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Introduction

External apical root resorption (EARR) is an undesirable loss of hard tissues of
the tooth root frequently affecting to the maxillary incisors. The magnitude of
orthodontic forces is a major treatment-related factor associated with EARR oc-
currence in orthodontics. The primary aim of the present randomized clinical trial
was (i) to quantify the impact of a sequence of personalized force archwires on
EARR compared to the conventional standard of care and (i) compare the 3D-
quantification of EARR using two quantification methods (manual or automated
Al-aided segmentation).

Material and Methods

A superiority two arms-parallel-randomized clinical trial (RCT) was conducted
to quantify the EARR of two regime forces [CONSORT-guidelines]. A total
of 18/43 patients were randomly assigned [block-size: 4] to Control Group
[Ni-Ti archwires sequence] or Experimental Group [selective individualized
force archwires]. After 142 days sectorial CBCT were obtained; upper incisors
were segmented manually and with Al and the volume/length of root quanti-
fied. Method error/descriptive statistics (mean; SD; range) and Student t-test
were used to assess the differences between groups (Post hoc adjustment for
confounders [95% Cl; P < .05)).

Results

The total root volume loss detected by Al was 2.44 & 6.59 mm?®/ 2.42 4+ 4.75 mm?
(P > .05) and the mean root length loss was 0.20+ 0.23mm/0.42 + 0.43 mm (P
= .045) for control/test group, respectively. Despite length loss showed similar
changes when it was quantified with both methods, manual and automatic seg-
mentations (P > .05), differences are observed at volume loss. The results demon-
strated greater volume loss detection with manual segmentation than with Al-
aided segmentation at the global level, volume by thirds, and 4 mm from the
apex. However, as we approached apically, the differences equalized and even
diminished, resulting in a greater loss with automatic segmentation 1 mm from
the apex in the EG (P = .011).

Conclusions

A non direct-force-dependent effect over EARR (6 months) was observed. Indi-
vidualized force induces slightly higher root resorption at the apical third at 1-2
mm.
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INTRODUCTION

External apical root resorption (EARR) is defined as the
undesirable loss of hard tissues of the tooth root, such as
dentin and cement.” High-magnitude force levels (>225 g)
and particular orthodontic movements (ie, intrusion or buc-
cal tipping) are associated with an increased risk of root re-
sorption. 2,3 Accurate EARR detection has been challenging
in orthodontics because of the inherent limitations of rou-
tine two-dimensional (2D) records, ie, image distortion, un-
derestimation, and questionable prediction.*> The incorpo-
ration of three-dimensional (3D) radiological images, includ-
ing cone-beam computed tomography (CBCT), has over-
come some of these 2D limitations.>? However, there is still
a scarcity of studies on EARR predisposition based on 3D
radiological records'® and on randomized controlled clinical
studies."

EARR occurs in 19%-93% orthodontically treated patients,®
and its etiology is considered multifactorial. Several patient-
related factors (individual susceptibility or genetic predispo-
sition) and treatment-related factors (the appropriate biome-
chanical forces used during orthodontic treatment) may in-
fluence the occurrence of EARR during orthodontic treat-
ment.17:18

The maxillary incisors are most commonly affected by
EARR®' and the magnitude of orthodontic forces and
the duration of orthodontic treatment are the two major
treatment-related factors associated with EARR occurrence
in orthodontics.?¢??? Related to the time factor, some stud-
ies have reported that the severity of apical root resorp-
tion in the upper incisors could be predicted in the first 6
months of orthodontic treatment.?>?* This initial period of-
ten involves a greater amount of tooth movement during the
leveling and alignment phases.®® In the last few years, mul-
tiforce archwires, which provide selective forces according
to the type of tooth in the initial stages of treatment, have
been introduced in the market. In addition to the different
force zones, these arches enable alignment, levelling, and
torque expression simultaneously during the early stages of
orthodontic treatment, with the working phase commencing
prior to that when traditional arches are utilised.?> Moreover,
although the root volume and crown-root ratio vary dramat-
ically from the anterior to posterior teeth,?® conventional ini-
tial orthodontic archwires, commonly used with fixed appli-
ances, exert an identical magnitude of force on the anterior
and posterior teeth, independent of these root volumetric
differences.?’+?® Several in vitro studies have compared the
mechanical properties of standardized Ni-Ti archwires with
those featuring various force zones.”?”* Nevertheless, to
the best of our knowledge, no in vivo studies have quantified
the impact of selective personalized forces on EARR during
the first phase of orthodontic treatment.
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Accurate radiological diagnosis of EARR remains a challenge
in current orthodontic practice. Despite the overall superior-
ity of CBCT records in terms of diagnostic precision com-
pared to 2D radiographic methods,*' one of the most chal-
lenging goals is the reduction in both time consumption and
the incidence of misdiagnosis based on observer depen-
dence.®”'33 CBCT image segmentation, required for precise
EARR quantification, is considered a laborious process ow-
ing to different factors, such as the similarity of densities of
surrounding tissues, image resolution, or the presence of dif-
ferent artifacts, which may alter the record quality. According
to different segmentation methods, the process has tradi-
tionally been partially or totally operator dependent (semi-
automatic or manual methods, respectively). 3% A semi-
automatic process that creates a three-dimensional (3D) sur-
face based on the thresholding tool of open-source 3D soft-
ware requires manual refinement to complete the segmen-
tation. On the other hand, the manual method is a longer
process that involves clinician intervention during the en-
tire procedure to improve the surface anatomy and carefully
adjust areas of distortion by artefacts, such as orthodontic
brackets.

To overcome these limitations involving collaboration of the
clinician, the incorporation of artificial intelligence (Al)-aided
digital processes (fully automatic segmentation) has gradu-
ally become useful in several time-consuming tasks to im-
prove and automate the process of anatomical structure seg-
mentation based on cone-beam computed tomography im-
ages.® Al encompasses various models that can be used to
solve a range of problems, from predictive analysis to im-
age recognition.’’” Machine learning (ML) is a broad subfield
of Al that uses computational methods and data for train-
ing. Within ML, there is a specialized subset called deep
learning (DL), which uses neural networks with multiple lay-
ers to automatically extract features and learn from com-
plex datasets. A convolutional neural network is a specialised
type of DL model designed for image data with medical ap-
plications, such as radiographic analysis, segmentation, and
interpretation.

We hypothesized that there would be no difference in
the occurrence of EARR between orthodontic multiforce
archwires and conventional Ni-Ti archwires during the
initial stages of orthodontic treatment. Hence, the pri-
mary aim of the present randomized clinical trial was
(i) to quantify the impact of a sequence of personal-
ized force archwires on EARR compared to the conven-
tional standard of care during the leveling and alignment
phases and (ii) compare the 3D-quantification of EARR us-
ing two quantification methods (manual or automated Al
segmentation).
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MATERIALS AND METHODS

Ethical Statement and Protocol Registration

This clinical trial followed the requirements of the Helsinki
Declaration,*® was approved by the Institutional Ethical Re-
view Board (21/003-EC_P) and the Institutional Local Review
Board (URI+i: 51-100521), and was registered in the Clinical
Trials database (NCT04870463).

Clinical Trial Design and Setting

The present study was designed as a two-arm, parallel-
group, randomized controlled clinical trial, with a 1:1 al-
location of patients, to evaluate the superiority of experi-
mental individualized forces (experimental group [EG]) com-
pared with the gold standard sequence of reference forces
(control group [CG]). The trial was designed according to
the CONSORT guidelines and was conducted in the Or-
thodontic Department of the School of Dentistry of Com-
plutense University (UCM), Madrid, Spain. A detailed de-
scription of the trial design is presented in Figure 1. (Trial
registration: NCT04870463 Registered 3 may 2021, https:
//classic.clinicaltrials.gov/ct2/show/NCT04870463)

Participants
Sampling of consecutive cases was performed during partic-
ipants’ enrollment in the trial. Patients requiring orthodon-

tic treatment were asked to participate. Participant recruit-
ment and screening were conducted by researchers E.N.F.
and A.D.S. Accordingly, those who met the eligibility crite-
ria (Supplementary Table 1) were invited to participate in the
study. Written informed consent was obtained from all par-
ticipants after they received comprehensive oral and written
information about the project protocol prior to formal en-
rollment. The baseline characteristics of the participants are
summarized in Table 1, and a CONSORT flowchart of the trial
is shown in Figure 2.

Sample Size Estimation

The sample size was estimated based on the preliminary re-
sults obtained from representative cohorts under similar in-
clusion criteria.’” Apical volume loss was considered as the
primary outcome. Considering a mean apical volume loss
in the control group (1.47 &+ 1.13 mm?3) and in the experi-
mental group (2.82 & 1.47 mm?), an effect size of 1.029695
[Hedges' g = (2.82-1.47) / 1.311068] was calculated (under
an 80% power and significance level of 95% [« = .05]). Taking
the tooth as a sample unit and considering a 30% dropout
rate, a minimum sample of 26 was required.

Sequence Generation and Concealment, Randomization,
and Blinding Procedures

A block randomization scheme was used to ensure a bal-
ance (1:1) between the control and experimental groups.
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Table 1. Baseline characteristics of the groups.

SD: standard deviation.

Control (n=9) Experimental (n=9) P value
Mean + SD Mean + SD
Age (y) 274 +£187 26.7 £15.0 931
Gender n (%) 5 (55.6%) female 5 (55.6%) female 1.000
4 (44.4%) male 4 (44.4%) male
Treatment duration (d) 1400 £ 3.6 143.9+£53 113
Extractions (n) 0 2 -
Malocclusion (n) 1.000
Class | 3(33.3%) 3(33.3%)
Class Il 5 (55.6%) 5 (55.6%)
Class IlI 1(11.1%) 1(11.1%)

Enrolment

liAnalysisl liFollow-up | IiAllocation I

Figure 2. CONSORT flowchart.
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The patients were allocated to six blocks of four each (fixed
size). The main operator generated a random table of num-
bers using the online tool (13:italic )https://www.randomizer.
org(/13:italic) and then concealed it from view. Twenty sets
of 20 numbers were used to determine the selection order
of the blocks by choosing numbers from one to six in the
sequence.’’ This randomization scheme was developed by
one of the research assistants (A.D.S. or Y.C.), who was unfa-
miliar with the need for treatment of each patient and un-
known to the main operator (E.N.F) until the day of arch
placement. In addition, the examiner was blinded to the
measurement performance. The parents, participants, and
the rest of the research team were blinded to the allocation.

Interventions

The participants were randomly allocated to one of two
treatment strategies: i) selective forces (EG) or ii) gold
standard of care with no individualized forces (CG), both
provided by a single experienced orthodontist (E.N.F)
(Figure 1).

Before starting the treatment, a complete study of each pa-
tient was conducted, which included photographs, radio-
graphs, intraoral scans, clinical exploration, and discussions
with the research team to elaborate the treatment plan. Par-
ticipants attended were treated with the orthodontic pre-
adjusted 3 M Unitek® (Victory Series™ conventional-ligating
brackets, slot 0.18"), and all wires were tied with steel liga-
tures.

Gold standard of care was provided following a protocol of
arches sequence: 0.014-inch super-elastic Ni-Ti, 0.016-inch
super-elastic Ni-Ti, 0.018-inch super-elastic Ni-Ti and 0.016
x 0.022-inch super-elastic Ni-Ti (3M Unitek®, United States).
Each archwire remained in the upper arch for 28 & 7 days,
except for the rectangular wire, which remained for 56 days.
Meanwhile, experimental group protocol followed: 0.018 x
0.018-inch Ni-Ti Bioactive light® and 0.016 x 0.022-inch Ni-
Ti Bioactive® (Tomy®, Japan). In this group, the 0.018 x
0.018 arch remained for 84 days and the 0.016 x 0.022 arch
remained for 56 days until the alignment and leveling phases
were completed. The endpoint of the trial was settled at
141.9 + 4.9 days in both groups (Figure 1). All subjects were
scanned on each appointment with the TRIOS 3shape scan
to calculate the amount of maxillary dental crowding.

Sectorial CBCT Records Acquisition

Sectorial CBCT scans were acquired at the beginning of
treatment (TO) and after 5 months (T1) (142 £+ 5 days). All
scans were made using a standardized radiological protocol
with Carestream cone beam (Carestream Heath Inc, model
CS93000), and the scanning parameters were as follow: 5 x
5 FOV with a voxel size of 0.09 mm, exposure parameters of
8 s, voltage 90 kV, and tube current of 10 mA. Examinations
were made such that the four upper incisors were contained
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in one volume, and root resorption was assessed at TO-T1
time-interval in the EG and CG (Figure 3). All scans were
saved in Digital Imaging and Communication in Medicine
(DICOM) format.

External Root Resorption Quantification

The external root resorption (ERR) analysis consisted of dig-
ital tooth segmentation, Standard Tessellation Language
(STL) file generation, and 3D ERR quantification, as detailed
below.

Digital Segmentation
Tooth segmentation was performed using two methods:
manual and automated Al segmentation.

Manual segmentation:

Primary data reconstruction was made through the DICOM
images at each time-point uploaded onto a free-access soft-
ware (3D Slicer® 4.11.20210226). First, sagittal cuts of each
CBCT scan were made to segment each tooth into a sepa-
rate DICOM file. Volume rendering of each tooth was then
reconstructed as described in Figure 3A. The densities of
teeth and surrounding tissues vary among individuals; there-
fore, a uniform threshold value could result in data loss for
tooth tissues in some cases. Therefore, the threshold values
in this study were set individually for each tooth, and the
Hounsfield units (HU) ranged from 1700 to 2000. In addition,
owing to incomplete tooth contours in some CBCT images,
after initial automatic segmentation, further manual correc-
tion using the “paint” and “erase” tools was required to add
certain missing areas or remove noise or unrelated parts to
ensure tooth anatomy was preserved without surrounding
structures. The segmentation outcome generated for each
incisor was then saved as a virtual 3D model in STL file for-
mat.

Automated-Al Segmentation:

The DICOM images were individually imported to an Al
based on a deep learning method and custom-made soft-
ware (Diagnocat®), where all the teeth in a scan were auto-
matically segmented (Figure 3B). Each generated tooth seg-
ment was then saved in the STL file format.

Volumetric 3D Assessment of the ERR

Once tooth segmentation was generated, it was imported to
Geomagic Wrap software® (Geomagic, Cary, N.C.) for the
guantification of ERR based on root length and volumetric
changes. Following a modified version of a previously val-
idated method,’® each incisor was oriented with its incisal
edge parallel to the floor. After defining the cervical plane at
three points, the tooth was virtually cut, and the crown was
separated from the root (Figure 4A). Once the root was iso-
lated, the root length and volume were measured from the
reference plane (cervical plane) to the root apex (Figure 4B).
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Figure 3. (A) Volumetric reconstruction of an upper left central incisor after manual segmentation in three-dimensional
views (axial, coronal and sagital slices). (B) Volumetric reconstruction after automated segmentation. (i) complete scan,
(ii) area of interest of maxillary incisor region.
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apical third is then cut at 1, 2 and 4 mm from the apex.

Cervical
plane

I wrop X
Volume of model = 128.948064 mm®

Figure 4. (A) Separation of the root from the crown through the cervical plane defined by 3 points at the cementoe-
namel junction (CEJ): 2 points on the labial side and 1 point on the palatal side. (B) Once root is segmented, both
volume (i) and root length (ii) are computed. (C) Root is divided in three thirds (cervical, middle and apical) and the

Middle third

Cervical third

The root volume was then divided into three thirds (cervi-
cal, middle, and apical), and the volume of each third was
calculated in mm? (Figure 4C). Apical volumes at 1, 2, and 4
mm from the apex were also calculated. This assessment was
performed twice for each tooth after manual and automated
segmentation. Finally, the root volume loss was calculated as
the difference between the TO and T1 root volumes.

Primary and Secondary Outcomes

The primary outcome was the apical volume loss (AVL), de-
fined as the difference in the apical third volume between TO
and T1 (mm3)."

The secondary outcomes measured included the total root
volume quantification (TRV), thirds root volume quantifica-
tion (CRV, MRV, and ARV), volume at different heights in the
apical third (4 mm from the apex, 2 mm, and 1 mm), and root
length loss (mm)(RLL), comparing the two different types of

force applied between the groups. The results of two types
of segmentation (manual and automated) were compared.

Statistical Analysis

Method Error and Accuracy

Pre-treatment (TO) and middle-treatment (T1) CBCTs scans
of two patients (16 incisors in total) were randomly chosen
and analyzed by two different investigators (E.N.F. and T.B.),
and the measurements were repeated after 2 weeks using in-
traclass correlation with confidence intervals of 95%. Before
the image interpretation, Dahlberg$ formula was employed
to evaluate the reliability of the measurements.

Association Analysis and Effect Size Adjustment

Normal distribution of the variables was checked using the
Kolmogorov-Smirnov test. The results of this test confirmed
that all the variables in the sample were normally distributed.
Descriptive analyses were used to present the mean values
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and standard deviations of root resorption (TRV, CRV, MRV,
ARV, AVL, and RLL) for each group. A paired t-test was used
to compare the pre- and post-treatment measurements in
each group. ANOVA was used to compare the severity of
root resorption between the two groups and the differences
between the two segmentation processes (manual and Al).
All analyses were conducted using generalized estimated
equation models to consider the multiplicity of teeth per pa-
tient.

An exploratory multivariable regression analysis was per-
formed to adjust the effect size of root resorption after ad-
justing for confounding factors (age, sex, dental occlusion,
and treatment duration]. Statistical analysis was performed
using SPSS software (version 26; IBM Corp, Armonk, NY,
USA). The significance level was set at P value < .05.

RESULTS

Characteristics of the Included Patients and Method
Error

A total of 103 participants attended a screening appoint-
ment, and after applying the eligibility criteria, 18 patients
(69 upper incisors) were divided into two groups (CG and
EG). Both groups were homogeneous in terms of sex distri-
bution, and the mean age was 27.4 & 18.7 years and 26.7 &+
15.0 years for CG and EG, respectively (Table 1). The over-
all treatment duration in both groups was 141.9 + 4.9 days.
No statistically significant differences in treatment force du-
ration were observed between groups (CG: 140.0 £ 3.6 days
and EG: 143.9 + 5.3 days). The baseline characteristics of the
participants, as described in Table 1, showed adequate ho-
mogeneity between the samples included in the compara-
tive groups at the beginning of treatment (T0).

A total number of 36 CBCTs were analyzed. In addition,
duplicate, manual, and automatic segmentation were per-
formed on the 69 analyzed teeth. The intra- and inter-
group comparison results for each group are summarized
in Table 2 . Adequate reproducibility of the measurements
was achieved with an ICC of 0.906 (confidence interval [Cl]
0.8654-0.9351).

Root Loss Assessment After Personalized and
Control Forces With Manual Segmentation

The results of root loss that occurred after the application
of conventional or personalized forces under manual proce-
dures are compiled in Table 2. The differences between the
groups regarding the initial volume were slightly different in
the middle and apical thirds (P = .049 and P = .051, respec-
tively), where a slightly greater pre-treatment root volume
was noted in the CG.

All parameters analyzed in each group showed significant
differences between TO and T1, indicating resorption in both
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groups (P < .05). However, when the two groups were com-
pared, all changes were similar, without sufficient statisti-
cal evidence to consider significant differences between the
groups (P > .05).

The influence of confounding factors on root resorption was
detected in some patients (Table 3 ). Most importantly, the
type of malocclusion and treatment duration influenced the
ERR results.

Root Loss Assessment in Customized Forces and
Controls With Automatic Segmentation

The CG and EG with automatic segmentation showed ho-
mogeneity at the beginning of the treatment (Table 2). Dif-
ferences were observed in the apical third volume (P = .042).
As with manual segmentation, the results showed a slightly
greater volume in the middle and apical thirds in the CG than
in the EG at the initiation of the study.

The changes between TO and T1 in both the CG and EG
are presented in detail in Table 2. Cervical and middle root
volumes remained stable during treatment, and no signifi-
cant differences were found between the groups (P > .05).
However, root volume in the apical third decreased in both
groups (1.14 £ 2.17 and 2.24 + 2.60 mm? in CG and EG
groups, respectively), with higher reduction experienced in
the EG group (P = .057).

Total volume changed significantly in the EG group (P=.019)
but not in the CG group (P = .145; 2.42 £ 4.75 mm? and
2.44 4 6.59 mm?3 in EG and CG groups, respectively). How-
ever, these changes were not statistically significant when the
groups were compared (P = .992).

When analyzed linearly, root length decreased significantly in
both groups, but the loss was greater in the EG group (0.20 +
0.23and 0.42 £0.43 mm for CG and EG groups, respectively;
P =.060).

The volume loss in the apical third increased significantly in
both groups. However, at 1 and 2 mm from the apex, the vari-
ation in the EG group was significantly higher than in the CG
group (P =.040 and P = .020 at 1 and 2 mm from the apex,
respectively). At 4 mm, the volume loss increased slightly;
however, when the groups were compared, no statistical dif-
ferences were noted.

The influence of other confounding factors on root changes,
when analyzed with the automatic segmentation procedure,
appeared to be minimal. The only noticeable effect was ob-
served in the root length variable, where a greater change
was observed in younger patients (P = .045).

Comparison of 3D Loss Assessment Between
Manual and Automatic Segmentation

The results demonstrated greater volume loss detection with
manual segmentation than with Al-aided segmentation at
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Table 2. Integroup comparison of root resorption at TO, T1 and the difference T0-T1, between manual and Al segmentation.

Manual Al Manual vs Al
TO (Baseline) T1(141.9+.49) TO-T1 TO (Baseline) T1(141.9 +£.4.9) TO-T1 TO-T1
Control Exper Control Experi Control Experi Control Experi Control Experi Control Experi Control Experi
(n=36) imental (n=36) mental (n=36) mental (n=36) mental (n=36) mental (n=36) mental (n=36) mental
(n=33) (n=33) (n=33) (n=33) (n=33) (n=233) (n=33)
Mean + SD Mean+SD P Mean + SD P Mean + SD P Mean £SD  Mean+SD P Mean + SD Mean+SD P Mean + SD P Mean + SD P Mean +£SD  Mean +SD P P P
value value value value value value value value value  value
All incisors
Root length 13.32+£091 1259 £1.73 199 13.02+098 <.001* 1215+1.84 .001* 0304037 045+046 303 1299+£092 1234£174 255 1279 +095 <.001* 11.92 £ 1.81 <.001* 020+£0.23 042+£043 060 .184 686
(mm)
Root volume 208.40 & 44.30 181.52+47.23 .081 200.18 £42.46 <.001* 17547 £46.83 < .001* 822+9.23 6.05+4.76 .343 20576 +4566 182.26+47.13.128 203.32+45.12 .154 179.84 £47.56 019% 244+£659 242+475 992 <001* .001*
(mm?)
Cervical 1/3 107.72 £ 23.68 98.06 +£25.32 .213  105.31 £23.06 .025% 96.47 £2543 .007% 2.41+510 1.59+ 294 504 105.49 £ 24.21 97.60 + 2555 .318  104.86 +24.55 .513 97.36 £25.69 .610 0.63+362 024+ 200 .718 264 .039*
volume (mm3)
Middle 1/3 73.65+£16.11 61.91£17.29 .049% 69.84 £ 1457 < .001% 59.67 £17.05 .015% 381+£547 224+ 445 216 71.99+1591 61.54+1657 061 71.33+£1540 .302 6129 +1677 645 0.67 £2.62 025+ 239 624 <.001* .001*
volume (mm3)
Apical 1/3 27794661 2253+800 .051 24884656 <.001% 19.34+653 <.001% 2924243 3.19+£3.18 732 2828+6.18 23.10+7.38 .042* 27.14+6.19  004* 2086+7.15 <.001* 1.14+£217 224+£260 057 .045%  001*
volume (mm3]
(AVL)
AVLat4mmto 2275+483 2093+848 477 2013+£513 <.001* 17.98 £7.81 <.001* 2.62£209 296+254 640 2436+434 2251841 457 23.25+4.644 002* 2051 +7.81 <.001% 1.11£1.99 200+ 1.65 079 .026* .003*
the apex (mrn3)
AVLat2mmto 6.01+1.73 570+£243 675 4.69+207 <.001* 3.90 +2.47 <.001* 1.33+ 1.04 1.80+£149 265 679+1.35 657 £276 789 596 +£1.69 <.001* 4.90 +2.49 <.001* 083+ 0.99 1.67+1.21 .020% .104 .323
the apex (mm3)
AVLat 1 mmto 1.66 £ 0.67 149+068 430 1.05+0.86 <.001* 0.71 +£0.81 <.001* 0.61+£0.63 079+072 400 1.96+047 194+086 923 1.47+0.73 <.001* 1.01+£0.82 <.001* 049+ 051 0.93+ 0.73 .040* .388 011*
the apex (mm3)
Incisor with more
resorption
Root length 15.00 11.95 13.79 10.40 1.21 1.55 13.90 13.94 13.20 12.24 070 1.70
(mm)
Root volume 290.05 179.32 256.81 164.16 3324 15.16 266.06 192.93 239.21 176.76 26.85 16.16
(mm3)
Cervical 1/3 134.44 99.67 119.28 92.61 15.16 7.05 131.66 88.58 117.87 83.50 13.79 5.09
volume (mm3)
Middle 1/3 99.90 77.80 71.64 54.02 28.26 23.78 95.27 82.71 86.05 75.80 9.23 691

volume (mms)

(continued on next page)
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Table 2 (continued)

Manual Al Manual vs Al
TO (Baseline) T1(141.9 £+.4.9) TO-T1 TO (Baseline) TO-T1 TO-T1
Control Exper Control Experi Control Experi Control Experi Experi Control Experi Control Experi
(n=36) imental (n=36) mental (n=36) mental (n=36) mental mental (n=36) mental (n=36) mental
(n=33) (n=33) (n=33) (n=33) (n=33) (n=33) (n=33)
Mean + SD Mean+SD P Mean + SD P Mean + SD P Mean+SD Mean+SD P Mean + SD Mean+SD P Mean + SD P Mean + SD  Mean = SD P P P
value value value value value value value value value

Apical 1/3 31.65 41.58 22.04 27.18 9.61 14.41 25.43 29.92 16.12 6.30 13.80

volume (mm 3)

(AVL)

AVLat4mmto 19.00 2493 11.33 15.96 7.68 8.98 19.21 36.27 29.19 5.59 7.07

the apex (mm3)

AVLat2mmto 3.77 7.15 0.60 154 3.7 5.62 5.19 9.38 5.61 3.01 377

the apex (mm3)

AVLat1mmto 2.37 2.52 0.66 0.20 172 233 1.46 377 1.30 1.34 2.47

the apex (mm3)

Central incisor ~ (n=18) (n=18) (n=18) (n=18) (n=18) (n=18) (n=18) (n=18) (n=18) (n=18) (n=18)

Root length (mm) 13.44 +£1.05  12.38 & 1.58 1322 +£1.08 11.89+ 175 0.22+0.03 049+0.17 13154+ 101 1205+ 1.64 11.66 +1.74 0.18+0.02 0.39+0.11

Root volume 242.62 & 34.65 198.20 £ 43.07 23296 £31.76 191.36 +43.88 9.66+289 684+081 241.74 £ 33.08 197.39 194.31 + 43.95 301+£039 3.08+£030

(mm3) +4365

Cervical 1/3 127.05 4 16.62 108.40 £ 22.73 123.90 & 15.94 106.87 & 23.31 3154068 1524058 125.49 +15.88 107.16 107.10 + 23.83 0.77 £0.97 0.06+0.11

volume (mm3) +23.94

Middle 1/3 84.06 £1330 66.67 +£16.01 80.52+£11.72 64.51+£16.10 3554158 2.16+0.09 84.06 £12.16 66.25+15.29 6534 £15.15 1.10+£038 091+0.14

volume (mm3)

Apical 1/3 3151 +£678 2314+7.86 2853 +6.28 19.97 +£7.06 2984+050 3.16+0.80 3220+569 23.99+7.58 21.32+7.29 1.12+£042 267 +£0.29

volume (mm3)

(AVL)

AVLat4mmto 25354475 2254+933 2276 +4.98 19.20 +£8.21 2594024 334+£1.12 2716 £3.84 2444 +9.00 2222 +7.98 1.11+£007 222+1.02

the apex (mm3)

AVLat2mmto 6.56 £ 1.90 5804243 547 £2.14 3.94+227 1.09+£023 1.86+0.16 7.47 +£1.34 7.01+2.92 517 +£237 0.81+0.13 1.83+0.55

the apex (mm3)

(continued on next page)
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Table 2 (continued)

Manual Al Manual vs Al
TO (Baseline) T1(141.9+.49) TO-T1 TO (Baseline) T1(141.9 +£.4.9) TO-T1 TO-T1
Control Exper Control Experi Control Experi Control Experi Control Experi Control Experi Control Experi
(n=36) imental (n=36) mental (n=36) mental (n=36) mental (n=36) mental (n=36) mental (n=36) mental
(n=133) (n=33) (n=33) (n=133) (n=33) (n=33) (n=33)
Mean + SD Mean+SD P Mean + SD P Mean + SD P Mean +£SD  Mean+SD P Mean + SD Mean+SD P Mean + SD P Mean + SD P Mean +SD  Mean = SD P P P
value value value value value value value value value  value

AVLat1mmto 1.84+£0.71 1.50 + 0.67 1.38 £0.89 0.62 £ 0.67 0.464+0.18 0.88 £0.00 217 £0.49 210 £0.96 1.69 £0.62 104 +074 049+0.14 1.06 £0.22

the apex (mm3)

Lateral incisor (h=18) (n=15) (n=18) (n=15) (n=18) (h=15) (n=18) (h=15) (n=18) (n=15) (n=18) (n=15)

Root length (mm) 13.20+0.75  12.85+1.92 12.82+0.85 12.454+1.96 0374010 0.40+0.04 12824081 12.68+1.86 12.60 +0.85 12.23+1.90 0.22+0.04 046+0.04

Root volume 17419 £18.99 161.51 £45.39 167.41 + 20.68 156.41 + 44.27 678+1.69 510+1.11 169.78 + 21.34 164.10 167.91 + 21.61 162.47 + 47.25 187+027 1.63+1.26

(mm3) +45.99

Cervical 1/3 8838 +9.29 85.65+23.14 86.72 +£10.47 83.98 +22.62 1.66+1.18 1.67 £0.51 85.50 +10.40 86.13 +23.19 85.02+11.06 85.67 + 23.46 0.49+0.66 0.46+0.26

volume (mm3)

Middle 1/3 63.23+11.31 56.19 + 17.55 59.17 £7.65 53.86 + 16.79 407 £3.66 234+£0.75 59.92+803 5590+ 16.77 59.69 +7.89 56.44 + 17.82 024+014 -0.54

volume (mm3) +1.05

Apical 1/3 2408 +3.84 21.81+£8.39 21.23+4.58 18.57 £ 5.98 286 +£0.74 323+241 2436+371  22.04+7.24 23.20 +4.29 20.31+7.19 115+0.58 1.74£0.05

volume (mm3)

(AVL)

AVLat4mmto 20.16+3.35 19.01+7.18 17.51 £3.86 16.51 £7.31 264+051 250+0.13 2156 +273 20.20+7.27 20.45 + 3.54 18.46 +£7.35 1.11+081 1.74+0.08

the apex (mm3)

AVLat2mmto 547 +138 5.57 £2.52 390+£173 3.85+277 1574035 1.734+026 6.10£0.99 6.05+2.55 526+ 1.65 4.58 + 2.67 0854065 1.47+0.13

the apex (mm3)

AVLat1mmto 1484059 1.48 £0.71 072+071 0.81+£0.96 076 £0.13  0.68 +0.26 1.76 £0.36 1754 @7 126 £0.79 0.99 +£0.92 050+£043 0764021

the apex (mm3)

*: P < .O5=statistically significant.
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Table 3. Multiple linear regression predicting the amount of root resorption.

Manual Segmentation

Al Segmentation

Simple model

Multiple model

Simple model

Category Regression  IC 95% Pvalue  Regression IC 95% Pvalue  Regression IC 95% P value
coefficient coefficient coefficient
min—max min—max min—max
Group Control 0 - - - 0 - - _
Root length Experimental 0.15 —0.13 0.43 .303 0.15 —0.11 0.41 .260 0.22 —0.01 045 .060
Root Volume Experimental —-2.17 —6.65 2.31 .343 —0.34 —4.21 3.53 .863 —0.02 -394 3.89 .992
Cervical 1/3 volume  Experimental —0.82 -3.21 1.58 .504 —1.06 —3.02 0.90 .290 —0.39 249 1.71 718
Middle 1/3 volume  Experimental —1.57 —4.04 0.91 216 —0.62 -3.38 213 .658 —0.42 -207 124 624
Apical 1/3 volume Experimental 0.28 —1.31 1.87 732 1.10 —0.38 2.58 144 1.1 -0.03 225 .057
AVL at4 mmtothe  Experimental 0.34 —1.09 1.77 .640 0.89 -0.51 2.29 211 0.89 -0.10 1.88 079
apex
AVL at 2 mm to the  Experimental 0.47 -0.36 1.31 265 0.48 -0.27 1.24 .209 0.84 0.13 0.55 .020*
apex
AVL at 1 mm tothe  Experimental 0.18 -0.24 0.60 400 0.19 -0.19 0.57 333 0.43 0.02 0.85 .040*
apex
Gender Male 0 - - -
Root length Female 0.00 -0.25 0.26 .986 0.06 -0.16 028 .605
Root Volume Female 215 —2.69 6.99 .384 —2.34 —6.72 204 .295
Cervical 1/3 volume  Female 2.56 0.21 4.90 .033* 2.10 0.09 4.11 .041* —0.56 —-300 1.88 .654

(continued on next page)
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Table 3 (continued)

Manual Segmentation

Al Segmentation

Simple model

Multiple model

Simple model

Category Regression  IC 95% Pvalue  Regression IC 95% Pvalue Regression IC 95% P value
coefficient coefficient coefficient
min—max min—max min—max
Middle 1/3 volume  Female 1.88 —0.48 4.25 119 —-0.95 -2.78 0.88 .309
Apical 1/3 volume Female -0.71 —2.33 0.91 .393 —0.58 —-1.85 0.70 375
AVL at4 mmtothe  Female -0.95 —2.43 0.54 213 —0.82 —-197 0.32 157
apex
AVL at 2 mm to the  Female -0.43 -1.30 0.44 .331 —0.44 -1.27 040 .305
apex
AVL at 1 mm to the  Female -0.27 —0.70 0.15 .203 —-0.25 -0.73 0.23 .309
apex
Age
Root length 0.00 —-0.01 0.01 .686 —-0.01 —-0.01  0.00 .041*
Root Volume -0.02 -0.17 0.14 .839 0.05 -0.12  0.21 .590
Cervical 1/3 volume -0.07 -0.15 0.01 .084 —0.05 -0.12 0.02 167 0.03 —-0.05 0.10 .506
Middle 1/3 volume 0.01 —0.06 0.08 745 0.03 -0.03 0.10 294
Apical 1/3 volume 0.02 -0.02 0.06 413 —0.01 —-0.06 0.04 .683
AVL at 4 mm to the 0.03 -0.01 0.07 174 -0.01 —-0.06 0.04 .648
apex
AVL at 2 mm to the 0.01 —-0.01 0.03 457 —0.01 —-0.03 0.02 .530
apex
AVL at 1 mm to the 0.01 —-0.01 0.02 .206 —-0.01 —-0.02 0.0 .631
apex
Malocclusion Class | 0 - - - 0 - - -

(continued on next page)
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Table 3 (continued)

Manual Segmentation

Al Segmentation

Simple model

Multiple model

Simple model

Category Regression  I1C 95% Pvalue  Regression IC 95% Pvalue  Regression IC 95% P value
coefficient coefficient coefficient
min—max min—max min—max
Root length .020* .008** .700
Class Il 0.05 —0.24 0.34 742 0.04 —0.23 0.31 752 0.06 —-0.16  0.29 .589
Class Il —0.20 -0.41 0.01 .060 —0.21 —0.40 —0.02 .032* —0.02 -0.12  0.08 727
Root Volume 406 .850
Class Il 1.79 —2.29 5.87 .389 0.59 346 4.64 775
Class Il —1.91 -5.91 2.10 .350 1.90 —2.64 481 .568
Cervical 1/3 volume .810 825
Class I 0.80 —1.81 3.40 .549 0.64 —1.53 280 .566
Class Il 0.17 -1.93 227 876 0.37 —-0.97 172 .588
Middle 1/3 volume 142 726
Class Il 1.77 -0.52 4.06 130 0.25 —-1.50 2.00 781
Class Il —0.93 -3.25 1.40 434 0.77 —-1.13  2.68 427
Apical 1/3 volume .015* .700 .997
Class I —1.34 —2.90 0.22 .093 —0.06 —1.61 1.50 .943 —0.02 -1.35 1.31 973
Class Il 0.52 -1.18 222 .546 —0.46 -1.70 0.79 474 —0.06 —1.58 147 .942
.001** .086 .807
AVLat4 mmtothe Classll 0.06 —1.58 1.70 .942 —0.32 -1.95 1.30 .696 —0.43 —-1.71  0.85 514
e Class Il —1.67 -3.18 -0.16 .030* —1.10 —2.24 0.04 .058 —0.30 —-1.82 1.23 .704

(continued on next page)
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Table 3 (continued)

Manual Segmentation

Al Segmentation

Simple model

Multiple model

Simple model

Category Regression IC 95% Pvalue Regression IC 95% Pvalue Regression IC 95% P value
coefficient coefficient coefficient
min—max min—max min—max

AVL at 2 mm to the .001** .570
apex <.007***

Class |l 0.06 —-0.94 1.05 914 0.04 -0.87 0.95 .933 -0.27 —-1.19 0.65 .567

Class Il —1.00 -1.87 -0.12 .026* —1.02 —1.89 -0.15 .021* —0.48 —-1.40 043 .302
AVL at 1 mm to the .362
apex <.001*** <.001***

Class |l —-0.04 —-0.55 0.48 .894 —-0.04 -0.51 0.43 .866 -0.15 —-0.66 0.37 .581

Class Il —-0.53 —-0.99 —0.07 .023* —-0.54 —-0.98 —0.11 .015* —-0.32 —-0.80 1.66 197
Treatment duration
Root length 0.01 —0.02 0.04 447 0.02 -0.01 0.04 315
Root Volume -0.47 —0.88 —0.06 .025* —0.45 -0.83 —0.08 .018* -0.32 -0.83 0.19 214
Cervical 1/3 volume -0.14 -0.33 0.05 148 -0.17 -0.49 0.16 .318
Middle 1/3 volume —0.26 —0.40 -0.12 -0.23 —-0.42 —0.05 .015* -0.13 -0.32  0.07 211

<.0071***

Apical 1/3 volume -0.17 -0.27 —0.06 .001** -0.20 -0.33 -0.07 .002** —0.04 -0.11  0.02 212
AVL at 4 mm to the -0.1 -0.21 -0.02 .023* -0.13 —0.26 —0.01 .047* -0.03 -0.09 0.03 346
apex
AVL at 2 mm to the —0.03 —0.09 0.03 .362 0.01 —-0.07 0.08 .842
apex
AVL at 1 mm to the -0.01 0.03 0.03 .649 0.01 —-0.04 0.06 676

apex

2Dependent variable: root volume change.

*: P <.045, **: P < .01, ***:P < .001.
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the global level, volume by thirds, and 4 mm from the apex.
However, as we approached apically, the differences equal-
ized and even diminished, resulting in a greater loss with au-
tomatic segmentation 1 mm from the apex in the EG (P =
.011) (Table 2).

Length loss showed similar changes in both manual and au-
tomatic segmentations (P > .05).

DISCUSSION

The aim of the present study was to compare the short-
term impact of two different orthodontic force magnitude
regimes on EARR. Additionally, two different 3D volumet-
ric quantification methods were analyzed: manual and auto-
mated segmentation. Differences were observed between
multiforce archwires that applied customized forces to the
teeth and the conventional Ni-Ti archwire sequence. More-
over, the manual and automated segmentation methods
presented the same tendency of change in both groups, with
aslightly greater volume loss observed with manual segmen-
tation; however, as we moved apically, the volume loss was
greater with automatic segmentation.

Although 3D imaging is considered an indispensable tool
in digital dentistry,***>! limited studies have provided vol-
umetric results for root resorption using CBCT.'*15:42.4% This
suggests the scarcity of scientific evidence on this subject.

The optimal physiological magnitude and regime of clini-
cally useful orthodontic forces remain undefined, although
the results described in the literature are controversial.” Nu-
merous in vivo studies using animal models have been con-
ducted to ascertain the effects of orthodontic tooth move-
ment and the magnitude of the force applied.** In ad-
dition, experimental studies have used different archwires
to analyze the force applied during the initial treatment
months.*># In terms of root resorption, intermittent forces
are less harmful to root structural integrity than continuous
forces.??*:“® However, fixed orthodontic appliances deliver
a constant force along the arch through archwires.

Some studies have assessed the clinical effectiveness and
impact of archwires used in the alignment phase on
EARR.3475? Nevertheless, the impact analysis and the effect
on the roots consist of 2D records, which are limited in terms
of the accuracy of the magnitude of root resorption. The
present randomized clinical trial provides novel data on the
impact of the differential magnitudes of orthodontic forces
on root integrity using high-precision 3D volumetric analysis.
Interestingly, contrary to what has been hypothesized, the re-
sults of the present study indicate that the force magnitude
itself during the initial stages of treatment might not be a
critical factor that promotes EARR. Instead, the distribution
pattern of this magnitude of forces in different regions of the
root structure may have a critical impact on EARR. It seems

Volume 25, Number 2

plausible that multiforce archwire sequences, although de-
livering individualized low force magnitudes (50gr vs 100gr
or more delivered in the same upper incisor region through
conventional arches), might induce higher stress to the api-
cal part of the root and, therefore, lead to greater root loss.
These findings are consistent with the results of recent inves-
tigations on the force delivered by multiforce archwires.? In
this respect, this study highlights the importance of factors
dependent on the wire cross-section and dimensions and
concludes that multiforce wires might exceed the range of
ideal forces in certain circumstances during the initial phases
of treatment owing to the type of square and rectangular
sections and the force and moments generated in the slot
(moment of inertia, ).

In line with this, at initial treatment stages, teeth are more
likely to be misaligned with each other; therefore, the bends
of the arch between adjacent brackets increase with forces
and force couples applied in all three directions. If a wire is
to be bent in many directions, it should be able to slide eas-
ily through the slots of the brackets, because at this stage, it
is desirable that almost all the force of the arch be directed
toward the dental movement.>® When an archwire contacts
the edges of the bracket slot during tipping, the geometry
and material properties of the wire govern the wires ability
to bend in the slot. Therefore, small flexible archwires, which
provide more clearance between the wire and the walls of
the brackets slot, require less force to slide a bracket than
that of a larger one.>* Therefore, the size and shape of the
archwire play an important role in the resistance to sliding.
As extrapolated to the present research, the diameter of the
initial archwires included in the sequence of the EG group
(0.018 x 0.018-inch followed by a 0.016 x 0.022-inch Ni-Ti)
exerted a much lower force (estimated at 50 and 80gr of
force, respectively, at the upper incisors) than the gold stan-
dard archwire of 0.014-inch (estimated at 100gr of force at
the upperincisors). The frictional component of the archwire-
bracket couple, as well as forces and moments exerted in the
EG group, might have induced a higher stress to the apical
third of the tooth root, resulting in a high apical root volume
loss in the group undergoing lower force magnitude (2.24 +
2.60mm3 and 1.14 £ 2.17 mm?3 in the EG and CG groups, re-
spectively; this especially occurred in the apical third region
at 1 and 2 mm from the root apex; Table 2).

Interestingly, this effect on root volume loss was not ob-
served in the more coronally displaced regions, where no
statistically significant differences were observed between
the higher- and lower-force groups. Hence, such differences
retrieved no statistical differences when Al-aided segmenta-
tion was performed; this highlights the effects of the 3D volu-
metric assessment method. Preliminary results of the present
RCT revealed that the individualized force magnitude deliv-
ered by the personalized force archwire sequence showed
no superiority in terms of root resorption prevention com-



pared to the standard of care with the conventional supere-
lastic archwire sequence.

As a secondary outcome, the present study aimed to pro-
vide a deep comparison between a more traditional manual
tooth segmentation method and a novel automatic Al-aided
segmentation approach.®?3¥%0 Manual segmentation is la-
borious, expensive, and time-consuming. Al segmentation
took less than 60 s to segment a full set of teeth and roots
on the DICOM file of CBCT, compared to a mean of 5 h with
manual segmentation.®?:*43%41 To date, the present study is
the first to compare the conventional manual process of seg-
mentation with a fully automated approach, with the aim of
analyzing root volume loss using multiforce zone archwires.
The results showed a significantly greater generalized loss of
root volume (both total and analyzed by thirds) with manual
segmentation than with automated segmentation. A possi-
ble explanation could be the influence of the observer per-
formance during manual segmentation or the lower accuracy
of the Al methods. Unlike Al, human contributions might un-
intentionally alter the measurement, particularly during the
second CBCT (T1), where the presence of braces may uncon-
sciously affect the details of the final segmentation. In addi-
tion, the high density of the braces in T1 records must be
taken into account, which produces a clear image distortion
that may contribute to different quantification of the average
volume with any method of measurement. Nevertheless, no
differences were found in root length loss between the two
segmentations. In addition, as the measurement moves to-
ward the root apex, these differences diminish until the situ-
ation reverses, with the Al segmentation method ultimately
showing a slightly increased volume loss at 1 mm from the
apex. It is also interesting to note that both groups (CG and
EG) were fairly homogeneous at the beginning of treatment
in all variables, except for the volume of the middle and api-
cal 1/3. The CG showed a larger root volume in these re-
gions, as detected using manual and Al segmentations. This
demonstrates that the trend of changes with both types of
segmentation closely resembles each other; therefore, we
can ensure high accuracy and reliability of both segmenta-
tion methods.

A previously published analysis of root volume 4’ showed
that after automatically segmenting the teeth, the authors
divided crowns from roots with a pre-established cutting
plane defined by a normal average crown length reported in
the literature. Subsequently, the crowns of each tooth were
superimposed at different time points, and the volumetric
changes were calculated from the reference plane to the root
apex. In the present study, the reference plane was manually
defined on the cementoenamel junction of each tooth. This
individualization was undertaken because of the variability in
crown size of the general population,® as well as the influ-
ence of crown changes due to attrition or any other anomaly,
which could easily alter the precision of the method. Impor-
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tantly, as previously noted, current manual tooth segmenta-
tion methods have certain disadvantages, such as time con-
sumption and the influence of the clinician$ experience on
the process. Al-based and custom-made automated seg-
mentation methods have been developed to overcome the
disadvantages associated with the current 2D and man-
ual 3D methodologies.***! However, none of the previously
published automated approaches have reported the possi-
bility of manual correction after automated segmentation.
Despite the high precision and low time consumption of Al,
daily clinical practice often presents with challenging situa-
tions. In cases with low-exposure CBCT and a limited def-
inition, the accuracy of tooth segmentation may be inade-
quate, forcing the recording to be discarded. With manual
intervention, which is time-consuming, a more careful seg-
mentation of these types of records can be successfully per-
formed. Another consideration is the need for larger sample
size to account for the results influenced by confounding fac-
tors (sex, age, type of malocclusion, and treatment duration).
Furthermore, despite employing rigorous methodology for
randomization and allocation concealment to mitigate bias,
it was challenging to blind both the clinician to the allocation
group and the investigator to CBCT segmentation.

CONCLUSIONS

* Preliminary results of the present RCT revealed that
the individualized force magnitude delivered by the
multiforce archwire sequence showed no superiority in
terms of root resorption prevention compared with the
standard of care through the conventional Ni-Ti arch-
wire sequence.

The present study provides a clinically useful method
for volumetric root resorption quantification aided by
Al, which retrieves results similar to those obtained by
manual segmentation.

This study suggests the positive impact of implement-
ing Al technology in the field of dentistry in general
and tooth segmentation in particular. High accuracy
and especially low time consumption, which simplifies
the existing digital workflow of orthodontics and gen-
eral dentistry, were highlighted. This will enhance the
treatment outcomes and further improve the level of
evidence.
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