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Abstract
Background

Cone-beam computed tomography (CBCT) imaging offers high-quality three-dimensional (3D) acquisition
with great spatial resolution, given by the use of isometric voxels, when compared with conventional
computed tomography (CT). The current literature supports a median reduction of 76% (up to 85%
reduction) of patients’ radiation exposure when imaged by CBCT versus CT. Clinical applications of CBCT
imaging can benefit both medical and dental professions. Because these images are digital, the use of
algorithms can facilitate the diagnosis of pathologies and the management of patients. There is pertinence
to developing rapid and efficient segmentation of teeth from facial volumes acquired with CBCT.

Methodology

In this paper, a segmentation algorithm using heuristics based on pulp and teeth anatomy as a pre-
personalized model is proposed for both single and multi-rooted teeth.

Results

A quantitative analysis was performed by comparing the results of the algorithm to a gold standard obtained
from manual segmentation using the Dice index, average surface distance (ASD), and Mahalanobis distance
(MHD) metrics. Qualitative analysis was also performed between the algorithm and the gold standard of 78
teeth. The Dice index average for all pulp segmentation (n = 78) was 83.82% (SD = 6.54%). ASD for all pulp
segmentation (n = 78) was 0.21 mm (SD = 0.34 mm). Pulp segmentation compared with MHD averages was
0.19 mm (SD = 0.21 mm). The results of teeth segmentation metrics were similar to pulp segmentation
metrics. For the total teeth (n = 78) included in this study, the Dice index average was 92% (SD = 13.10%),
ASD was low at 0.19 mm (SD = 0.15 mm), and MHD was 0.11 mm (SD = 0.09 mm). Despite good quantitative
results, the qualitative analysis yielded fair results due to large categories. When compared with existing
automatic segmentation methods, our approach enables an effective segmentation for both pulp and teeth.

Conclusions

Our proposed algorithm for pulp and teeth segmentation yields results that are comparable to those
obtained by the state-of-the-art methods in both quantitative and qualitative analysis, thus offering
interesting perspectives in many clinical fields of dentistry.

Categories: Radiology, Dentistry
Keywords: pulpal segmentation, dental segmentation, segmentation algorithm, image processing and analysis, cbct

Introduction

Cone-beam computed tomography (CBCT) imaging is finding ever-greater success in radiology with ever-
widening fields of applications in both medical radiology and radiation oncology. Current CBCT imaging
offers isotropic voxels of 0.05 mm. Computed tomography (CT) renders a maximum in-plane spatial
resolution of 0.15 mm and a through-plane spatial resolution of 0.20 mm, whereas multi-detector CT offers
0.5 mm detector elements [1]. The higher spatial resolution of the CBCT makes it an appropriate choice for
the exploration of selected small anatomical structures such as the teeth [2].

The high quality of CBCT [3] acquisitions allow for diagnostic opportunities following three-dimensional
(3D) modeling of dental structures. While very high resolution facilitates dental segmentation, the prospect
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of routinely obtaining a 3D model of dental pulp remains a real challenge, most notably because of the
often-complex shape and relative morphological variability of root canals [4].

Several approaches have been proposed in the literature for dental segmentation from CBCT acquisitions.
Gao et al. proposed adaptive active contour tracking algorithms for teeth segmentation in 2010 [5]. In a 2016
study, a technique was proposed allowing tooth segmentation while having teeth contact using CT images
[6]. Some literature presents active contour-based segmentation with manual initiation and custom-made
constraints to allow slice-by-slice contour propagation [5-7]. A main limitation of these techniques is error
accumulation.

To improve segmentation quality, a group proposed the superposition of laser-acquired dental images with
CT images to create a more truthful crown reconstruction, on which CT acquisitions of the roots were
merged [8]. Other similar studies have used this concept [9-11]. As outlined in our previous research,
limitations of using prior shape model segmentation include requiring large databases to cope with shape
variability of the natural dentition [12].

In 2019, a novel method was introduced using automatic axial slice thresholds. The proposed technique
allows for rapid segmentation because the characteristics map histogram is used for optimal threshold
calculations [13]. Inherent limitations of the method include cases in which pulp tissue is easily mistaken for
hard tissues (e.g., calcified root canal on CBCT).

In 2021, automatic segmentation of the jaws, teeth, and CBCT background information was achieved by
training a mixed-scale dense convolutional neural network [14]. This group’s algorithm yielded good results
(average Dice coefficient for teeth of 0.945 + 0.021, where 1 is better and 0 is worse). Additional use of deep
learning was proposed with a multitask 3D convolutional network and marker-controlled watershed
transform [15]. In recent years, several groups have reported teeth segmentation from deep-learning multi-
step algorithms [10,15-18].

In this study, we aim to develop rapid and efficient segmentation of teeth from the facial volume acquired
using CBCT. For this purpose, an algorithm for teeth segmentation based on pulp segmentation is proposed
for both single and multi-rooted teeth.

Materials And Methods

Segmentation of both single and multi-rooted teeth takes advantage of the teeth anatomy. As for the
embryologic development of teeth, we used pulps as inner structures, which have, in most cases, the same
morphological outline as their corresponding teeth. As described by Harrison et al., this technique uses
heuristics derived from knowledge of tooth anatomy where the pulp is used as a pre-personalized model for
the tooth shape and thus helps supervise 3D segmentation [12]. The following technical description heavily
relies on the proposed methodology from Harrison et al. [12]. Figure / summarizes the main steps of the

following methodology.
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FIGURE 1: Flowchart showing a summary of the methodology.

Volume partitioning

Maxillary and Mandibular Separation

Separation of the dental arches (maxillary and mandible) is performed. Partitioning of the dental arches
from a CBCT acquisition can be easily obtained when the patient is in an open bite position during the
acquisition. In this position, maxillary and mandibular teeth do not overlap on axial slices.
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Similar to the method described by Yun et al., a threshold on the maximum intensity projection (MIP) is
used to differentiate between both dental arches [16]. An empirical threshold is applied on a sagittal MIP of
the original Digital Imaging and Communications in Medicine (DICOM) stack. Both maxillary and
mandibular dental crowns are identified with maximal intensity values. Spatial coordinates are used to train
a k-nearest neighbor classifier. A dental arch shape approximation is performed by a second-order
polynomial regression curve obtained from axial projection intensity levels.

Teeth Separation Planes

Once the dental arches are identified, teeth must be partitioned by finding boundary planes for adequate
teeth segmentation, followed by the establishment of teeth separation planes to ensure the isolation of each
tooth on the dental arch. This initial stage allows single tooth separation into a volume of interest (VOI) of
its own.

As described by Kim et al. [19], candidate planes are obtained using a cost profile analysis along the second-
order polynomial curves used for the shape approximation of dental arches. A Hanning filter is then used to
eliminate high frequencies caused by the pulp. These planes are then rotated along the x-axis and y-axis to
confirm the correct positioning of said planes. Therefore, candidate planes are described by the following
equation, as presented by Harrison et al [12]:

N,
1 —
Cpl(me(lji,qbl b9 ) = aF i I(pu ) +IB
P n=0

N I(py) w(j“) X7
n=0 |7 (p )|

Where P4, ¢1,¢ ) is a solution plane 7, is the plane’s normal vector ;:, ue (0, ..., N,), is a sample point
located on the plane’s surface (E) ,and V I @ \) are the respective grayscale and gradient value

interpolated at the sample point. Weighting coefficients are applied to both terms. The cost function is
evaluated for each combination of (Z,¢1,#2). Cpiane (P%;) identifies the minimal cost value at every position
i along the central arch curve.

Each volume is then analyzed separately to perform dental segmentation, as described in the next section.

Dental segmentation

Embryology dictates that teeth are formed around the pulp. Every root and cusp has a corresponding
segment of pulp. On a CBCT image, teeth appear as bright volumes and the pulp appears as a dark cavity.
The method used to segment the pulp relies on this observation.

Pulp segmentation is done using morphological operations. Pulp segmentation relies on three main steps,
with each performed on VOI axial slices. First, an initial marker is obtained by selecting the second-largest
component in the result of the difference between the original image and the hole-filled image. Then, a
mask is obtained by applying a hole-filling algorithm on top of a black top-hat transformation on the
Gaussian blurred initial image. This results in an image where the valleys (dark regions enclosed in brighter
ones) appear brighter. Finally, a masking reconstruction is done using the marker and the created mask. This
operation consists of repeatedly performing the masking and dilatation of the marker until the result stops
changing. Figure 2 shows an example of this process on tooth 1.6.
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FIGURE 2: Coronal view of a molar (1.6) showing the intermediate steps
involved in the pulp segmentation algorithm.

(A) Original image. (B) The difference between A and hole-filled A. (C) A binary marker created from B. (D) A
smoothed with a Gaussian filter. (E) D after black top hat. (F) Hole-filled E image (mask). (G) Final pulp
segmentation (after masking reconstruction).

To avoid excess segmentation caused by the overflow outside of the pulp region of the hole-filled image used
to create the marker, a threshold is applied to the result of the difference between the original image and the
hole-filled image. The threshold value is obtained using Otsu’s method [20]. The size of the marker is also
reduced to avoid overlap with an unwanted mask part used for reconstruction. Only the region around the
voxel where the difference between the filled image and the original image is the highest is kept. A high
difference between the filled image and the initial image implies a higher probability that this region belongs
to the pulp because it is a region of low-intensity voxels surrounded by higher intensities on the original
image.

Image noise and beam hardening effects can render some parts of the dentine to appear darker on images.
The segmentation method considers the noise in general and includes all phenomena present in the image,
with the partial volume effect being one of them. Without making any distinction between these different
phenomena, the method developed nevertheless aims to, from an empirical approach of choice variations for
thresholds or anatomical heuristics, optimize the quality of pulp segmentation. On the valley-enhanced
image, these regions appear connected to the pulp, thus leading to a segmentation overflow. To limit this
problem, a mask is applied on top of the segmentation. The mask is constructed keeping only voxels where
the original image values are greater than a threshold. This value is set by taking the midpoint value between
the average voxel value in regions segmented by the initial marker and the average voxel value in
surrounding regions. This mask is only applied in the crown region of the tooth volume to avoid cutting root
segmentation. The tooth’s orientation is obtained by comparing the first slice index corresponding to the
pulp chamber, found by searching for the slice with the largest single segmented area, to the index of the
first and last slices where there is a segmentation. Starting from the identified axial plane and going toward
the roots, the last slice with a single segmented zone is considered the apical limit of the crown region.

Apical overflows can occur because of the lower contrast between pulp and dentine in root canals or the
opening of the apex. These overflows are characterized by a rapid change in the segmented pulp shape. To
limit this problem, the obtained segmentation is compared to a slice area evolution model. This comparison
is not done when the tooth is a molar because these can have very different morphologies which makes it
very complex for model creation. Ground truth manual segmentations are used to create a model for each
tooth type and position. For each reference segmentation corresponding to the targeted tooth type and
position, the area of each axial slice of the reference mask is calculated. The resulting vectors are
normalized, and the values are interpolated to obtain 100-element long vectors. The mean and standard
deviation (SD) of vector gradients are computed to obtain a model of the speed of evolution of slice areas.
The same gradient, normalization, and interpolation calculations are applied to the automatic pulp
segmentation result. The resulting vector is smoothed with a uniform filter and is compared to the model’s
vectors. Only the slices belonging to the last fifth of the mask from the root’s apex are considered for
comparison. No cut is made if the obtained gradient is within two SDs of the mean of the model’s gradient.
Otherwise, the cut is made at the most coronal deviation. The corresponding zone is removed from the
segmentation. Figure 3 exemplifies this process.
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FIGURE 3: Area evolution model and its application to cut an apical
segmentation overflow.

(A) Model with a gradient and margin of two standard deviations. B (i): Cut of the apical overflow and (ii) analyzed
region. (C) Segmentation before the cut. (D) Segmentation after the cut.

The pulp segmentation is used as an in situ before tooth segmentation using hierarchical surface
deformation [21]. The initial segmentation is iteratively deformed to obtain a final mesh representing the
tooth segmentation. Each iteration consists of two main steps. First, an intensity profile search is performed
to obtain a target boundary to which vertices are moved toward. This method is based on the proposed
implementation presented by Chav et al. [21]. The intensity profiles P(u,v) are described by the following
equation:

P(U,U) =Q(Mm7My,Mz) =Q(nvu 'uT+vzanvu 'uT
+v,)

Where 2 is a linear interpolation method and u = [—L“‘” . ,Lit”] is the length along which the search is

performed along the normal n, of the vertex v;. The parameter L is reduced at every iteration to limit the
risk of passing over the tooth’s limit. A gradient and Gaussian-based cost function is used to determine the
position of a potential characteristic of interest g; along the computed profile.

To limit the over-segmentation that can occur where crowns touch their neighbors, the set of points of an
intensity profile crossing the tooth separation plane is penalized. These points are ignored when performing
a gradient search to prevent a vertex from being moved outside of the tooth’s VOI. Points meeting the
following criteria are excluded:

a M, +b -My+c;l - M, —di’l >0

Uoc 7,

Where a;l b ¢ and di’a are constants of adjacent plane P;: .

9, Yo

Evaluation of pulp and teeth segmentation

Our algorithm is evaluated quantitatively and qualitatively on a dataset of 78 teeth and compared against
the manual segmentation of pulp and teeth performed by a subject matter expert having significant dental
anatomy knowledge.

Quantitative evaluation was done using three metrics [22]. The Dice index is a value varying between 0 and 1
used to express the amount of overlap between the automatic and the reference segmentation. The average
symmetric surface distance (ASD) measures the average distance between the surface of the two
segmentations. The Mahalanobis distance (MHD) measures the distance between point clouds which reduces
the importance accorded to local differences and gives a better indication of the global similarities between
the automatic and manual segmentation results. One author (with significant dental anatomy knowledge)
manually segmented pulp and teeth volumes using 3DSlicer software [23], thus rendering a reference
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Category

Good

Apical overflow

Crown overflow
Missing canal

Missing canal extremity
Segmentation error

Other

dataset. Qualitative evaluation is done by one expert reviewer based on a subjective visual comparison of the
3D automatic segmentation results (both initial and improved algorithms) to the reference manual
segmentation using the 3DSlicer software [23]. Each segmentation result is categorized into one of the eight
categories described in Table /. Examples of these categories are illustrated in Figure 4.

Description

The result is globally well-aligned with the reference segmentation
The segmentation overflows from the root apex

The segmentation overflows from the crown

One or more root canal is missing

The extremity of one or more root canal is missing

The automatic segmentation has failed

Other segmentation errors (e.g., scattered overflows, missing parts)

TABLE 1: Categories used for the qualitative evaluation of automatic segmentation results.

FIGURE 4: For (A) pulp segmentation and (B) tooth segmentation,
examples of categories for (i) good, (ii) crown overflow, (iii) apical
overflow, (iv) missing canal, and (v) missing canal extremity.

Results

The initial data included 83 teeth. However, three teeth were rejected because the volume-partitioning
phase extracted the neighboring teeth. Two other teeth were rejected because the result of the pulp
segmentation was outside the tooth, making the tooth segmentation impossible. These five teeth were not
considered when computing quantitative and qualitative metrics for both teeth and pulp segmentation
because they are considered outliers.

Quantitative analysis
Pulp Segmentation
Table 2 shows the quantitative results of pulp segmentation. The Dice index average for single-rooted teeth

(n =46) was 83.97% (SD = 7.49%). For multi-rooted teeth (n = 32), the Dice index average was 83.61% (SD =
4.98%). For total teeth (n = 78), the Dice index average was 83.82% (SD = 6.54%).
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Single-rooted (n = 46)

Incisor (n = Canine (n =

22) 16)
Dice (%) (Higher is better)
Minimum  75.89 41.26
Maximum  90.61 89.62
Average  84.69 83.18
sD 4.45 11.54
ASD (mm) (Lower is better)
Minimum  0.10 0.12
Maximum 0.43 3.10
Average 0.16 0.34
sD 0.07 0.74
MHD (mm) (Lower is better)
Minimum  0.02 0.03
Maximum 0.60 1.66
Average 0.14 0.22
sD 0.12 0.39

Premolar (n = 8)

78.32
88.84
83.55

3.54

0.02

0.04

0.04

TABLE 2: Pulp segmentation metrics.

SD: standard deviation; ASD: average surface distance; MHD: Mahalanobis distance

All types

41.26
90.61
83.97

7.49

0.10
3.10
0.22

0.44

0.02

0.16

0.25

Multi-rooted (n = 32)

Premolar (n =
11)

72.40
85.39
79.83

4.60

0.41
0.25

0.08

0.08
0.53

0.33

Molar (n =
21)

69.48
89.53
85.58

3.98

0.12
0.34
0.18

0.05

0.06
0.45
0.19

0.10

All types

69.48
89.53
83.61

4.98

0.12
0.41
0.20

0.07

0.06
0.53
0.24

0.13

Global (n = 78)

41.26
90.61
83.82

6.54

0.10

0.21

0.34

0.02
1.66
0.19

0.21

ASD for pulp segmentation was 0.22 mm (SD = 0.44 mm) for single-rooted teeth (n = 46). Multi-rooted teeth

(n = 32) yielded an average ASD of 0.20 mm (SD = 0.07 mm).

Pulp segmentation compared with MHD averages of single-rooted teeth (n = 46) yielded 0.16 mm (SD = 0.25
mm). The multi-rooted teeth (n=32) average was 0.24 mm (SD = 0.13 mm). All teeth (n = 78) MHD average
was 0.19 mm (SD = 0.21 mm).

Teeth Segmentation

Teeth segmentation metrics presented similar results as pulp segmentation metrics (Table 3). The Dice
average for single-rooted teeth (n = 46) was 93.75% (SD = 6.47%). For multi-rooted (n = 32) teeth, the Dice
average was also high at 89.50% (SD = 18.83%). Accordingly, the total teeth (n = 78) Dice average was 92.00%
(SD = 13.10%).
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Single-rooted (n = 46)

Incisor (n = Canine (n =

22) 16)
Dice (%) (Higher is better)
Minimum  91.55 54.08
Maximum 96.34 96.77
Average 94.76 92.71
sD 1.36 10.38
ASD (mm) (Lower is better)
Minimum  0.10 0.12
Maximum 0.20 1.32
Average 0.15 0.23
sD 0.03 0.29
MHD (mm) (Lower is better)
Minimum  0.05 0.01
Maximum 0.23 0.44
Average  0.09 0.12
sD 0.05 0.10

Premolar (n = 8)

82.88
96.12

93.05

0.54

0.21

0.02

0.54

0.20

TABLE 3: Tooth segmentation metrics.

SD: standard deviation; ASD: average surface distance; MHD: Mahalanobis distance

All types

54.08
96.77
93.75

6.47

0.10

0.19

0.18

0.01
0.54
0.11

0.11

Multi-rooted (n = 32)

Premolar (n =
11)

17.28
96.06
78.82

30.06

0.53

0.25

0.04

0.20

0.04

Molar (n =
21)

92.11
96.68
95.09

1.41

0.1
0.26
0.17

0.05

0.01
0.21
0.08

0.05

All types

17.28
96.68
89.50

18.83

0.1
0.53
0.20

0.09

0.01
0.21
0.10

0.05

Global (n = 78)

17.28
96.77
92.00

13.10

0.10
1.32
0.19

0.15

0.01
0.54
0.11

0.09

Single-rooted teeth (n = 46) ASD was 0.19 mm (SD = 0.18 mm). Multi-rooted teeth (n = 32) ASD was 0.20 mm

(SD = 0.09 mm). Hence, overall teeth (n = 78) ASD was low at 0.19 mm (SD = 0.15 mm).

Finally, single-rooted teeth (n = 46) MHD was 0.11 mm (SD = 0.11 mm). Multi-rooted teeth (n = 32) MHD was

0.10 mm (SD = 0.05 mm). Accordingly, total teeth (n = 78) MHD was 0.11 mm (SD = 0.09 mm).

Qualitative analysis

Segmentation results for the 78 teeth and pulps were analyzed based on the subjective quality of

segmentation. The analysis classified the results as either (1) good, (2) apical overflow, (3) crown overflow,
(4) missing canal, (5) missing canal extremity, (6) segmentation error, or (7) other. Analysis was performed

subjectively by one expert reviewer based on a 3D rendering of segmented volumes with both initial and
improved algorithms. Results yielded 39 good pulp segmentations (Table 4) and 34 good teeth
segmentations (Table 5).
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Single-rooted (n = 46) Multi-rooted (n = 32)
Total (n =
Category Incisor (n = Canine (n = Premolar (n= All Premolar (n = Molar (n = All 78)
22) 16) 8) types 11) 21) types
Good 14 11 5 30 2 7 9 39
Apical overflow 1 0 1 2 0 0 0 2
Crown overflow 0 0 0 0 0 0 0 0
Missing canal 0 1 0 1 2 3 5 6
Missing canal
i 7 4 2 13 7 10 17 30
extremity
Other 0 0 0 0 0 1 1 1
TABLE 4: Qualitative results of pulp segmentation.
Single-rooted (n = 46) Multi-rooted (n = 32)
Total (n =
Category Incisor (n = Canine (n = Premolar (n= All Premolar (n = Molar (n = All 78)
22) 16) 8) types 8) 21) types
Good 15 7 2 24 1 9 10 34
Apical overflow 0 3 4 7 0 0 0 7
Crown overflow 5 2 0 7 2 1 3 10
Missing canal 0 1 0 1 0 1 1 2
Missi |
|ssm9 cana 1 2 P 5 6 5 11 16
extremity
Other 1 1 0 2 2 5 7 9

TABLE 5: Qualitative results of tooth segmentation.

Discussion

The main limitations of the presented algorithm occurred either with apical overflow or crown excessive
segmentation. Apical overflow might be explained by the limited number of voxels creating the apex region
and by the poor definition between apices and the surrounding periodontal ligament, as in the case of open
apices. On the other hand, crown excessive segmentation might be explained by inherent pulp anatomy.
Pulp coronal regions differ from their corresponding teeth coronal counterparts, especially in the posterior
where each cusp has its corresponding pulp projection. Pulps are not consistent and greatly differ both
between individuals and among one individual. For a given tooth, several different pulp pathways exist and
might not be reflective of the corresponding teeth shapes. Therefore, teeth segmentation solely based on
pulp segmentation might be biased for embryological reasons.

Overall low MHD may be suggestive of a more realistic pulp segmentation based on results provided by the
expert segmentation with the optimized algorithm. A high Dice index average can be explained by high
numbers of minimums which allow for high Dice index results.

Despite good quantitative results, the qualitative analysis yielded fair results due to large categories. For
example, the amount of apical overflow was not measured, and therefore, minimal over-segmentation
(Figure 5A) was classified in the same category as excessive over-segmentation (Figure 5B).
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FIGURE 5: Three-dimensional rendering of segmented (A) pulp and
tooth 2.4. (B) Overlapping of expert’s segmentation (dark blue) and
segmentation algorithm result (light blue).

When compared with existing automatic segmentation methods, as previously described, our approach
enables an effective segmentation for both pulp and teeth. Despite slightly lesser precision on the Dice index
(our method: 91.17% * 14.99%; Wang et al.: 94.5% * 2.1%) [14] compared to deep learning algorithms, our
technique does not require training of a neural network, thus offering a readily exploitable automatic
segmentation algorithm. Additionally, to our knowledge, no adequate CBCT image dataset is available for
neural network training.

In a clinical context, pulp modeling has many diagnostic and therapeutic interests. Probably the most
frequent and clinically relevant encountered variations of pulp morphology are calcified root canals or
accessory canals (MB2). Variations in shape and pulp size can help clinicians in diagnostic approaches,
especially in the detection of abnormalities constituting, often complex, syndromic phenotypic tables. Of
note, one of the best-known pulp abnormalities is perhaps taurodontism, which corresponds to an increase
in the pulp size. The detection of this pulp defect, sometimes difficult to assess because of its gradient of
phenotypic expression, may be a contributing factor in the diagnosis of some syndromes in the ectodermic
dysplasia group (e.g., tricho-dento-osseous syndrome, hypohidrotic ectodermic dysplasia) [24-27] or other
syndromes such as Down syndrome [2.8], hypophosphatemia [29] and Nance-Horan syndrome [30,51]. At the
therapeutic level, rapid access to pulp modeling can allow the dentist or endodontist to better appreciate the
morphology of the root system, anticipate its anatomical difficulties, and, thus, facilitate treatment planning
[32-35].

Other disciplinary fields can benefit from this pulp modeling and more specifically from the quantification
of pulp volume. In physical anthropology, variations in pulp size can be as much a marker of sexual
dimorphism as well as inter-population differences that can improve the understanding of the
polymorphism of the current human species [36-40]. These markers can also have a great deal of interest in
forensic science, particularly in the field of forensic identification [41-43].

Teeth 3D modeling from CBCT acquisitions would provide clinicians with additional therapeutic possibilities
while improving existing procedures. A brief overview of those clinical applications includes diagnostic and
planning tools or procedure aids. In an orthodontic context, current scanning technologies allow for fast and
reliable data for virtual diagnosis and virtual treatment planning [44]. However, imaging of the dental arches
by way of intraoral scanning devices limits the interpretation of roots’ movements in relation to adjacent
anatomical structures and surrounding periodontium. Furthermore, digital scanning and CBCT of the dental
arches enable proper diagnosis and construction of surgical splints [45]. Additionally, in cases such as
Wilcko’s periodontally accelerated osteogenic orthodontics [46], proper root segmentation may enable
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advanced planning and use of surgical guides, as required. Furthermore, in case of immediate implant
placement, the virtual tooth extraction based on teeth 3D modeling allows for better surgical planning,
makes the procedure more accurate, and reduces surgery time.

For all these clinical and biological issues, numerical segmentation and pulp modeling are fundamental
issues. A robust, fast, and accessible method to generate from CBCT images, a 3D model of teeth pulp could
indeed be of great help.

Conclusions

Our segmentation algorithm is a readily exploitable automatic segmentation tool that does not require the
training of a neural network. It yields comparable results to the state-of-the-art on both qualitative and
quantitative analysis. Validation against an expert’s database demonstrated the consistency and accuracy of
this fully automatic teeth segmentation algorithm. Further research should include improvement in the
apical segmentation of multi-rooted teeth.
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already acquired anonymized radiographical images. Patients signed a written research consent from the
Université de Montréal. Animal subjects: All authors have confirmed that this study did not involve animal
subjects or tissue. Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors
declare the following: Payment/services info: This work was supported in part by the Natural Sciences and
Engineering Research Council of Canada and Useful Progress Canada Inc. under the Collaborative Research
and Development program. Financial relationships: All authors have declared that they have no financial
relationships at present or within the previous three years with any organizations that might have an
interest in the submitted work. Other relationships: All authors have declared that there are no other
relationships or activities that could appear to have influenced the submitted work.

References

1. Lynch DA, Oh AS: High-spatial-resolution CT offers new opportunities for discovery in the lung . Radiology.
2020, 297:472-3. 10.1148/radiol.2020203473
2. Horner K, Jacobs R, Schulze R: Dental CBCT equipment and performance issues. Radiat Prot Dosimetry.
2013, 153:212-8. 10.1093/rpd/ncs289
3. Hodez C, Griffaton-Taillandier C, Bensimon I: Cone-beam imaging: applications in ENT. Eur Ann
Otorhinolaryngol Head Neck Dis. 2011, 128:65-78. 10.1016/j.anorl.2010.10.008
4.  Mazzi-Chaves JF, Silva-Sousa YT, Leoni GB, et al.: Micro-computed tomographic assessment of the
variability and morphological features of root canal system and their ramifications. ] Appl Oral Sci. 2020,
28:20190393. 10.1590/1678-7757-2019-0393
5. Gao H, Chae O: Individual tooth segmentation from CT images using level set method with shape and
intensity prior. Pattern Recognit. 2010, 43:2406-17. 10.1016/j.patcog.2010.01.010
6. XiaZ, GanY, ChangL, Xiong ], Zhao Q: Individual tooth segmentation from CT images scanned with
contacts of maxillary and mandible teeth. Comput Methods Programs Biomed. 2017, 138:1-12.
10.1016/j.cmpb.2016.10.002
7. GanY, Xia Z, Xiong ], Zhao Q, Hu Y, Zhang J: Toward accurate tooth segmentation from computed
tomography images using a hybrid level set model. Med Phys. 2015, 42:14-27. 10.1118/1.4901521
8. ZhouX, GanY, Xiong J, Zhang D, Zhao Q, Xia Z: A method for tooth model reconstruction based on
integration of multimodal images. | Healthc Eng. 2018, 2018:4950131. 10.1155/2018/4950131
9. Yau HT, Yang TJ, Chen YC: Tooth model reconstruction based upon data fusion for orthodontic treatment
simulation. Comput Biol Med. 2014, 48:8-16. 10.1016/j.compbiomed.2014.02.001
10. Jung W, Park S, Shin H: Combining volumetric dental CT and optical scan data for teeth modeling . Comput
Aided Des. 2015, 67:24-37. 10.1016/j.cad.2015.04.008
11. Barone S, Paoli A, Razionale AV: Creation of 3D multi-body orthodontic models by using independent
imaging sensors. Sensors (Basel). 2013, 13:2033-50. 10.3390/s130202033
12.  Harrison J, Chantrel S, Schmittbuhl M, de Guise JA: Segmentation and 3D-modelling of single-rooted teeth
from CBCT data: an automatic strategy based on dental pulp segmentation and surface deformation. World
Congress on Medical Physics and Biomedical Engineering 2018. Lhotska L, Sukupova L, Lackovi¢ I, Ibbott G
(ed): Springer, Singapore; 2018. 201-5. 10.1007/978-981-10-9035-6_36
13.  WangL, LiJP, Ge ZP, Li G: CBCT image based segmentation method for tooth pulp cavity region extraction .
Dentomaxillofac Radiol. 2019, 48:20180236. 10.1259/dmfr.20180236
14. Wang H, Minnema J, Batenburg KJ, Forouzanfar T, Hu FJ, Wu G: Multiclass CBCT image segmentation for
orthodontics with deep learning. ] Dent Res. 2021, 100:943-9. 10.1177/00220345211005338
15. ChenY,DuH, YunZ, et al.: Automatic segmentation of individual tooth in dental CBCT images from tooth
surface Map by a multi-task FCN. IEEE Access. 2020, 8:97296-309. 10.1109/ACCESS.2020.2991799
16.  YunZ, Yang S, Huang E, Zhao L, Yang W, Feng Q: Automatic reconstruction method for high-contrast
panoramic image from dental cone-beam CT data. Comput Methods Programs Biomed. 2019, 175:205-14.
10.1016/j.cmpb.2019.04.024
17.  Zheng Z, Yan H, Setzer FC, Shi KJ, Mupparapu M, Li J: Anatomically constrained deep learning for

2023 Harris et al. Cureus 15(4): €38066. DOI 10.7759/cureus.38066 110f 12


https://dx.doi.org/10.1148/radiol.2020203473
https://dx.doi.org/10.1148/radiol.2020203473
https://dx.doi.org/10.1093/rpd/ncs289
https://dx.doi.org/10.1093/rpd/ncs289
https://dx.doi.org/10.1016/j.anorl.2010.10.008
https://dx.doi.org/10.1016/j.anorl.2010.10.008
https://dx.doi.org/10.1590/1678-7757-2019-0393
https://dx.doi.org/10.1590/1678-7757-2019-0393
https://dx.doi.org/10.1016/j.patcog.2010.01.010
https://dx.doi.org/10.1016/j.patcog.2010.01.010
https://dx.doi.org/10.1016/j.cmpb.2016.10.002
https://dx.doi.org/10.1016/j.cmpb.2016.10.002
https://dx.doi.org/10.1118/1.4901521
https://dx.doi.org/10.1118/1.4901521
https://dx.doi.org/10.1155/2018/4950131
https://dx.doi.org/10.1155/2018/4950131
https://dx.doi.org/10.1016/j.compbiomed.2014.02.001
https://dx.doi.org/10.1016/j.compbiomed.2014.02.001
https://dx.doi.org/10.1016/j.cad.2015.04.008
https://dx.doi.org/10.1016/j.cad.2015.04.008
https://dx.doi.org/10.3390/s130202033
https://dx.doi.org/10.3390/s130202033
https://dx.doi.org/10.1007/978-981-10-9035-6_36
https://dx.doi.org/10.1007/978-981-10-9035-6_36
https://dx.doi.org/10.1259/dmfr.20180236
https://dx.doi.org/10.1259/dmfr.20180236
https://dx.doi.org/10.1177/00220345211005338
https://dx.doi.org/10.1177/00220345211005338
https://dx.doi.org/10.1109/ACCESS.2020.2991799
https://dx.doi.org/10.1109/ACCESS.2020.2991799
https://dx.doi.org/10.1016/j.cmpb.2019.04.024
https://dx.doi.org/10.1016/j.cmpb.2019.04.024
https://dx.doi.org/10.1109/TASE.2020.3025871

Cureus

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

46.

automating dental CBCT segmentation and lesion detection. IEEE Trans Autom Sci Eng. 2021, 18:603-14.
10.1109/TASE.2020.3025871

Tian S, Dai N, Zhang B, Yuan F, Yu Q, Cheng X: Automatic classification and segmentation of teeth on 3D
dental model using hierarchical deep learning networks. IEEE Access. 2019, 7:84817-28.
10.1109/ACCESS.2019.2924262

Kim G, Lee ], Seo ], Lee W, Shin YG, Kim B: Automatic teeth axes calculation for well-aligned teeth using
cost profile analysis along teeth center arch. IEEE Trans Biomed Eng. 2012, 59:1145-54.
10.1109/TBME.2012.2185825

Otsu N: A threshold selection method from gray-level histograms . IEEE Trans Syst Man Cybern. 1979, 9:62-
6.

Chav R, Cresson T, Chartrand G, Kauffmann C, Soulez G, de Guise JA: Kidney segmentation from a single
prior shape in MRI. IEEE 11th International Symposium on Biomedical Imaging. 2014, 818-21.
10.1109/1SB1.2014.6867996

Taha AA, Hanbury A: Metrics for evaluating 3D medical image segmentation: analysis, selection, and tool .
BMC Med Imaging. 2015, 15:29. 10.1186/512880-015-0068-x

Fedorov A, Beichel R, Kalpathy-Cramer J, et al.: 3D Slicer as an image computing platform for the
Quantitative Imaging Network. Magn Reson Imaging. 2012, 30:1323-41. 10.1016/j.mri.2012.05.001
Lichtenstein J, Warson R, Jorgenson R, Dorst JP, McKusick VA: The tricho-dento-osseous (TDO) syndrome.
Am | Hum Genet. 1972, 24:569-82.

Lexner MO, Bardow A, Bjorn-Jorgensen J, Hertz JM, Almer L, Kreiborg S: Anthropometric and cephalometric
measurements in X-linked hypohidrotic ectodermal dysplasia. Orthod Craniofac Res. 2007, 10:203-15.
10.1111/j.1601-6343.2007.00402.x

Crawford PJ, Aldred M]J, Clarke A: Clinical and radiographic dental findings in X linked hypohidrotic
ectodermal dysplasia. ] Med Genet. 1991, 28:181-5. 10.1136/jmg.28.3.181

Gros CI, Clauss F, Obry F, Maniére MC, Schmittbuhl M: Quantification of taurodontism: interests in the
early diagnosis of hypohidrotic ectodermal dysplasia. Oral Dis. 2010, 16:292-8. 10.1111/j.1601-
0825.2009.01641.x

Sekerci AE, Cantekin K, Aydinbelge M, Ucar Fi: Prevalence of dental anomalies in the permanent dentition
of children with Down syndrome. ] Dent Child (Chic). 2014, 81:78-83.

Rabbani A, Rahmani P, Ziaee V, Ghodoosi S: Dental problems in hypophosphatemic rickets, a cross sectional
study. Iran | Pediatr. 2012, 22:531-4.

Seow WK: Taurodontism of the mandibular first permanent molar distinguishes between the tricho-dento-
osseous (TDO) syndrome and amelogenesis imperfecta. Clin Genet. 1993, 43:240-6. 10.1111/j.1399-
0004.1993.tb03810.x

De Souza N, Chalakkal P, Martires S, Soares R: Oral manifestations of Nance-Horan syndrome: a report of a
rare case. Contemp Clin Dent. 2019, 10:174-7. 10.4103/ccd.ccd 490 18

Patel S, Brown ], Pimentel T, Kelly RD, Abella F, Durack C: Cone beam computed tomography in
endodontics - a review of the literature. Int Endod J. 2019, 52:1138-52. 10.1111/iej.13115

Michetti ], Basarab A, Diemer F, Kouame D: Comparison of an adaptive local thresholding method on CBCT
and pCT endodontic images. Phys Med Biol. 2017, 63:015020. 10.1088/1361-6560/aa90ff

Campello AF, Marceliano-Alves MF, Siqueira JF Jr, et al.: Determination of the initial apical canal diameter
by the first file to bind or cone-beam computed tomographic measurements using micro-computed
tomography as the gold standard: an ex vivo study in human cadavers. ] Endod. 2019, 45:619-22.
10.1016/j.joen.2019.01.020

Venskutonis T, Plotino G, Juodzbalys G, Mickevi¢iené L: The importance of cone-beam computed
tomography in the management of endodontic problems: a review of the literature. ] Endod. 2014, 40:1895-
901. 10.1016/j.joen.2014.05.009

Przesmycka A, Jedrychowska-Dariska K, Mastowska A, Witas H, Regulski P, Tomczyk J: Root and root canal
diversity in human permanent maxillary first premolars and upper/lower first molars from a 14th-17th and
18th-19th century Radom population. Arch Oral Biol. 2020, 110:104603. 10.1016/j.archoralbio.2019.104603
Pan L, Dumoncel ], Mazurier A, Zanolli C: Structural analysis of premolar roots in Middle Pleistocene
hominins from China. ] Hum Evol. 2019, 136:102669. 10.1016/j.jhevol.2019.102669

Radovi¢ P, Lindal ], Mihailovi¢ D, Roksandic M: The first Neanderthal specimen from Serbia: maxillary first
molar from the Late Pleistocene of PeSturina Cave. ] Hum Evol. 2019, 131:139-51.
10.1016/j.jhevol.2019.03.018

Stamfelj I, Hitij T, Leben-Seljak P: Dental ancestry estimation in a 1500 years old human skeleton from
Slovenia using a new web-based application rASUDAS. ] Forensic Odontostomatol. 2019, 37:2-8.

Kupczik K, Delezene LK, Skinner MM: Mandibular molar root and pulp cavity morphology in Homo naledi
and other Plio-Pleistocene hominins. ] Hum Evol. 2019, 130:83-95. 10.1016/j.jhevol.2019.03.007

Reesu GV, Manica S, Revie GF, Brown NL, Mossey PA: Forensic dental identification using two-dimensional
photographs of a smile and three-dimensional dental models: a 2D-3D superimposition method. Forensic
Sci Int. 2020, 313:110361. 10.1016/j.forsciint.2020.110361

Molina A, Bravo M, Fonseca GM, Marquez-Grant N, Martin-de-Las-Heras S: Dental age estimation based on
pulp chamber/crown volume ratio measured on CBCT images in a Spanish population. Int ] Legal Med. 2021,
135:359-64. 10.1007/s00414-020-02377-y

M S, Balla SB, Chinni SS, K SP, Gopalaiah H, C P, R NR: Examination of the radiographic visibility of the root
pulp of the mandibular second molars as an age marker. Int ] Legal Med. 2020, 134:1869-73.
10.1007/s00414-020-02347-4

Tanna NK, AlMuzaini AA, Mupparapu M: Imaging in orthodontics. Dent Clin North Am. 2021, 65:623-41.
10.1016/j.cden.2021.02.008

Elnagar MH, Aronovich S, Kusnoto B: Digital workflow for combined orthodontics and orthognathic surgery .
Oral Maxillofac Surg Clin North Am. 2020, 32:1-14. 10.1016/j.coms.2019.08.004

Wilcko W, Wilcko MT: Accelerating tooth movement: the case for corticotomy-induced orthodontics . Am |
Orthod Dentofacial Orthop. 2013, 144:4-12. 10.1016/j.ajod0.2013.04.009

2023 Harris et al. Cureus 15(4): €38066. DOI 10.7759/cureus.38066 120f 12


https://dx.doi.org/10.1109/TASE.2020.3025871
https://dx.doi.org/10.1109/ACCESS.2019.2924262
https://dx.doi.org/10.1109/ACCESS.2019.2924262
https://dx.doi.org/10.1109/TBME.2012.2185825
https://dx.doi.org/10.1109/TBME.2012.2185825
https://cw.fel.cvut.cz/b201/_media/courses/a6m33bio/otsu.pdf
https://dx.doi.org/10.1109/ISBI.2014.6867996
https://dx.doi.org/10.1109/ISBI.2014.6867996
https://dx.doi.org/10.1186/s12880-015-0068-x
https://dx.doi.org/10.1186/s12880-015-0068-x
https://dx.doi.org/10.1016/j.mri.2012.05.001
https://dx.doi.org/10.1016/j.mri.2012.05.001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1762186/pdf/ajhg00456-0077.pdf
https://dx.doi.org/10.1111/j.1601-6343.2007.00402.x
https://dx.doi.org/10.1111/j.1601-6343.2007.00402.x
https://dx.doi.org/10.1136/jmg.28.3.181
https://dx.doi.org/10.1136/jmg.28.3.181
https://dx.doi.org/10.1111/j.1601-0825.2009.01641.x
https://dx.doi.org/10.1111/j.1601-0825.2009.01641.x
https://www.ingentaconnect.com/content/aapd/jodc/2014/00000081/00000002/art00005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3533156/pdf/IJPD-22-531.pdf
https://dx.doi.org/10.1111/j.1399-0004.1993.tb03810.x
https://dx.doi.org/10.1111/j.1399-0004.1993.tb03810.x
https://dx.doi.org/10.4103/ccd.ccd_490_18
https://dx.doi.org/10.4103/ccd.ccd_490_18
https://dx.doi.org/10.1111/iej.13115
https://dx.doi.org/10.1111/iej.13115
https://dx.doi.org/10.1088/1361-6560/aa90ff
https://dx.doi.org/10.1088/1361-6560/aa90ff
https://dx.doi.org/10.1016/j.joen.2019.01.020
https://dx.doi.org/10.1016/j.joen.2019.01.020
https://dx.doi.org/10.1016/j.joen.2014.05.009
https://dx.doi.org/10.1016/j.joen.2014.05.009
https://dx.doi.org/10.1016/j.archoralbio.2019.104603
https://dx.doi.org/10.1016/j.archoralbio.2019.104603
https://dx.doi.org/10.1016/j.jhevol.2019.102669
https://dx.doi.org/10.1016/j.jhevol.2019.102669
https://dx.doi.org/10.1016/j.jhevol.2019.03.018
https://dx.doi.org/10.1016/j.jhevol.2019.03.018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6981356/pdf/JFOS-37-2-2.pdf
https://dx.doi.org/10.1016/j.jhevol.2019.03.007
https://dx.doi.org/10.1016/j.jhevol.2019.03.007
https://dx.doi.org/10.1016/j.forsciint.2020.110361
https://dx.doi.org/10.1016/j.forsciint.2020.110361
https://dx.doi.org/10.1007/s00414-020-02377-y
https://dx.doi.org/10.1007/s00414-020-02377-y
https://dx.doi.org/10.1007/s00414-020-02347-4
https://dx.doi.org/10.1007/s00414-020-02347-4
https://dx.doi.org/10.1016/j.cden.2021.02.008
https://dx.doi.org/10.1016/j.cden.2021.02.008
https://dx.doi.org/10.1016/j.coms.2019.08.004
https://dx.doi.org/10.1016/j.coms.2019.08.004
https://dx.doi.org/10.1016/j.ajodo.2013.04.009
https://dx.doi.org/10.1016/j.ajodo.2013.04.009

	Automatic Pulp and Teeth Three-Dimensional Modeling of Single and Multi-Rooted Teeth Based on Cone-Beam Computed Tomography Imaging: A Promising Approach With Clinical and Therapeutic Outcomes
	Abstract
	Background
	Methodology
	Results
	Conclusions

	Introduction
	Materials And Methods
	FIGURE 1: Flowchart showing a summary of the methodology.
	Volume partitioning
	Dental segmentation
	FIGURE 2: Coronal view of a molar (1.6) showing the intermediate steps involved in the pulp segmentation algorithm.
	FIGURE 3: Area evolution model and its application to cut an apical segmentation overflow.

	Evaluation of pulp and teeth segmentation
	TABLE 1: Categories used for the qualitative evaluation of automatic segmentation results.
	FIGURE 4: For (A) pulp segmentation and (B) tooth segmentation, examples of categories for (i) good, (ii) crown overflow, (iii) apical overflow, (iv) missing canal, and (v) missing canal extremity.


	Results
	Quantitative analysis
	TABLE 2: Pulp segmentation metrics.
	TABLE 3: Tooth segmentation metrics.

	Qualitative analysis
	TABLE 4: Qualitative results of pulp segmentation.
	TABLE 5: Qualitative results of tooth segmentation.


	Discussion
	FIGURE 5: Three-dimensional rendering of segmented (A) pulp and tooth 2.4. (B) Overlapping of expert’s segmentation (dark blue) and segmentation algorithm result (light blue).

	Conclusions
	Additional Information
	Disclosures

	References


