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Aim: The purpose of this study was to compare root canal 
volumes (RCVs) obtained by means of cone beam computed 
tomography (CBCT) to those obtained by micro-computed 
tomography (micro-CT) after applying different segmentation 
algorithms. Methods: Eighteen extracted human teeth 
with sound root canals were individually scanned in CBCT 
and micro-CT using specific acquisition parameters. Two 
different images segmentation strategies were applied to both 
acquisition methods (a visual and an automatic threshold). 
From each segmented tooth, the root canal volume was 
obtained. A paired t-test was used to identify differences 
between mean values resulted from the experimental groups 
and the gold standard. In addition, Pearson correlation 
coefficients and the agreement among the experimental 
groups with the gold standard were also calculated. The 
significance level adopted was 5%. Results: No statistical 
differences between the segmentation methods (visual and 
automatic) were observed for micro-CT acquired images. 
However, significant differences for the two segmentation 
methods tested were seen when CBCT acquired images 
were compared with the micro-CT automatic segmentation 
methods used. In general, an overestimation of the values in 
the visual method were observed while an underestimation 
was observed with the automatic segmentation algorithm. 
Conclusion: Cone beam computed tomography images 
acquired with parameters used in the present study resulted in 
low agreement with root canal volumes obtained with a micro-
CT tomography gold standard method of RCV calculation.

Keywords: Root canal therapy. X-ray microtomography. Cone-
beam computed tomography. Imaging, three-dimensional.
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Introduction

Cone-beam computed tomography (CBCT) is an important resource for examination 
of bone and dental structures in the maxillofacial region. The tridimensional nature of 
the obtained images is used in diagnosis, treatment planning and follow up of patients 
treated for diverse oral conditions1,2. In Endodontics, CBCT images enable determina-
tion of root canal morphology and length, as well as the presence of accessory canals, 
particularly in complex cases, in which periapical radiographs fail to reveal with preci-
sion, important anatomic features3,4.

Some cone-beam scanners are equipped with a small field of view (FOV), allow-
ing examination of specific areas of interest and, especially in endodontics, high 
resolution images are obtained with small FOV equipments. This is important 
because it restricts the area of exposure, possibly reducing the radiation dose to 
the patient5,6. Certain factors however, such as voxel size, acquisition parameters, 
and number of acquired images, can directly influence the quality of the produced 
tomographic images7. On the other hand, micro-CT has been recently suggested 
as a possible gold standard for a precise and non-destructive in vitro study of the 
3D anatomy of the root canal system8,9 due to its high resolution, low noise and 
precise three-dimensional reproduction of the internal and external morphology of 
the tooth10,11.

Image segmentation is an important tool in digital image analysis, providing informa-
tion on the volume and dimensions of a specific area of interest. Selection of thresh-
old values in micro-CT acquired images of root canals can be done visually, based 
on the operator’s ability to detect histogram peaks and valleys or automatically, by 
means of computer-based algorithms12. However, it is unclear whether differences 
among segmentation methods are indeed significant in the determination of root 
canal volume by CBCT. Thus, the purpose of the present study was to evaluate the 
accuracy of CBCT examination in calculating the root canal volume after application 
of two segmentation methods (visual and automatic) compared to a gold standard 
micro-CT evaluation.

Materials and Methods

Specimen screening and preparation

This in vitro study protocol has been approved by the Ethics in Research Committee of 
the host institution (registration number 1.884.298). In this work, 18 extracted human 
permanent teeth were used. Single and multiradicular teeth were randomly included, 
provided they presented intact apical root thirds.

All teeth were disinfected by immersion in 2% glutaraldehyde for two hours, after 
which they were kept in distilled water. In order to simulate the condition of the teeth 
being implanted in the alveoli, the roots were entirely covered in utility wax, and the 
teeth were individually placed in a custom-made transparent acrylic positioner. This 
device allowed a standardized placement of the sample to be scanned and simulated 
soft tissues, without interfering in the quality of the obtained images13.
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Image acquisition and data preparation

Eighteen individual specimen acquisitions were obtained for each scanning method. 
For the CBCT images, acquisitions were performed in a Picasso Trio 3D apparatus 
(Vatech, Hwaseong, Republic of Korea), using the following parameters: 85kV, 4.5mA, 
8X8 cm FOV, 0.2 mm isotropic voxel size, and exposure time of 15 seconds.

For the micro-CT procedures, the Skyscan 1173 system was used (Bruker micro-CT, Kontich, 
Belgium) and acquisition parameters were 70kV, 114µA, isotropic voxel size of 14.25µm, 
1.0mm Al filter, exposure time of 250ms and step rotation of 0.5° under 360°. Reconstruc-
tion was performed using the NRecon software (NRecon, version 1.51, Skyscan, Kontich, 
Belgium) using a 50% beam hardening correction scheme, ring artefact correction of 5 and 
input of contrast limits between 0 and 0.1. The reconstruction parameters were specifically 
optimized for the characteristics of the specimens used in the present study.

Both CBCT and micro-CT image stacks were visualized and prepared using the ImageJ/
Fiji open-source software14 (Fig. 1A and B). A volume of interest (VOI) containing the 
root part of the tooth was selected from each image stack. The images were saved 
in optical media and imported in.tiff format into the software interface. Image stacks 
from the CBCT modality were resized to match the dimensions of the micro-CT images.

Root canal segmentation in CBCT and micro-CT images

ImageJ/FIJI software was used to perform segmentation in both image modalities: 
CBCT (n=18) and micro-CT (n=18). Two segmentation methods were used for each 
image modality: a visual (n=36) and an automatic based algorithm (n=36), resulting in 
a total of 72 segmented images.

First, the images were converted into 8-bit grayscale, and for the visual threshold 
method, a simple binary format was attributed (0 for background and 255 for the 
foreground) (Fig. 2A, B, C and D). The visual threshold was applied at the lowest gray 
value representing dentin tissue, as judged by the operator. The automatic segmen-
tation method was based on the application of a minimum algorithm15, incorporated 
into the ImageJ threshold menu, for both tomographic and micro-CT images. For both 
threshold methods, after binary format conversion, an image subtraction method was 
applied, in order to obtain the final root canal volume16.

Figure 1. Image stacks visualized using ImageJ/Fiji software. Cone beam computed tomography (A); 
micro-computed tomography (B).

A B
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The segmented root canals were then individually visualized, and its volume was 
obtained (Fig. 3A and B). The precision of the root canal volume acquired by the CBCT 
images and the degree of agreement between the tested segmentation methods were 
compared to the automatic segmentation method of the micro-CT images, which was 
considered as the gold standard for root canal volume evaluation.

Statistical Analysis

Statistical analysis was performed using the SPSS® software (SPSS Statistics for Win-
dows, Version 13.0. Chicago, USA). The variables were expressed by means, standard 
deviation, medians, interquartile range, minimum and maximum values. Paired t-test 
was used to verify differences between root canal volumes obtained by each tested 
segmentation method and modality with the gold standard (automatic micro-CT 
threshold). Pearson’s correlation coefficients were also obtained, to verify the degree 
of correlation between the tested variables and the gold standard. A correlation is con-
sidered strong whenever the high values of a given variable were related to the high 
values of another variable, but as this does not imply that variables are in agreement17, 
these were also calculated among the groups.

Results
For micro-CT, automatic and visual segmentation methods resulted in similar mean root 
canal volumes (7621.8 and 7741.8 voxels, respectively; t= -1.621; df = 17; p=0.123). For 
CBCT, automatic segmentation resulted in the lowest root canal volume (4144 voxels), 
while the visual method resulted in the largest volume (11572 voxels). Differences between 
the gold standard and CBCT automatic segmentation were positive (t=4.135; df=17; 
p≤0.001), showing that CBCT with automatic segmentation resulted in underestimation of 
root canal volume. Differences between the gold standard and CBCT visual method, were 
negative (t=-3.950; df=17; p ≤0.001), showing that this method overestimated root canal 
volume. Table 1 shows distribution of root canal volumes among the groups.

Figure 2. Image segmentation process before and after a binarization. Non-binarized micro-computed 
tomography image (A); binarized micro-computed tomography image (B); non-binarized Cone beam 
computed tomography image (C); binarized Cone beam computed tomography image (D).

A B C D

Figure 3. Root canal volume after segmentation. Cone beam computed tomography (A); micro-computed 
tomography (B).

A B
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Pearson correlations and agreement between the volumes obtained for the tested 
acquisitions and thresholds compared to the gold standard are described in Figure 4. 
Although correlation coefficients were statistically significant and positive for all com-
parisons (Figure 4 A-C), no agreement has been found between the gold standard and 
CBCT segmentation methods (Figure 4E and F).

Discussion
Optimal knowledge of the internal anatomy of the root canal, in addition to an 
accurate diagnosis and treatment planning, are essential pre-requisites for a suc-
cessful endodontic treatment, since appropriate root canal cleaning and shaping 
procedures rely on this information18. In fact, imaging technology are currently 
being applied to clinical diagnosis of teeth in need of endodontic treatment to gain 
additional information regarding the root canal anatomy, in an attempt to help clin-
ical decisions19. Main drawbacks of tridimensional imaging as CBTC, as applied 
for the precise evaluation of root canal morphology include patient’s overexposure 
to radiation20.

The need to acquire more detailed images of complex root canal structures has 
been combined with technological advances and development of imaging tech-
niques, such as digital radiography, CBCT and micro-CT4,21. In addition, many 
resources for image analysis using specific software have been nowadays applied 
to tomographic images9.

In the present study, the accuracy of root canal segmentation obtained from tomo-
graphic images was compared to those obtained by micro-CT images, using an auto-
matic micro-CT segmentation method as a gold standard. Results showed no sta-
tistical differences when the volumes obtained by the “visual micro-CT” and the gold 
standard were compared. Thus, for micro-CT images, both segmentation methods 
are reliable to calculate root canal volume, corroborating a previous study11. Such find-
ings may be attributed to the high resolution and low noise produced by micro-CT, 

Table 1. descriptive data of root canal volume obtained for the tested groups. Mean, median, minimum and 
maximum root canal volumes (in voxels) for all threshold and acquisition methods are shown.

Threshold Mean (DP) Median [q1 ; q3] Minimum ; Maximum

micro-CT automatic (gold standard) 7621.8 (6585.1)a 5788 [2560 ; 10168] 872 ; 25072

Micro-CT visual 7741.8 (6630.3)a 6196 [2384 ; 9848] 744 ; 25200

CBCT automatic 4144 (3703.3)b 4040 [832 ; 5096] 208 ; 12944

CBCT visual 11572 (7189.4)c 11936 [5680 ; 15488] 1504 ; 26520

Difference  
(micro-CT automatic, micro–CT visual) -120 (314.1) -128 [-216 ; 120] -912 ; 320

Difference  
(micro-CT automatic, CBCT automatic) 3477.8 (3568.1) 2112 [1208 ; 4.680] 120 ; 14872

Difference  
(micro-CT automatic, CBCT visual) -3950.2 (2905.0) -3380 [-5512 ; -1472] -9624 ; 152

* Different lowercase superscript letters indicate statistically significant differences. Paired t-test, p<0.05
† Micro-CT: micro-computed tomography;
‡ CBCT: cone beam computed tomography.
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what makes identification of dentin borders accurate. In fact, it has been shown that 
micro-CT has a unique potential of showing detailed root canal morphological fea-
tures in an accurate manner, without destruction of the tooth, while offering reproduc-
ible data in three-dimension10,12,18.

Figure 4. Correlations and agreement between the root canal volumes for the tested acquisitions and 
thresholds and the gold standard.
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Regarding the segmentation performed on CBCT images, the results showed that, 
when compared to the gold standard, both the “automatic CBCT” and “visual CBCT” 
were statistically different compared to the gold standard, revealing a limitation of the 
accurate determination of root canal volume using this image modality (with acqui-
sition parameters used in this study). Despite the accuracy of CBCT in allowing a 
three-dimensional and detailed view of bone3,22, in this study, it did not allow a precise 
determination of root canal volume. This may be probably explained by the specific 
acquisition parameters and resolution of the CBCT used. It is known that results of 
image segmentation in CBCTs depend on the acquisition configuration, because they 
have a direct influence on the reconstructed image quality20. An increase in milliamper-
age leads to an increase in the signal-noise ratio but also increase the radiation dose. 
An increase in kilovoltage increases the mean photon energy and reduces the gray-
scale resolution. The present study used 85 kV and 4.5 mA as acquisition parameters 
in CBCT, in other words, a low milliamperage, when compared to the gold standard 
(114 µA). In addition, the higher kilovoltage used in CBCT compared to the micro-CT 
acquisition (70kV) may have led to the decrease of the image contrast.

Another study, using high spatial resolution cone beam tomography (76μm) showed 
very strong correlations between root canal areas obtained from selected slices in 
CBCT and histologic sections23 or root canal volume obtained by micro-CT data24. In 
both cases, the automatic segmentation implemented resulted in CBCT data which 
was slightly smaller than the gold standard (underestimation), corroborating results 
of the present study. On the other hand, the whole volume tends to be selected in the 
visual segmentation, rather than being restricted to the root canal area, due to the diffi-
culty in perceiving the different attenuation coefficients of the dentin structure, explain-
ing overestimation of CBCT after visual threshold compared to the gold standard.

In the present study, the correlation among the analyzed variables were high (r=0.99; 
r=0.914 and r=0.922), demonstrating that the grayscale values increased or decreased 
in a correlated manner, regardless of the method. However, there was only agreement 
when the automatic and visual micro-CT methods were compared (Figure 4D), cor-
roborating the other comparisons shown in the present study (Table 1).

Unfortunately, micro-CT analysis is not a viable alternative for clinical practice. Instead, 
CBCT, the most common technique used for this, presents resolution limitations 
depending on the available system. The acquisition parameters used to obtain the 
tomographic images may significantly interfere with the results, especially the spa-
tial resolution. Therefore, the difference between the segmented volumes of the root 
canals obtained in both CBCT methods, when compared to the gold standard, can 
be attributed to the high noise level and the used voxel size in the CBCTs. Although 
the segmentation methods were efficient, they depended directly on the acquisition 
parameters and the fact that the used voxel was rather large may have had a signifi-
cant influence on the results.

The visual and automatic segmentation methods performed on CBCT images overesti-
mated and underestimated, respectively, the volume of the root canals. They were there-
fore considered inconsistent with root canal volumes considered as gold standards. 
However, CBCT is certainly an additional resource for treatments in dentistry, and is 
recognized as an accurate method for analysis of root canals25,26, however, volumetric 
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analysis of the data obtained from CBCT image stacks should be interpreted taking into 
account the acquisition parameters, including spatial resolution, especially for endodon-
tic applications. New studies are needed to improve root canal segmentation methods 
by testing different tomographic scanners with varying acquisition parameters.

In conclusion, volumetric analysis of root canals in single or multiradicular teeth 
obtained with CBCT should not be used as absolute values, since no agreement with 
gold standard values were obtained. Further studies are needed to elucidate opti-
mized acquisition parameters of CBCT scanners to ensure the best endodontic seg-
mentation image processing protocol that can be applied in clinical situations.
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