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Abstract

Objective: This study aimed to assess whether manual segmentation is an
accurate method in tooth volume measurement and to compare the outcomes of
manual, automatic, and semiautomatic segmentations on cone-beam computed
tomography (CBCT) images by comparing each system with the water displacement
method, which is the gold standard.

Materials and Methods: CBCT images of 10 maxillary impacted teeth were used
in this preliminary in vivo study. Following the acquisition of CBCT scans, manual,
automatic, and semiautomatic segmentations were completed by the same operator.
After surgical removal, the volumes of all impacted teeth were measured with the
water displacement method, which was used as the gold standard. The volume
of each segmented image was measured in mm? using the 3D-Doctor software.
The established volumes of each segmented image were compared with those of
the gold standard using the 95% confidence interval bootstrap percentiles. Intra-
observer reliability was determined using the intraclass correlation coefficient.
Results: All segmentation methods revealed significantly different volume values
both from the gold standard and from each other (p=0.000). The semiautomatic
segmentation demonstrated comparable performance with the manual method,
and both systems provided comparable volumes with the gold standard than did
the automatic method. Excellent intra-observer intraclass correlations were found
for all protocols.

Conclusion: The actual volumes of the specimen were not obtained by manual,
semiautomatic, and automatic segmentations. Semiautomatic segmentation
demonstrated comparable performance to the manual method, whereas automatic
segmentation yielded the poorest values. The automatic and semiautomatic
segmentations may be improved by the development and utilization of novel or
hybrid segmentation algorithms for a faster process and more accurate results.

263


https://orcid.org/0000-0002-0699-307X
https://orcid.org/0000-0003-1402-9392
https://orcid.org/0000-0001-6683-7557
https://orcid.org/0000-0002-2755-3452
https://orcid.org/0000-0001-9635-6308
https://orcid.org/0000-0003-0008-1333
https://orcid.org/0000-0002-9049-1610
https://orcid.org/0000-0003-0887-0302
https://orcid.org/0000-0001-9423-9191

264 Sabanci et al. Accuracy of Tooth Segmentation

0z

Amac: Manuel segmentasyonun (béliitleme) dis hacmini 6lgmek icin dogru bir ydntem olup olmadigini degerlendirmek ve konik isinli
bilgisayarli tomografi (CBCT) gériintiilerinde manuel, otomatik ve yari otomatik segmentasyon sonuglarinin her birini altin standart
olarak kabul edilen su deplasman yontemi ile karsilastirmaktir.

Gere¢ ve Yontemler: Bu 6n in vivo calismada maksiller gomiilii 10 disin CBCT gériintiileri kullaniimistir. CBCT taramalarinin
alinmasinin ardindan manuel, otomatik ve yari otomatik segmentasyon ayni operator tarafindan tamamlanmistir. Cerrahi olarak
cikarildiktan sonra tlim gomdll dislerin hacimleri altin standart olarak kullanilan su deplasman yontemi ile dlciilmustir. Her
bélltlenmis goriintliniin hacmi, 3D-Doctor yazilimi kullanilarak mm? cinsinden dlclilmistir. Tim béliutlenmis goriintilerin belirlenen
hacimleri, %95 gliven araligi bootstrap ytizdelikleri kullanilarak altin standartlarla karsilastiriimistir. Gozlemci ici glvenilirlik, sinif ici
korelasyon katsayisi kullanilarak belirlenmistir.

Bulgular: Tim segmentasyon yontemleri hem altin standarttan hem de birbirinden 6nemli dlclide farkh hacim degerleri ortaya
cikarmistir (p=0,000). Yari otomatik boliitleme, manuel yonteme benzer performans ortaya koymus ve her iki sistem de otomatik
yonteme gore altin standartla karsilastirilabilir hacimler saglamistir. Tim protokoller icin miikkemmel gézlemci i¢i sinif ici korelasyonlar
bulunmustur.

Sonu¢: Manuel, yari otomatik ve otomatik segmentasyonla elde edilen sonuglar numunelerin gercek hacimlerinden farkli
bulunmustur. Yari otomatik segmentasyon, manuel ydnteme benzer performans saglarken, otomatik segmentasyon altin standarda
en uzak sonuclar sunmustur. Otomatik ve yari otomatik boliitleme, daha hizli islem ve daha dogru sonuglar icin yeni veya hibrit

béllimleme algoritmalarinin gelistirilmesi ve kullaniimasiyla iyilestirilebilir.

Introduction

During the last decades, diagnostic imaging
technologies have greatly increased the knowledge
of normal and diseased in many fields of medical
research and clinical practice. The growing number
of the imaging modalities have necessitated the
use of computers to facilitate data processing and
analysis (1). One of those analysis modalities is image
segmentation which is defined as the partitioning
of an image into non-overlapping, constituent
regions that are homogeneous with respect to some
characteristics such as intensity or texture (2).

Segmentation can be accomplished using manual,
automatic and semi-automatic methods. The most
general approach to segmentation is the manual
method, where the user outlines the structures slice
by slice. Manual segmentation is often used as a
reference for comparison with other segmentation
methods (3-5), however it is subjective, user-
dependent, tedious and time-consuming. On the
other hand, automated segmentation is a fast, easy
and operator independent method (6). Unfortunately,
because of the presence of inaccuracies with respect
to the delineation of the borders of the image to be
segmented that often requires the operators’ manual
intervention and guidance, this method may not
be considered appropriate especially for complex
medical images (7). To overcome these problems,
a lot of work has been invested in semi-automatic
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segmentation methods (8). In semi-automatic
segmentation, the components of both the automatic
and manual segmentation are included. Thus, not
only the advantages but also the disadvantages of
both modalities are transferred, as well. This matter
has raised concerns about the accuracy and utility of
semi-automatic segmentation (3,4,9).

The segmentation accuracy on conventional
medical computerized tomography (CT) images have
been studied extensively (7,10,11). Considering
the fact that conventional medical CT protocols are
generally associated with relatively high radiation
dose levels, cone beam computerized tomography
(CBCT) has gained popularity in daily dental practice
for 3D imaging of the maxillofacial and dentoalveolar
structures, due to its high resolution for hard tissues
and relatively low radiation exposure (10). Accurate
segmentation of regions of interest by using computer
algorithms is becoming increasingly important in
assisting dentomaxillofacial diagnosis, treatment
planning and outcome evaluation (6,12-14). On CBCT
images, segmentation has been utilized to assess the
tongue volume which is an important contributor
to the etiology of dental malocclusions,dentofacial
deformities (15) and sleep apnea disorders (16).
Segmentation becomes even more imperative to
avoid post-operative complications prior to dental
implant placement, third molar surgical removal and
other craniofacial or orthognathic surgical operations,
and also to accurately diagnose numerous vascular
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and neurogenic pathologies associated with the
mandibular nerve (17,18). Segmentation is also
exploited for establishment of morphological changes
within the temporomandibular joint to provide
data about functional/pathological alterations
of the mandibular complex (19,20). Additionally,
for detection of the volume of neoplastic or non-
neoplastic osteolytic lesions of the jaws, automatic
segmentation on CBCT images can provide promising
results (17,21). In orthodontics, development of the
externalrootresorption can be observed by calculation
of the volume of the tooth (4). Similarly, segmentation
has been employed in the evaluation of lesion healing
after endodontic surgery (13), in 3D analyses of root
canal anatomy (6,22,23), and even in age estimation
in forensic dentistry (24). However, CBCT images
have relatively poor quality due to limited radiation
exposure and low signal to noise ratio (25,26), which
makes the segmentation more challenging than that
in CT, especially for the tooth structures. Higher image
noise, lower image contrast between the tooth root
and the alveolar bone and close proximity of adjacent
tooth structures are the reasons that complicate the
tooth segmentation on CBCT images (27).

There are studies in dental literature evaluating
the accuracy of segmentation of tooth structures by
using different CBCT machines and/or 3D printing
technologies (4,5,7,26,28-30). However; in most of
those investigations, manual segmentation method
(5,7,29) or micro-CT (4,30) have been employed as
the gold standard.

To the authors’ knowledge, there is no published
data assessing the accuracy of the manual
segmentationbycomparingthevolume measurements
of segmented and the actual anatomical tooth using
in vivo CBCT images. Likewise, there is no research
comparing the accuracy of manual, semi-automatic
and automatic tooth segmentation by using the
real anatomical tooth measurements as the gold
standard. Additionally, the tooth anatomical structure
is unique since it has different contrast values at the
crown and root, and thus, it is usually considered as a
major constraint in such study designs (3). Due to this
complexity, only few studies have used multi rooted
teeth for age estimation in dental forensics (31,32).

In the literature, different segmentation methods
are evaluated both in ex vivo or in vivo studies.

The anatomic location of the object that would be
segmented is a very important parameter (3,33)
since the outlines of that particular object has to be
clearly delineated both manually and automatically.
However, easily outlined in vivo hard tissues such
as temporomandibular joint and impacted third
molars have been utilized in many papers (19,34,35).
Considering that the preferred segmentation
method has to be as accurate as possible even in
very complicated in vivo cases and the most complex
tooth-root anatomical structure has been observed
in the cases of impacted teeth (36), the accuracy
of different segmentation needs to be assessed on
impacted teeth.

Therefore, the aim of this study was to assess
whether manual segmentation is an accurate method
of volume measurement in impacted maxillary teeth
by comparing the outcomes of manual, automatic
and semi-automatic segmentation methods on CBCT
images with water displacement method, which is
accepted as the gold standard.

Materials and Methods

Study Sample

Atotal of 10 individuals referred to the Department
of Oral and Maxillofacial Radiology, Faculty of
Dentistry, Ege University for CBCT evaluation in order
to assess the positions and relationships of impacted
maxillary teeth with adjacent roots or other anatomic
structures before surgery were included in the
present pilot study. The study protocol was approved
by the Ethics Committee of the Medical Faculty of Ege
University (approval #16-12/11, 01.03.2017) and was
conducted according to the Declaration of Helsinki on
experimentation involving humans.

Radiographic Technique

CBCT examinations were performed using the
Kodak 9000 3D (Kodak Carestream Health, Trophy,
France) system and the imaging parameters were 10
mA and 70 kVp with 2.5 mm Al equivalent filtration.
CBCT acquisition of each patient was completed after
a single 360° rotation with 10.8 s scan time, and a
volume with a spatial resolution of 76 um (isotropic
voxel) was reconstructed. All images were taken by
the same operator and the DICOM files of the CBCT
images were saved to a portable hard disk.
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Surgical Procedure

Before surgery, patients were informed about
possible complications of removal of the impacted
tooth and their written informed consents were
obtained. All impacted teeth were extracted by the
same surgeon using standard surgery protocol for
impacted tooth removal under local anaesthesia (2%
articaine and epinephrine 1:1000.000), with similar
surgical instruments.

Segmentation

CBCT images of 10 impacted teeth were used in
this preliminary in vivo study. Manual, semi-automatic
and automatic segmentation and reconstruction
procedures are shown in Figure 1. Semiautomatic
and automatic segmentation of DICOM images were
performed by using the thresholding method. Firstly,
DICOM images were imported in 3D-doctor (Able
Software Corp, MA, USA) and the voxel heights of the
images were calibrated. Then the region of interest
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Figure 1. Protocol of segmentation and reconstruction

procedures
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(ROI) was determined while it was ensured that the
tooth which to be segmented was left in the ROl in
all sections. The images were segmented with the
determined threshold, reconstructed in 3D-doctor
and their volumes were measured. In semi-automatic
segmentation, this procedure was performed by
manual editing of the images before reconstruction
(Figure 1).

Thresholding Method

Thresholding method is one of the basic and most
important methods in the processing of medical
images. This method is essentially a segmentation
method for separating objects from the background
by using a threshold T-value that is determined in the
histogram showing the gray level distributions of the
image, and the pixels in the image are compared to
that threshold.

For a given image f (i, j) for any (i, j) pixel in the
image, threshold image g (i, j) (37);

S _(LiffGH>T
96D ={y iy =7}

In order to establish the optimum threshold value
in automatic and semi-automatic segmentation
of teeth, bisection search which is a root-finding
method that can be used for one dimensional global
optimization problems (38) deemed appropriate.
The determination of the optimum threshold can be
formulated as a minimization problem of histogram
curve of the image and can be estimated by finding the
local minima between the peaks points corresponding
to the teeth and the background in the histogram.
In this method, the optimum threshold value must
be the largest threshold value that prevents over
segmentation while maintaining the shape and size
of the segmented teeth in the previous slice (39). On
each slice of CBCT images of 10 teeth, manual (Figure
2a), semi-automatic (Figure 2b) and automatic (Figure
2c) segmentation were performed.

The manual and semi-automatic segmentation
were repeated three times by the same operator. In
each segmentation, the time required from the start
to the end of segmentation was also recorded.

Reconstruction of Segmented Images and Volume
Measurements

After completion of manual, semi-automatic and
automatic segmentation for 10 teeth, segmented
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section images were reconstructed in 3D-doctor
software (Figure 3) to create 3D models and the
radiographic volumes of the teeth were measured
from these models.

Physical Volume Measurements of the Teeth
(Gold Standard)

The physical volumes of the operated teeth
were measured with the Precisa XB 220A analytical
balance using the water displacement method
(Archimedes principle). A 10 mL cylinder with 0.1
mL gradations was filled with room temperature
water up to the 9 mL mark and the tooth was dipped
completely into the cylinder. After immersion, the
water level was recorded. Using the pre and post
immersion readings, the volume of each tooth was
measured. The procedure was repeated three times
to reduce measurement errors and the mean of three
measurements was used as the physical volume of

Figure 3. Reconstructed 3D geometry specimen

the tooth, that is the gold standard for that particular
tooth.

Statistical Analysis

The comparisons between the gold standards
and the radiographic volumes obtained with manual,
semi-automatic and automatic segmentation were
performed using repeated analyses of variance. In
order to assess the significance of the differences
in post hoc comparisons of ANOVA analysis,
bootstrapping sampling method was used. With the
intention of deriving less biased standard errors, a
total of 1.000 bootstraps were created from the data
set. The bias, standard error and the upper and lower
levels of 95% confidence interval were established.
In order to assess the intraobserver agreement, the
measurements were performed twice with an interval
of three months and the reliability of the observer was
assessed with intraclass correlation coefficient (ICC).

Meandros Med Dent J 2021;22:263-73
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The data were analyzed with SPSS version 15.0 (SPSS,
Chicago, Illinois, USA). In all tests, p was set as 0.05.

Results

The mean radiographic volume measurements for
manual, semi-automatic and automatic segmentation
andthegoldstandardsare presentedinTable 1. ANOVA
analysis revealed that the differences between the
gold standard and the mean volume measurements
obtained with manual, semi-automatic and automatic
segmentation were statistically significant in all
samples (p=0.000).

The segmentation method which presented the
closest values to the gold standard measurements
was revealed with the post hoc bootstrap analysis
(Table 2). Among 10 samples, semiautomatic method
values were similar to the gold standard in 5 samples
(sample #1,5,6,7 and 10), whereas manual method
revealed lower differences in samples 2,3,4,8 and 9.

In the present study, the ICC was 0.999 (95%
confidence interval ranged between 0.996 and 1.000)
and the observer’s level of reliability was considered
as “excellent” (p<0.05) (ICC<0.5: poor reliability,
ICC=0.5-0.75: moderate reliability, ICC=0.75-0.9: good
reliability, ICC>0.90: excellent reliability).

Regarding the time required for segmentation
process, the automatic segmentation lasted less
than average 1 second per slice, while the manual
segmentation took approximately 22 seconds per
slice and the semi-automatic segmentation lasted on
average 10 seconds per slice. The differences were
statistically significant (p=0.000).

Discussion

Segmentation using a global threshold based
method on image intensity values is common
in medical modeling (33,40-42). However, it has
limitations in dental modeling both because of the
variability of the density of the structures within the
maxillofacial region and the technical capabilities of
the devices and algorithms used in dental imaging
(13,33). The density of tooth is heterogeneous from
crowntoapexandthis natural feature leadstolessclear
difference between the root and the alveolar bone as
the contrast between the root and bone decreases.
This, consequently, impedes segmentation of the
tooth from alveolar bone (3). In the present study, the
segmentation was performed on impacted maxillary
teeth, which makes this procedure especially arduous
because of the close proximity of the impacted teeth
to the roots and apices of the adjacent teeth and
other anatomical structures. Besides, due to the
strong noise, low contrast of tooth roots and sockets,
and intensity inhomogeneity in CBCT images, accurate
segmentation of tooth regions suffers from great
challenges. Similar considerations were presented for
automatic segmentation of mandibular condyle using
CBCT images (19). Low bone density of the condylar
bone but high density of the petrous temporal bone,
presence of adjacent anatomical structures, the
conical shape of the CBCT beam, and low contrast
resolution of the CBCT data have been stressed as
the confounding factors (19). Thus, segmentation of
tooth from CBCT images to reveal the root anatomy
and supporting bone requires a more comprehensive
model compared with medical CT images. Recently,

Table 1. Volumes in mm? of 3D geometries of reconstructed images and physical volume measurements of each tooth

Sample # | Manual Semi-automatic Automatic Gold standard
1 185.79 197.09 173.55 207.45
2 184.10 182.59 181.61 195.06
3 391.76 405.53 414.13 396.79
4 244.66 236.17 240.43 264.68
5 232.43 240.16 236.91 253.36
6 163.82 163.24 169.34 162.22
7 325.19 326.99 321.94 347.01
8 304.46 289.17 283.55 343.63
9 151.86 147.14 119.86 198.49
10 308.68 312.74 308.4 366.48
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Table 2. Bootstrap analysis results of three segmentation methods

Bootstrap multiple comparisons

BCa 95% confidence interval

Sample Method Mean difference* Bias Standard error Lower Upper
Manual 21.65 -0.05 1.99 16.88 24.56
1 Semi-auto 10.36 -0.04 0.45 9.48 11.24
Auto 33.9 -0.03 0.37 33.24 34.8
Manual 10.95 0.05 0.41 10.01 11.68
2 Semi-auto 12.45 0.01 0.2 12.07 12.83
Auto 13.45 0.02 0.17 13.01 13.71
Manual 5.02 -0.12 1.14 2.98 7.36
3 Semi-auto -8.73 -0.11 0.98 -10.21 -6.59
Auto -17.33 0.14 0.95 -18.51 -14.96
Manual 20.02 0.09 1.76 15.99 23.12
4 Semi-auto 28.51 0.01 1.72 25.06 31.59
Auto 24.25 -0.01 1.34 21.21 26.17
Manual 20.93 -0.03 1.04 18.51 22.4
5 Semi-auto 13.2 -0.02 1.01 10.83 14.44
Auto 16.45 -0.02 1.01 14.11 17.62
Manual -1.6 -0.05 0.66 -2.62 -0.15
6 Semi-auto -1.02 -0.08 0.64 -1.87 0.49
Auto -7.12 -0.07 0.63 -7.91 -5.55
Manual 21.81 0.1 2.73 16.36 27.19
7 Semi-auto 20.01 0.09 2.71 14.57 25.29
Auto 25.05 0.08 2.7 19.67 30.31
Manual 39.17 -0.19 3.98 31.3 47.3
8 Semi-auto 54.46 -0.12 3.89 47.01 62.32
Auto 60.08 -0.11 3.88 52.65 67.91
Manual 46.62 0.01 2.07 42.03 49.98
9 Semi-auto 51.34 0.01 2.06 46.79 54.64
Auto 78.62 0.07 2.06 74.08 81.9
Manual 57.79 -0.02 1.84 54.38 61.24
10 Semi-auto 53.74 0.13 1.06 51.56 55.37
Auto 58.07 0.12 1.02 55.53 59.39
several segmentation methods and processing implemented under in vitro conditions (9,12,28,39).

algorithms are being actively developed to overcome
these problems. Some have proposed to segment
the crown and the root separately with two level set
approaches (3,4,12,28) and others have proposed
improved hybrid active contour model to accurately
distinguish tooth structure from its surroundings
(9,39).However,inmost of these studies, segmentation
accuracy was tested by methods that could only be

Performing the experiments under in vitro settings
does not accurately mimic clinical environments, and
therefore, they do not represent the real efficacy and
accuracy of segmentation methods. Only a few studies
have tried to determine the accuracy of volumetric
analysis of teeth on in vivo images using CBCT (3,4,33).
In 2010, Liu et al. (3) evaluated the validity of in vivo
tooth volume determinations using two different
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CBCT machines with different exposure settings. The
authors used water displacement method as the
gold standard to assess and compare the CBCT and
actual volume values of 24 premolar teeth. They
found that there was a significant difference between
the physical volume measurements of the extracted
teeth and CBCT measurements (p<0.05). However,
the accuracy of only one segmentation method
(semi-automated with manual intervention) was
evaluated in that study. Besides, using two observers
and two different CBCT machines on segmentation
procedure showed statistically different tendencies
with the CBCT volumetric measurements. In another
study by Wang et al. (4), 27 premolars were scanned
with CBCT before extraction and with micro-CT
after extraction (micro-CT was used as a reference
system for comparison). The authors utilized an
individual segmentation threshold and revealed
comparable results with CBCT and micro-CT. Recently,
the accuracy of tooth segmentation was evaluated
using four different windowing protocols for manual
method by comparing the volumes obtained from
CBCT segmentations. Laser scanning method was
employed as the gold standard and the results
revealed that only one windowing protocol showed
significantly closer volumes to the gold standard
(33). Most of these studies evaluating the accuracy
of different segmentation procedures have used
manual segmentation as the gold standard (5,7,29).
However, to the authors knowledge, there is no
study in the literature that used in vivo CBCT images
to evaluate the accuracy of manual segmentation by
using the physical tooth volume as the gold standard
and to compare three different tooth segmentation
procedures. The present study revealed that even
though manual segmentation method requires
meticulous delineation of the structures which are
to be segmented, it provides significantly different
volumetric values from the actual volume of the
specimen and cannot be considered as the gold
standard. So, in clinical applications of segmentation,
especially prior to surgical operations in complicated
cases, the reliability of the manual segmentation shall
be questioned.

Image segmentation-based volume assessment
is presented as an accurate method that provides
comparative analysis of jaw lesions (17). However,
the results of the present study showed that mean
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radiographic volume measurements for manual,
semi-automatic and automatic segmentation were
significantly lower than the gold standard values.
It’s stated that using a uniform threshold for tooth
segmentation could result in data loss because of
the variable density values of teeth and surrounding
tissues among different individuals (3). Additionally,
the threshold level needed to be adjusted since the
anatomy and density of a tooth is heterogeneous
from the crown to the apex. A tooth crown is easier to
segment due to its mineralized enamel which presents
a distinct contrast with the adjacent air. On the
contrary, there is a less clear difference between the
root tissue and the surrounding alveolar bone. These
anatomical characteristics cause heterogeneity of the
tissue density which results with significantly different
densities from crown to apex on the image, leading
to more complicated segmentation process (12). Our
lower mean radiographic volume measurements for
manual, semi-automatic and automatic segmentation
than the gold standard values may be the outcome
of this above-mentioned data loss due to the uniform
threshold level. Due to these findings, application
of different threshold values to the crown and root
of the tooth rather than using a single and standard
threshold may be suggested for automatic and semi-
automatic segmentation.

The other parameters that could influence the
gualitative and quantitative aspects of segmentation
procedure were the maxillary or mandibular location
of the tooth (3), and the position of the tooth within
the alveolar arch (33). Previous studies revealed
that mandibles show a better CBCT image quality
than maxillae since it has greater contrast between
the dental alveolus and the surrounding cortex (43).
Most of tooth segmentation studies concluded that
segmentation procedure becomes more difficult
when the roots are closer to the cortical bone or
in close contact with adjacent teeth (3,33). In the
present study, the impacted teeth were not at their
original positions within the dental arch and were
located mostly close to the adjacent teeth and cortical
bone. Additionally, all of our cases were the makxillary
impacted teeth, and since maxillae have poorer image
quality, this was probably the most prominent cause of
the challenges in delineation of anatomic structures.
These parameters may be other possible reasons of
lower radiographic volume measurement values as
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compared with the gold standard. Considering the
literature, the cases utilized in the present were the
most complicated and challenging ones for in vivo
segmentation procedure.

Despite  potential indications for dental
segmentation, enrollment of the observers is still
considered as the major pitfall of the technique.
Using more than one observer has resulted with
varying radiographic volume measurements obtained
with CBCT images and gold standard, and statistically
significant difference between the observers was
attributed as the cause of this outcome (3). Both
for manual and semi-automatic segmentation
procedures, human eye is required to delineate the
structures of interest from the adjacent areas (29) and
this may be the origin of subjectivity of the observers.
Additionally, the experience and the knowledge of
the observer regarding the dental anatomy contribute
to the overall performance and consequently, the
accuracy of the segmentation process (33). Another
problem is the time spent during segmentation
procedures. Elongated procedure time especially
during the manual segmentation process may
cause tiredness of the observers, and influence the
reliability of the observer/method (7,44). This was
also observed in the present study, and manual
segmentation required more time than the semi-
automatic and automatic segmentation procedures.

A major limitation of the present pilot study is
the small number of sample size. The integrity of the
tooth material was vital to measure the actual tooth
volume, which was the gold standard. Unfortunately,
it was difficult to remove the impacted maxillary teeth
as intact structures during surgical operations, and
this was the main reason of low sample size. At this
point, in order to help to diminish the time spent and
subjective aspects of the segmentation procedure,
further studies are required with a larger sample size
to investigate the development and performance
of new or hybrid algorithms on semi-automatic
segmentation.

Conclusion

For the first time in the literature, the present
study has evaluated the accuracy of manual, semi-
automatic and automatic segmentation methods
by comparing the radiographic volumetric values

of the teeth obtained on in vivo CBCT images and
the physical teeth volumes. Even though in vivo
conditions complicated the segmentation of the
teeth, we observed that radiographic volume values
that were acquired with manual segmentation were
significantly different than the physical volumes
of the teeth. Our results revealed that automatic
segmentation yielded the poorest values whereas
semi-automatic segmentation was as accurate as
manual segmentation procedure. The automatic
and semi-automatic segmentation methods may be
improved by development and utilization of novel or
hybrid segmentation algorithms for more accurate
results, that is imperative especially for treatment
planning of surgical operations which may possess
significant postoperative complications.
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