooth (yellow circular band). (B) The
measurement of dehiscence. (C), The measurement of fenestration.
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