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Abstract

Background External root resorption (ERR) during orthodontic treatment is a common concern, and accurate
quantification is crucial for assessing outcomes and minimizing long-term complications. This study aims to quantify
ERR using automated root extraction from cone beam computed tomography (CBCT), combined with a novel root
partitioning method and enhanced through the integration of intraoral scans for improved accuracy.

Methods Thirty-six patients with malocclusion were included and divided into two groups. Root extraction was
performed on CBCT images using artificial intelligence (Al), Simultaneously, crown data from intraoral scans were
integrated to create composite dental models in Geomagic software. Pre- and post-treatment models were aligned
based on crowns. A novel partitioning method was then used to analyze root volume changes in three dimensions.
Finally, these changes were analyzed according to age, tooth region, and extraction treatment using SPSS software.

Results A statistically significant reduction in root volume was observed post-treatment in both groups (P<0.001).
Anterior teeth exhibited greater ERR, especially in the upper anterior teeth of Group Il (extraction treatment, P<0.05).
Posterior maxillary teeth in Group | showed less ERR (P<0.05). ERR was more pronounced in the apical third of the
root (P<0.001). Group Il experienced greater overall ERR, particularly in the apical third, whereas Group | showed more
ERR at the cervical third (P<0.05).

Conclusion This 3D quantification method provides a novel assessment of ERR, with distribution influenced by age,
tooth position, extraction treatment, and root region.

Keywords Automatic root extraction, Cone-beam computed tomography, External root resorption, Quantitation,
Three-dimensional imaging
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Introduction

External root resorption (ERR) is a common complica-
tion of orthodontic treatment [1-3], which can lead to
tooth mobility and, in severe cases, premature tooth loss,
ultimately affecting the long-term viability of the denti-
tion. Unfortunately, ERR is almost inevitable in orth-
odontic practice, with prevalence rates ranging from 20
to 100% [4, 5].

The variation in ERR prevalence across studies can be
attributed to differences in the criteria used for assess-
ment and detection. While histologic examination is
considered the gold standard, its use is limited in orth-
odontic clinics. As a result, imaging techniques are the
primary method used for detecting ERR [6].

Two-dimensional (2D) X-ray imaging, such as apical,
panoramic, and lateral cephalometric radiographs, has
traditionally been used to detect ERR [7, 8]. However, the
accuracy and precision of ERR detection can be compro-
mised by image distortion, superimposition of anatomi-
cal structures, and the projection angle [9].

Cone Beam Computed Tomography (CBCT) over-
comes the limitations of 2D imaging by providing three-
dimensional (3D) data without magnification errors,
using a 1:1 scale reconstruction [5, 9, 10]. It enables
multiplanar viewing and allows for both 2D linear or
angular measurements [11, 12], and 3D volumetric mea-
surements to detect ERR [13—15]. Given the multi-direc-
tional movement of teeth during orthodontic treatment
[16]. ERR can occur on any side of the tooth root, exhibit-
ing various sizes and shapes. Consequently, 2D analyses,
such as ERR length measurements, may not be sufficient,
while 3D volumetric measurements offer a more accurate
and comprehensive assessment of ERR [17].

For 3D volumetric measurements, the extraction of the
root from CBCT data is a critical step. Previous studies,
manual thresholding was used to segment the tooth from
adjacent teeth and the alveolar bone [18-20], however,
this method was time-consuming and labor-intensive.
Furthermore, accuracy and precision were also common
issues with this approach [21]. Artificial intelligence (AI)
technology offers an ideal solution by automating the
extraction of the tooth from surrounding structures [22].

The consistency of the detection site before and after
orthodontic treatment is another important factor in
detecting ERR [23-25]. Due to the limitations of CBCT
resolution, which can result in a lack of well-character-
ized structures, the accuracy of registration can be com-
promised, thereby reducing the reliability of the results.
This limitation can be overcome by combining intraoral
scanning, which generates precise images of the crowns.
A composite tooth model with accurate crown features
and 3D root morphology can be created by integrating
the complementary advantages of these two 3D imaging
techniques.
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Given the limitations associated with traditional mea-
surements, a new approach for 3D quantification of ERR
during orthodontic treatment was needed. Therefore, the
aim of this study was to develop a novel method for quan-
tifying partitioned root volume through the 3D registra-
tion of a composite tooth model created from intraoral
scans and CBCT data. Additionally, the study aimed to
evaluate the impact of orthodontic treatment on ERR at
different ages and tooth positions using this new method.

Methods

This retrospective study was approved by the Ethics
Committee of the Stomatological Hospital of XXX Medi-
cal University (Approval No. XXX). Based on the pre-
experiment ERR (mean 17.41, standard deviation 35.46),
calculated using PASS software (version 15.0; NCSS Sta-
tistical Software, Kaysville, Utah), and assuming a power
of 80% and an alpha value of 0.05, a minimum sample
size of 35 patients was required for the study, using the
two-sided Wilcoxon test.

A total of 36 subjects were included based on the fol-
lowing criteria: @ patients who had completed orth-
odontic treatment at the orthodontic department of the
Stomatological Hospital; and @patients with intact dental
crowns throughout orthodontic treatment, without sig-
nificant morphological changes, such as large resin fill-
ings or dental prostheses.

The patients were divided into two groups based on age
[26]. Group I consisted of 18 patients (aged 10-15 years)
with a total of 459 teeth, including 213 anterior teeth
(106 maxillary [72 in extraction cases and 34 in non-
extraction cases] and 107 mandibular). The remaining
246 were posterior teeth, with 120 in the maxilla and 126
in the mandible. Group II included 18 patients (aged > 15
years) with a total of 456 teeth, comprising 212 anterior
teeth (106 maxillary [54 in extraction cases and 52 in
non-extraction cases] and 106 mandibular) and 244 pos-
terior teeth (116 maxillary and 128 mandibular).

CBCT and intraoral scans were collected before treat-
ment (TO0) and after treatment (T1). An intraoral scan-
ner (iTero Element; Align Technology, Santa Clara, CA,
USA) was used to capture the surface morphology of the
dentition. All CBCT images were obtained with the KaVo
Dental Excellence (KaVo 3D exam; KaVo Dental, Biber-
ach, Germany) at the Stomatology Hospital. The radio-
logical parameters were set as follows: 120 kVp, 5 mA;
voxel size: 0.4 mm; exposure time: 8.9 s; and a field of
view: 16 x 17 cm.

Root volume measurement was performed in three
steps: first, the construction of composite dental models;
second, the alignment of individual composite teeth at
TO and T1; and third, the segmentation and partitioning
of the root, followed by volume computation.
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Construction of dental composite models

Teeth were extracted from CBCT images using an Al
algorithm [22], and exported in STL format. Composite
tooth models were generated by aligning and merging the
dentition from the CBCT and the intraoral scan based
on crown morphology, using a computerized algorithm
[27]. The final composite models were then imported into
Geomagic Wrap software (version 2017; Geomagic, Mor-
risville, NC, USA) for segmentation into individual teeth
(Fig. 1).
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Alignment of individual composite tooth before treatment
and after treatment

To ensure consistent partitioning of the root before and
after orthodontic treatment, the tooth models were reg-
istered. The crown was used as a reference for registering
the tooth models at TO and T1 using a 1-point registra-
tion method in Geomagic software (Geomagic, Morris-
ville, NC, USA) (Fig. 2).

Fig. 1 The crown from the intraoral scan and roots extracted from Cone-Beam Computed Tomography (CBCT): A and B, original models; C and D, modi-

fied models
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Volume of model=167.398823mm?

Fig. 3 Tooth and root segmentation and volumetric calculation in partition: A. Fitting a cylinder by aligning it with the shape of the tooth; B. Segmenting
the root using a reference plane perpendicular to the long axis of the cylinder, passing through the highest point of the labial cemento-enamel junction;
C. Partitioning the root into three equal parts based on the height of the cylinder; D. Calculating the volume of each part before and after orthodontic

treatment

Intercept and partition of root as well as volume
computation

A cylinder was fitted to the aligned tooth model to estab-
lish the long axis. A reference plane, perpendicular to this
long axis and passing through the labial cemento-enamel
junction (CEJ), was created to divide the tooth into its

crown and root portions (Fig. 3). The root portion was
subsequently segmented into three sections: the cervical
third, middle third, and apical third. The volumes of these
root segments were quantified using Geomagic software.
The decrease in root volume at T1 compared to TO was
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Table 1 Wilcoxon signed-rank test comparison of root volume before and after orthodontics, median amount of ERR change and ERR

percentage
Groups Sample Size Root volume, mm? Median (P25, P75) Wilcoxon ERR, mm3 Median (P25, ERR, %
signed-rank test P75) Median
TO T PValue (P25,
P75)
459 299.45 231.73, 407.06) 283.43(217.55,411.10) 0.000* 11.30 (0.00, 29.02) 4.51(0.14,
10.04)
I 456 290.20 (216.10,418.70) 264.77 (194.67,399.19) 0.000* 13.07 (3.33,34.70) 520147,
12.48)

*P< 0.05 indicates statistical significance

Abbreviation. Group | (aged 10-15 year-old) and Group Il (aged > 15 year-old); ERR: the decrease in root volume at posttreatment compared to pretreatment; TO:

pretreatment, T1: posttreatment

defined as ERR. The percentage of ERR was calculated
using the following formula:

ERR (%) = (Root volume loss / Original root volume) * 100%

All measurements were performed by a single observer.
To assess intra-observer reliability, the same proce-
dure was repeated on 10% of the samples after a 4-week
interval.

Statistics

Error assessment was performed using Dahlberg’s index,
within-observer repeatability, and intraclass correlation
coefficients. All statistical analyses were conducted using
IBM SPSS Statistics (version 21.0; IBM, Armonk, NY,
USA).

The normality of the variables was assessed using the
Kolmogorov-Smirnov test. Most variables did not follow
a normal distribution. For variables that were not nor-
mally distributed, the non-parametric Wilcoxon signed-
rank test was applied to compare root volumes at TO and
T1.

For variables following a normal distribution, indepen-
dent samples were compared using the parametric Stu-
dent’s t-test to assess differences in ERR between groups,
specifically in relation to tooth extraction during orth-
odontic treatment. For non-normally distributed vari-
ables, the non-parametric Mann—Whitney U test and
Kruskal-Wallis test were used to examine differences
in ERR distribution based on age, tooth position, root
region, and extraction status. Statistical significance was
defined as P<0.05.

Results

Changes in root volume before and after orthodontic
treatment

A total of 36 patients and 915 teeth were assessed, with
a random retest conducted on 10% of the samples. The
intraclass correlation coefficient for the measurements
was 0.99, indicating high reliability. Dahlberg’s index was

Table 2 Comparison of percentage of external root resorption
(ERR) between anterior teeth and posterior teeth

Groups Sample Size ERR, % Median (P25, P75) Mann-
Whitney
U tes
Ante- Pos-  Anteriorteeth  Posterior  PValue
rior terior teeth
teeth teeth
| 213 246 6.71(3.03,12.08) 197 (-2.24, 0.000*
7.92)
Il 212 244 6.75(2.99,1579) 3.59(0.26,  0.000*
10.03)

*P< 0.05 indicates statistical significance

Abbreviation. Group | (aged 10-15 year-old) and Group Il (aged > 15 year-old);
ERR: the decrease in root volume at posttreatment compared to pretreatment;
TO: pretreatment, T1: posttreatment

1.2 mm? indicating a relatively small error compared to
the overall root volume.

As shown in Table 1, a statistically significant reduction
in root volume was observed between TO and T1 in both
groups (P<0.001). The decrease in root volume after
orthodontic treatment reflects significant root resorption
in both Group I and Group II.

Variations in root resorption among different tooth type
The comparison of ERR between anterior and posterior
teeth revealed significant differences (P<0.001), with
anterior teeth showing greater ERR than posterior teeth
in both groups (Table 2).

When comparing ERR between maxillary and man-
dibular teeth, no significant differences were observed for
either anterior or posterior teeth, except for the posterior
teeth in Group L. In Group I, mandibular posterior teeth
exhibited significantly higher ERR than maxillary poste-
rior teeth (P <0.05) (Table 3).

Variations in external root resorption among different root
locations

The percentages of ERR at 3 different root locations are
presented in Table 4. Statistically significant differences
were observed across the cervical, middle, and apical
thirds of the root (P<0.001). The apical third showed
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Table 3 Mann-Whitney U test comparison of percentage of external root resorption (ERR) between the maxilla and the mandible
classified by age group and teeth type (anterior and posterior teeth)

Sample Size ERR, % Median (P25, P75) Mann-Whitney U test
Maxillary Mandible Maxillary Mandible PValue

Group |

Anterior teeth 106 107 6.75(3.10,11.50) 6.77(2.70,14.18) 0.686

Posterior teeth 120 126 0.90 (-2.71,7.41) 2.85(-0.79,8.56) 0.040*

Group Il

Anterior teeth 106 106 7.14(3.23,14.32) 6.24 (243,17.77) 0.851

Posterior teeth 116 128 3.17(0.05,10.34) 3.99(0.35,9.98) 0.625

*P< 0.05 indicates statistical significance

Abbreviation. Group | (aged 10-15 year-old) and Group Il (aged > 15 year-old); ERR: the decrease in root volume at posttreatment compared to pretreatment

Table 4 Kruskal-Wallis test comparison of percentage of external root resorption (ERR) among 3 different locations of the root

(cervical third, middle third and apical third)

Groups Sample Size ERR, % Median (P25, P75) Kruskal-Wallis test
Cervical Middle third Apical third Cervical third Middle third Apical third PValue
third

I 459 459 455 231(-0.27,7.29) 5.48(0.84,12.19) 9.98 (-3.67,23.26) 0.000*

Il 456 456 456 1.52 (-0.56, 6.82) 5.83(1.20,12.07) 16.66 (5.72,32.72) 0.000*

*P< 0.05 indicates statistical significance

Abbreviation. Group | (aged 10-15 year-old) and Group Il (aged > 15 year-old); ERR: the decrease in root volume at posttreatment compared to pretreatment

Table 5 Comparison of percentage of external root resorption (ERR) in maxillary anterior teeth between extraction and non-

extraction

Groups Sample Size ERR, % (Mean £SD) / Median (P25, P75) PValue
Extraction treatment Non-extraction treatment Extraction treatment Non-extraction treatment

| 72 34 796+6.77 583+4.75 0.1012

Il 54 52 8.97(4.42,16.70) 5,31(2.66,13.62) 0.018*

*P< 0.05 indicates statistical significance

2indicates Student’s t-test, ® indicates Mann-Whitney U test

Abbreviation. Group | (aged 10-15 year-old) and Group Il (aged > 15 year-old); ERR: the decrease in root volume at posttreatment compared to pretreatment

Table 6 Mann-Whitney U test comparison of percentage of external root resorption (ERR) between different age groups, classified by

4 types of region of the root

Region of the root Sample Size ERR, % Median (P25, P75) Mann-Whitney U test
Group | Group Il Group | Group Il PValue

Total volume 459 456 4.53(0.25,10.04) 520(1.47,12.48) 0.001*

Apical third 459 456 9.99 (-2.98,23.30) 16.66 (5.72,32.72) 0.000%

Middle third 459 456 5.54(1.07,12.18) 5.82(1.19,12.07) 0.221

Cervical third 455 456 2.38(-0.03,7.29) 1.52 (-0.56, 6.82) 0.028*

*P< 0.05 indicates statistical significance

Abbreviation. Group | (aged 10-15 year-old) and Group Il (aged > 15 year-old); ERR: the decrease in root volume at posttreatment compared to pretreatment

the highest level of ERR, followed by the middle third,
while the cervical third exhibited the lowest percentage
of resorption.

Variations in external root resorption between between

extraction and non-extraction in maxillary anterior teeth

The comparison of ERR between extraction and non-
extraction orthodontic treatments in maxillary anterior
teeth is shown in Table 5. In Group I, no statistically
significant difference in ERR was found between extrac-
tion and non-extraction treatments (P> 0.05) (Table 5).

However, in Group II, the ERR in the extraction group
was significantly higher than in the non-extraction group
(P<0.05) (Table 5).

Comparison of external root resorption between different
age groups

Table 6 presents the percentages of ERR for total tooth
roots and different root regions in both groups. Over-
all, Group I exhibited significantly less root resorption
compared to Group II (P<0.05), with particularly lower
levels of ERR in the apical third of the roots (P<0.05).
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Conversely, Group I demonstrated significantly higher
ERR in the cervical third compared to Group II (P<0.05).
No statistically significant difference was found between
the two groups for ERR in the middle third of the root.

Discuss

ERR, defined as the permanent loss of hard tissue from
the tooth root, is a common and often concerning con-
sequence of orthodontic treatment [25]. Although the
severity of ERR can differ between patients, it is a com-
mon concern in orthodontics, which continues to be
an area of active research [28]. As the understanding of
ERR deepens, recent advances in Al and automatic reg-
istration algorithms have enabled more detailed three-
dimensional quantification of partitioned root volumes,
providing valuable insights into this critical issue.

In previous studies, the process of 3D model recon-
struction from CBCT for ERR analysis relied heavily on
manual threshold segmentation. However, this method is
prone to subjective variation between researchers and is
often time-consuming [21]. AI technology offers a prom-
ising solution to these limitations. For instance, Tre-
lenberg-Stoll et al. demonstrated that automated tooth
segmentation, powered by Al, achieved accuracy compa-
rable to the slice-by-slice manual segmentation method,
which is regarded as the gold standard. Moreover, the Al
method was approximately 81% faster than manual seg-
mentation, significantly improving efficiency in clinical
and research settings [29]. Similarly, Zhao et al. showed
that their deep learning-based 3D tooth segmentation
algorithm outperforms existing state-of-the-art methods
in both accuracy and processing speed [22].

Beyond its application in root segmentation, Al is
increasingly being integrated into various aspects of
orthodontics, from diagnosis to treatment planning and
outcomes measurement [30, 31]. This progress suggests
that Al will play an increasingly central role in enhancing
the precision and efficiency of orthodontic care, particu-
larly in quantifying and managing ERR.

As ERR usually affects only a small part of the tooth,
the root is often divided to measure it. However, the
choice of cut plane or cut point is crucial to ensure accu-
rate measurements, particularly when comparing models
before and after treatment. In this study, we used a cyl-
inder fitted to the surface of well-aligned models at TO
and T1 to define the long axis for segmentation (Fig. 3).
This approach contrasts with previous studies [20], where
manual point placement was required. By automatically
generating the long axis in conjunction with the CEJ, our
method facilitates the precise separation of the root from
the crown. This novel approach not only simplified the
measurement process but also improved the accuracy of
the ERR quantification.
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The resolution and size of CBCT scans are crucial for
accurate ERR assessment. Higher accuracy is achieved
with high-resolution images (e.g., 0.125 mm voxel size)
[32]. In this study, CBCT scans with a 0.4 mm voxel size
were used, providing sufficient resolution for relatively
accurate results.

The findings of this study are consistent with those of
previous research, which suggests a clear pattern of ERR
related to tooth position and root region: orthodontic
treatment inevitably leads to a reduction in root volume
[12, 33, 34]. The degree of root volume reduction is typi-
cally greater in the anterior teeth compared to the pos-
terior teeth, with the effect being especially pronounced
in the anterior segment of the maxilla following tooth
extraction [26]. Moreover, ERR is most notable in the
apical third of the root [35]. In this study, both Group I
and Group II showed varying degrees of root volume
reduction (Table 1), with anterior teeth experiencing a
more significant reduction than posterior teeth (Table 2).
This effect was particularly pronounced in the maxil-
lary anterior teeth following tooth extraction in Group
II (Table 5). As shown in Table 4, the apical third of the
roots exhibited the greatest degree of ERR.

In contrast to previous findings, no statistically sig-
nificant difference was observed in the ERR of maxillary
anterior teeth between the two groups. However, in the
posterior teeth, Group I exhibited significantly higher
ERR in the mandible (Table 3). Three potential explana-
tions for this lack of difference can be proposed. First, the
discrepancy may be due to an insufficient sample size.
Second, the variation could be related to the degree of
root development [7, 36]. Third, the CBCT scans were
performed with a voxel size 0.4 mm, which may have led
to an underestimation of the true extent of ERR.

In the study by Li et al. on the relationship between
tooth root development and ERR, it was demonstrated
that teeth with incomplete root development experience
less ERR compared to those with fully developed roots [7,
36]. This finding was also observed in the current study,
as shown in Table 6, which compares ERR between two
age groups. The results indicated that Group II had a
higher ERR rate than Group I. Furthermore, the study
examined the ERR percentages at different root positions
in both groups. The findings revealed that in the api-
cal third of the root, the ERR percentage was higher in
Group II than in Group L.

Patients in Group I, aged 10 to 15 years, likely have
incomplete root development in some teeth, with ongo-
ing growth in the apical region. This continued develop-
ment may help mitigate the reduction in root volume
caused by orthodontic treatment. In contrast, patients
in Group II have nearly fully developed teeth in the api-
cal region, and the apical area no longer undergoes
growth during treatment, leading to more significant
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ERR compared to Group I. Thus, it appears that younger
orthodontic patients may have an advantage over older
patients in terms of reducing ERR.

While our study has demonstrated significant advance-
ments in the quantification of ERR using Al-driven
techniques, it is imperative to consider the clinical impli-
cations of these findings. Our observation of greater root
resorption in anterior teeth, particularly in the apical
third, and the exacerbating effect of extraction strongly
underscores the need for cautious treatment planning
in these cases. Clinicians should exercise heightened
vigilance when monitoring the roots of anterior teeth in
patients undergoing extraction therapy, employing fre-
quent radiographic evaluations to detect early signs of
significant ERR. Additionally, our finding of less ERR in
younger patients with ongoing root development offers a
valuable clinical insight, suggesting that treatment plan-
ning for younger patients requiring substantial tooth
movement or extraction might yield more favorable
outcomes with reduced risks of severe root resorption.
These results emphasize the importance of individualized
treatment planning, tailored to the patient’s specific age,
tooth type, and treatment requirements.

Limitations

This study presents several limitations that warrant care-
ful consideration. Firstly, due to the retrospective design
and the limited number of cases that met our inclusion
criteria, precluded the performance of a robust power
analysis. This methodological constraint may limit the
generalizability of our findings. Secondly, the 0.4 mm
voxel size employed for CBCT imaging may not be
adequate to capture subtle morphological alterations
in root structure, potentially affecting the precision of
ERR quantification. Thirdly, the clinical applicability of
our methodology requires further validation to accu-
rately assess ERR in a heterogeneous patient cohort. We
acknowledge that our cylinder fitting approach has inher-
ent limitations pertaining to tooth morphology. While
the approach typically yielded reliable results in anterior
teeth, the fitted cylinders in molars often demonstrated
deviations from the true anatomical long axis. Further-
more, the scope of this study was limited to analyzing
vertical changes in root morphology; future research
should investigate volumetric changes in the labiolingual
or buccolingual dimensions to provide a more compre-
hensive understanding of ERR.

Conclusion

1. This study developed a new method for assessing
external root resorption, using automated image
segmentation to improve efficiency and combining
intraoral scans and reconstructed CBCT images into
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a composite model for more accurate volumetric
measurement and comprehensive three-dimensional
analysis.

2. The occurrence of external root resorption after
orthodontic treatment may differ depending on
tooth position, root region, and whether extraction
treatment was performed.

3. Greater resorption is observed in the anterior teeth
compared to the posterior teeth, with the most
significant reduction occurring in the anterior
maxillary segment following extraction treatment.
Additionally, the apical third of the root shows the
most pronounced resorption across all tooth regions.

4. Opverall, external root resorption tends to be more
pronounced in older patients, particularly in the

apical third of the root.
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