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Optimal settings for different tooth types in the virtual bracket
removal technique

Yipeng Wang?; Peigi Wang®; Shiyang Ye®; Yu Shi®; Yiruo He®; Xianglong Han®;
Ding Bai®; Chaoran Xue®

ABSTRACT

Objectives: To determine the optimal settings for reconstructing the buccal surfaces of different
tooth types using the virtual bracket removal (VBR) technique.

Materials and Methods: Ten postbonded digital dentitions (with their original prebonded denti-
tions) were enrolled. The VBR protocol was carried out under five settings from three commonly
used computer-aided design (CAD) systems: OrthoAnalyzer (O); Meshmixer (M); and curvature
(G2), tangent (G1), and flat (GO) from Geomagic Studio. The root mean squares (RMSs)
between the reconstructed and prebonded dentitions were calculated for each tooth and com-
pared with the clinically acceptable limit (CAL) of 0.10 mm.

Results: The overall prevalences of RMSs below the CAL were 66.80%, 70.08%, 62.30%,
94.83%, and 56.15% under O, M, G2, G1, and GO, respectively. For the upper dentition, the
mean RMSs were significantly lower than the CAL for all tooth types under G1 and upper incisors
and canines under M and G2. For the lower dentition, the mean RMSs were significantly lower
than the CAL for all tooth types under G1 and lower incisors and canines under M, G2, and GO
(all P < .05). Additionally, the mean RMSs of all teeth under G1 were significantly lower than
those under the other settings (all P < .001).

Conclusions: The optimal settings varied among different tooth types. G1 performed best for
most tooth types compared to the other four settings. (Angle Orthod. 2024;94:68-74.)
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INTRODUCTION

Stability is crucial for orthodontic treatment.! The timely
production and use of retainers can greatly improve the
long-term stability of a successful orthodontic treatment.?
For patients with fixed appliances, it is necessary to
remove the brackets from the patients’ teeth or the plaster

model before retainer produc:tion,3 which, however, is
usually time-consuming in the clinic or technique sensitive
in the laboratory.*

To address these issues, virtual bracket removal

(VBR) has been used to obtain digital dentitions before
retainer fabrication.”~” This technique can be used to
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Figure 1. Process of VBR in clinical practice. (A) An intraoral scan was made for a patient with brackets and tubes before VBR. (B) The brack-
ets/tubes were virtually removed from the digital dentition. (C) The buccal surfaces were reconstructed for 3D printing. (D) The patient wore

thermoplastic retainers fabricated from the 3D-printed model.

remove the brackets and tubes and then reconstruct
the buccal surfaces of the digital dentition (Figure 1).8
VBR can be performed using various computer-aided
design (CAD) systems such as Meshmixer, OrthoAna-
lyzer, and Geomagic Studio. It has been reported to
reduce repeated appointments for patients, provide
immediate delivery, improve clinical efficacy, facilitate
remote follow-up, and decrease costs, all of which are
favorable for digital retainer fabrication.®

However, since the buccal surfaces of different tooth
types vary, it remains unclear whether one setting in one
CAD system can reconstruct all buccal surfaces well.%°
Therefore, this study aimed to evaluate the accuracy of
the buccal surfaces reconstructed under five settings
from three commonly used CAD systems and determine
the optimal settings for specific tooth types.

MATERIALS AND METHODS
Subjects and Criteria

This project was approved by the local institutional
ethical committee (WCHSIRB-D-2021-282). Ten pairs of
digital prebonded dentitions (upper and lower) were
included, each with well-aligned teeth with normal crown
morphology.'! The dentitions were digitally bonded with
brackets (Clarity adhesive-coated advanced brackets;
3M Unitek, Monrovia, Calif) and tubes (Shinye Ortho-
dontic Products, Hangzhou, China) in OrthoAnalyzer

software (O) (3Shape, Copenhagen, Denmark) and
were termed postbonded dentitions. Every participant
signed an informed consent form.

Virtual Bracket Removal Protocol

In Geomagic Studio 2013 (Raindrop Geomagic Studio
2013; Raindrop Geomagic Inc), the brackets/tubes were
virtually removed from the postbonded dentitions. Next,
the dentitions were left with holes on the buccal surfaces
for reconstruction with smooth surfaces using curvature
(G2), tangent (G1), flat (GO) in Geomagic Studio. In O
and Meshmixer (M) (version 3.5; Autodesk Inc), the
reconstruction was implemented using the postbonded
dentitions without holes. In O, a 0.15-mm brush was
used for reconstruction as described in a previous study.®
In M, according to preliminary results, bulge degrees of
-1,0, 1, 2, 4, and 5 were applied to the upper incisors,
upper molars and lower molars, upper canines and lower
incisors, lower canines, lower premolars, and upper pre-
molars, respectively (Supplemental Figure 1; Figure 2).

Measurement of the Surface Deviation

The root mean squares (RMSs) between the recon-
structed and prebonded dentitions were calculated for
each tooth in Geomagic Studio 2013 according to pre-
vious studies.® 1?13
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Figure 2. Study design. (A) Prebonded dentitions. Original dentitions were included. (B) Postbonded dentitions, virtually bonded with brack-
ets/tubes. (C through G) Reconstructed dentitions. Dentitions were generated after buccal surface reconstruction under five different settings
(O, M, G2, G1, and GO, respectively). (H through L) Color-coded maps indicating differences between the reconstructed dentitions and the
prebonded dentitions under five different settings (O, M, G2, G1, and GO, respectively).

Statistical Analysis

Statistical analyses were performed in SPSS 16.0
(IBM, Armonk, NY). Twenty teeth were randomly
selected, and the RMSs were measured by the same
investigator again after 2 weeks to evaluate mea-
surement reproducibility. A descriptive analysis was
performed for the surface deviations (RMSs) of all
tooth types under five settings. An RMS of 0.10 mm
was defined as the clinically acceptable limit (CAL)
for all teeth.''® The proportions of RMSs below the
CAL were calculated.

To compare the RMSs with the CAL, a paired t-test
was applied for normally distributed data, and a Wil-
coxon signed-rank test was applied for nonnormally dis-
tributed data. A level of oo = 0.05 was set as statistically
significant. One-way analysis of variance (ANOVA) was
applied for normally distributed data, followed by Tukey’s
post hoc analysis to compare the RMSs among groups
under different settings. The Kruskal-Wallis H test and
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the Nemenyi test were conducted on nonnormally dis-
tributed data.

With a total sample size of 1180 teeth, the powers of
both the Wilcoxon signed-rank test (2-tailed) and the
paired t-test were almost 100% for detecting small
effect sizes at a significance level of 0.05 (Cohen’s d =
0.5) (G*Power 3.1.9.3; University of Dusseldorf).

RESULTS

In total, the buccal surfaces of 1180 teeth were recon-
structed under five settings from the three CAD systems.
Measurements were performed based on RMS calcula-
tions using Geomagic Studio and were repeated to verify
precision.

Comparison of the RMSs with the CAL (0.1 mm)

The overall prevalences of RMSs below the CAL (0.1
mm) were 66.80%, 70.84%, 62.30%, 94.83%, and
56.15% under O, M, G2, G1, and GO, respectively. The
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Table 1. Prevalence of RMSs Below the Clinically Acceptable Limit®
Tooth Type O M G2 G1 GO

Upper incisor 90.00% 90.00%* 87.50%* 100.00%* 72.50%*
Upper canine 94.44%* 94.44%* 94.44%* 93.75%* 61.11%
Upper premolar 54.17% 50.00% 46.88% 86.67%" 40.63%"
Upper molar 60.53% 60.53% 51.61% 92.59%* 38.71%*
Lower incisor 62.50% 95.00%* 80.00%* 100.00%* 75.00%*
Lower canine 85.00%* 85.00%* 100.00%* 100.00%* 80.00%*
Lower premolar 79.17% 37.50% 41.94% 100.00%* 41.94%
Lower molar 32.50%* 47.50% 12.50%" 84.38%" 40.63%"
All tooth types 66.80% 70.08%* 62.30%* 94.83%* 56.15%

@ The CAL was 0.10 mm for all tooth types. O indicates settings using OrthoAnalyzer; M, settings using Meshmixer; G2, G1, and GO, set-

tings using Geomagic; G2, curvature specifies; G1, tangent specifies; and GO, flat specifies.
between the mean RMS of a specific tooth type and the CAL (P < .05).

prevalence of RMSs below the CAL for each tooth type
is illustrated in Table 1.

For upper dentitions, settings with mean RMSs below
the CAL varied among different tooth types. The mean
RMSs for the upper incisors under M (0.05 mm), G2
(0.05 mm), G1 (0.03 mm), and GO (0.08 mm); the upper
canines under O (0.06 mm), M (0.07 mm), G2 (0.05
mm), and G1 (0.05 mm); and the upper premolars
under G1 (0.06 mm) were significantly lower than the
CAL. Specifically, for the upper molars, G1 was the only
setting showing a mean RMS (0.05 mm) significantly
lower than the CAL (P < .05). However, the mean
RMSs were significantly higher than the CAL (P < .05)
under G2 for upper premolars and molars and GO for
upper molars.

Likewise, for lower teeth, the mean RMSs under M,
G2, G1, and GO for the incisors (0.06, 0.07, 0.04, and
0.06 mm, respectively) and O, M, G2, G1, and GO for
the canines (0.06, 0.07, 0.06, 0.04, and 0.06 mm,
respectively) were significantly lower than the CAL (P <
.05). For the posterior lower teeth, the mean RMS for
premolars under G1 was 0.04 mm, and the mean RMS
under G1 for the molars was 0.07 mm, both of which

Table 2. RMSs of Different Tooth Types Under Different Settings®

Wk

means that there was a significant difference

were significantly lower than the CAL (P < .05). The
mean RMSs under O, G2, and GO for the lower molars
were significantly higher than the CAL (P < .05).

Comparison of the RMSs Under the Five Settings

The overall mean of the RMSs under G1 was 0.04
mm, significantly lower than those under O (0.09 mm),
M (0.07 mm), G2 (0.08 mm), and GO (0.09 mm) (P <
.05). Considering the specific tooth types, for the inci-
sors and molars, the mean RMSs under G1 were sig-
nificantly lower than those under the other four settings
(P < .05), while for the upper and lower premolars, the
mean RMSs under G1 were significantly lower than
those under G2, M, and O (P < .05) (Table 2).

DISCUSSION

This study aimed to find the optimal settings to
reconstruct the buccal surfaces of different tooth types
for VBR. It was found that the optimal settings varied
among different tooth types and CAD systems, and
G1 performed the best for most tooth types.

RMS, Mean = SD/Median = Quartile

Tooth Type (6] M G1 GO P Value (Overall)
Upper incisor 0.12 = 0.06 0.05 = 0.03 0.05 + 0.04* 0.03 + 0.02* 0.08 = 0.04 .000*
Upper canine 0.06 + 0.02 0.07 = 0.03* 0.05 = 0.03* 0.05 = 0.03 0.08 = 0.05 .007*
Upper premolar 0.12 + 0.08 0.11 + 0.07 0.10 + 0.05* 0.06 + 0.05* 0.13 + 0.15" .000*
Upper molar 0.10 = 0.07* 0.10 = 0.05 0.10 = 0.07* 0.05 + 0.03* 0.12 = 0.04 .000*
Lower incisor 0.09 + 0.05" 0.06 + 0.02 0.07 + 0.04* 0.04 + 0.01 0.06 + 0.07* .000*
Lower canine 0.06 + 0.03" 0.07 + 0.03 0.06 + 0.02 0.04 + 0.02* 0.06 + 0.04 .018*
Lower premolar 0.06 * 0.05* 0.11 = 0.05 0.13 = 0.07 0.04 = 0.04* 0.11 = 0.13* .000*
Lower molar 0.12 + 0.07* 0.11 = 0.05 0.15 = 0.04 0.07 = 0.03 0.13 = 0.07 .000*
Overall 0.09 + 0.08" 0.07 + 0.06"* 0.08 + 0.07* 0.04 + 0.03* 0.09 + 0.09* .000*

@ Means = standard deviations of the RMSs are given for normally distributed data, and medians = quartiles are presented for nonnormally
distributed data (marked with #). Overall P values generated by one-way ANOVA or the Kruskal-Wallis H test showed statistically significant

differences among the RMSs under different settings for the same tooth type.

Wk

means that there was a significant difference between mean

RMSs of specific tooth types among the five settings (P < .05). SD indicates standard deviation; O, settings using OrthoAnalyzer; M, settings
using Meshmixer; G2, G1, and GO, settings using Geomagic; G2, curvature specifies; G1, tangent specifies; and GO, flat specifies.
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Figure 3. Four approaches for fabricating thermoplastic retainers. (A) OBR-+Imp. (B) Imp+PBR. (C) OBR+Scan. (D) Scan-+VBR. For
approaches A and B, since the plaster model could crack after fabricating the thermoplastic retainer, the patient would need to return
for the fabrication of a replacement appliance. However, for approaches C and D, the 3D-printed dentitions could be reused to fabricate multiple
thermoplastic retainers, so there would be no need for the patient to return when requiring additional retainers. Imp indicates impression; PBR,
plaster model bracket removal; OBR, intraoral bracket removal; and VBR, virtual bracket removal.

Prompt fabrication and application of retainers are
essential for the success and long-term stability of
orthodontic treatment.? Before the fabrication of the
thermoplastic retainer for patients with fixed appli-
ances, the brackets are usually removed intraorally in
the clinic (intraoral bracket removal [OBR]). Next, an
impression (OBR-+Imp) or intraoral scan (OBR+Scan)
is made to acquire a plaster (Figure 3A) or three-dimen-
sional (3D)-printed (Figure 3C) model, respectively.>":®
These approaches for fabricating thermoplastic retain-
ers are summarized in Figure 3.

Alternatively, there are two other approaches for fabri-
cating thermoplastic retainers. One is to first take an
impression and then manually remove the brackets from
the plaster dental model (plaster model bracket removal
[PBRY]) in the laboratory (Imp+PBR). The other is to first
perform a scan intraorally, then virtually remove the
brackets (VBR) from the digital dental model using CAD
(Scan+VBR), and finally 3D print the resin dental
model.3'617 These approaches are summarized in Fig-
ure 3B and D.

Comparing the four approaches, Scan+VBR and
Imp-+PBR are less time-consuming than OBR-+Imp and
OBR-+Scan in the clinic.” Between the two more efficient
approaches, Scan+VBR has better repeatability, higher
accuracy, and easier operation than Imp-+PBR in the
process of surface reconstruction.® Additionally, during
retention follow-up, retainers could be obtained more
easily from Scan+VBR and OBR+Scan since the 3D-
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printed model could be used repeatedly for multiple
retainers (Figure 3).”®

The current study involved both the removal of brackets
and the reconstruction of tooth surfaces. Considering the
processing differences among the three CAD systems,
Geomagic was used in this study to remove the brackets/
tubes first, leaving a hole for the reconstruction process
using the other two CAD systems (O’ and M’) for all of the
postbonded dentitions. It was also found that the mean
RMSs were lowest under G1 compared to the other 6 set-
tings (O, O, M, M, G2, and GO) (Supplemental Table 1).
This indicated that tooth surface reconstruction affected
the results of VBR among the five settings.

The CAL was used to judge whether the degree of
RMS was clinically acceptable. In previous studies,
the CAL ranged from 0.16 to 0.30 mm."*'® In this
study, however, a lower CAL (0.10 mm for all teeth)
was used. The reason for this was that only the sur-
face reconstruction process was studied, and a lower
CAL would leave room for errors from other crucial
steps during VBR.

The mean RMSs of most tooth types were found to
be lower than the CAL under the settings of O, G2,
and G1. Details of the recommended optimal settings
for different tooth types are shown in Table 3.

Interestingly, compared with those under other set-
tings, the percentage of RMSs below the CAL (94.83%)
was the highest under G1. For every tooth type, the
mean RMS under G1 was significantly lower than the
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Table 3. Recommended Optimal Settings for Different Tooth
Types?

Tooth Type Setting(s)

Upper incisor M, G2, G1 Lower incisor M, G2, G1
Upper canine O, M, G2,G1  Lower canine O, M, G2, G1
Upper premolar  G1 Lower premolar  G1

Upper molar G1 Lower molar G1

Tooth Type Setting(s)

@ O indicates settings using OrthoAnalyzer; G2, G1, and GO, set-
tings using Geomagic; G2, curvature specifies; G1, tangent speci-
fies; and GO, flat specifies.

CAL (P < .05). Additionally, the mean RMS under G1
was significantly lower than those under the other four
settings. These findings demonstrated that G1 had the
highest precision of reconstruction.

It has been reported that molars had the greatest sur-
face deviation derived from VBR, with RMS values of up
to 0.33 mm, while the smallest amount of surface change
was seen for the incisors, with RMS values of as low as
0.12 mm.” Consistently, this trend was also suggested in
the present study. For the molars, the mean RMS was
higher than those for the other tooth types (P < .05).
This might have been caused by interference from the
gingival margin and buccal grooves.”® For the premo-
lars, the RMS was higher than those for the incisors and
canines (all P < .05). This could be explained by the
high ratio of the bracket base relative to the premolar
buccal surface compared to that of anterior teeth, which
increased the surface reconstruction deviation.

The surfaces were reconstructed according to the cur-
vature of the surrounding area under G1. With the mor-
phology of the buccal surface, the curvature of the
reconstruction area was able to change automatically
without additional adjustments in G1. Settings such as
G1 with automatic features are referred to as dynamic
self-adaptive settings.

However, for M, multiple bulge values were avail-
able to choose from. The reconstructed buccal sur-
face tended to be more convex toward the buccal
side as the bulge value increased, which meant that
M was not a dynamic self-adaptive setting. In the pre-
experiment, the mean RMS first decreased and then
increased with the increase of the bulge values for
every tooth type. The bulge values providing the mini-
mum RMS values were —1 for the upper incisors, 0
for the upper and lower molars, 1 for the upper canines
and lower incisors, 2 for the lower canines, 4 for the
lower premolars, and 5 for the upper premolars (Sup-
plemental Figure 1).

In this study, after the selection of bulge, the preva-
lence of RMSs below the clinically acceptable limit
under M was higher than 85% for the anterior tooth
types but lower than 65% for the posterior tooth types.
However, under G1, the prevalences of RMSs below
the clinically acceptable limit were higher than 90% for

73

the anterior tooth types and higher than 80% for the
posterior tooth types, and the mean RMSs of G1 for all
tooth types except the upper canines were significantly
lower than those under M (Table 2; P < .05). The
results of this study suggested that dynamic self-adap-
tive settings performed better.

The time for the whole VBR process was evaluated
on five pairs of dentitions using the three CAD sys-
tems. The results showed that VBR using Geomagic
Studio took less time (11.63 = 0.47 min) than those
using OrthoAnalyzer (14.52 = 0.42 min) and Mesh-
mixer (15.44 = 0.38 min). One possible reason for this
was that each area on the bracket needed to be
selected manually in Meshmixer and OrthoAnalyzer.
The other possible reason was that once the area was
chosen inaccurately, the operation needed to be com-
pletely redone in OrthoAnalyzer. In contrast, only the
surrounding lines are required for selection in Geoma-
gic Studio, and inverted selection is allowed. However,
Geomagic Studio was more expensive ($19,950) than
OrthoAnalyzer ($3,222/year) and Meshmixer ($0).

In the future, the accuracy of 3D-printed resin mod-
els for fabricating retainers and the clinical effect and
management of retainers made via VBR should be fur-
ther studied under optimal settings. Additionally, to
reduce cost and improve efficiency, it is necessary to
build a new CAD system tailored for VBR and apply
optimal settings to reconstruct buccal surfaces.

CONCLUSIONS

» The optimal settings for reconstruction varied among
different tooth types.

* G1 performed best for most tooth types compared
to the other four settings.
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