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Introduction
Dental research has revealed the importance of 3-dimen-

sional (3D) imaging in the clinical field and in research-

ing different materials.1 Micro-computed tomography 

(micro-CT) is a 3D, non-destructive imaging method that 
is considered the gold standard for in vitro applications,2 
since it provides more detailed information than other im-
aging modalities about small structures.3 Micro-CT has of-
ten been used to assess cement volume4,5 and to determine 
obturation porosity.6,7 However, the imaging-based eval-
uation of dental materials still poses a challenge in some 
cases, since the currently available cements can generate 
artifacts, which decrease overall image quality.2 Moreover, 
there is a lack of standardization of image-processing pa-
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ABSTRACT

Purpose: The aim of this study was to evaluate the influence of voxel size and different post-processing algorithms 
on the analysis of dental materials using micro-computed tomography (micro-CT).
Materials and Methods: Root-end cavities were prepared in extracted maxillary premolars, filled with mineral 
trioxide aggregate (MTA), Biodentine, and Intermediate Restorative Material (IRM), and scanned using micro-
CT. The volume and porosity of materials were evaluated and compared using voxel sizes of 5, 10, and 20 μm, as 
well as different software tools (post-processing algorithms). The CTAn or MeVisLab/Materialise 3-matic software 
package was used to perform volume and morphological analyses, and the CTAn or MeVisLab/Amira software was 
used to evaluate porosity. Data were analyzed using 1-way ANOVA and the Tukey test (P<0.05).
Results: Using MeVisLab/Materialise 3-matic, a consistent tendency was observed for volume to increase at larger 
voxel sizes. CTAn showed higher volumes for MTA and IRM at 20 μm. Using CTAn, porosity values decreased 
as voxel size increased, with statistically significant differences for all materials. MeVisLab/Amira showed a 
difference for MTA and IRM at 5 μm, and for Biodentine at 20 μm. Significant differences in volume and porosity 
were observed in all software packages for Biodentine across all voxel sizes.
Conclusion: Some differences in volume and porosity were found according to voxel size, image-processing 
software, and the radiopacity of the material. Consistent protocols are needed for research evaluating dental 
materials. (Imaging Sci Dent 2020; 50: 161-8)

KEY WORDS:   Dental Materials; Image Processing, Computer-Assisted; Imaging, Three-Dimensional; X-ray Microtomography

Copyright ⓒ 2020 by Korean Academy of Oral and Maxillofacial Radiology
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)  

which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Imaging Science in Dentistry·pISSN 2233-7822 eISSN 2233-7830

This work was supported in part by the Coordenação de Aperfeiçoamento de Pessoal 
de Nível Superior, Brasil (CAPES) Finance Code 001, and was fully supported 
by the São Paulo Research Foundation - FAPESP (grant numbers 2016/00321-0, 
2017/22481-1, and 2017/19049-0).
Received November 19, 2019; Revised February 14, 2020; Accepted February 20, 2020
*Correspondence to : Prof. Mário Tanomaru-Filho
Department of Restorative Dentistry, Araraquara Dental School, São Paulo State 
University - UNESP, Rua Humaitá, 1680, CEP 14801-903 Araraquara, SP, Brazil
Tel) 55-16-3301-6390, E-mail) tanomaru@uol.com.br

https://orcid.org/0000-0002-0631-3249
https://orcid.org/0000-0002-3461-0363
https://orcid.org/0000-0002-9992-1138
https://orcid.org/0000-0002-0351-3683
https://orcid.org/0000-0003-0446-2037
https://orcid.org/0000-0003-0096-9092
https://orcid.org/0000-0002-2574-4706


How image-processing parameters can influence the assessment of dental materials using micro-CT

- 162 -

rameters, which can influence the results of research. 
Segmentation of the region of interest influences the ac-

curacy of analyses of micro-CT images.8 Several segmenta-
tion methods are available and may have distinct influences 
on the outcomes.9 Manual segmentation is a time-con-
suming task requiring an experienced operator, with low 
repeatability and reproducibility.10 Conversely, semi-auto-
matic and automatic methods are faster, and new, less op-
erator-dependent mathematical processing algorithms are 
being developed to process large volumes of data.11

Image analysis is a fundamental part of research after 
the image segmentation step.12 Morphometric indices can 
be derived from either a simple voxel-counting method or 
more advanced volume-rendering methods. Various man-
ufacturers provide different software packages that can be 
used to compute these indices.13

The demands placed on image segmentation and analy-
sis become even more stringent when the image quality is 
limited due to low spatial resolution and contrast, or a large 
amount of noise.14 In this challenging situation, improved 
image resolution may assist the computer (algorithm) to 
better define the boundaries of regions and structures.11,15-17 
Although high resolution provides some advantages, such 
as greater precision,18 the drawback is that it requires a 
greater amount of data, a longer scanning time, and more 
intensive analysis,19 resulting in higher costs and longer 
rendering times. 

Imaging processing parameters for evaluating the vol-
ume and porosity of dental materials using micro-CT have 
still not been standardized. Consequently, researchers have 
not been able to assess the differences observed in imaging 

investigations using different spatial resolutions or soft-
ware to perform the analyses. Recommendations for imag-
ing protocols are needed to reduce measurement error and 
scanning time.20 Thus, the aim of this study was to evaluate 
the impact of voxel size and different post-processing algo-
rithms on the precision of measurements of the volume and 
porosity of dental materials.

Materials and Methods
Specimen preparation 
After obtaining approval from the Institutional Ethics  

Committee (Registration number #CAAE: 9779617.5.0000. 
5416), 12 extracted 2-rooted maxillary premolars with-
out any anomalies in the root canal system were selected. 
Root-end resection was performed at 90° from the long 
axis of the root, approximately 3 mm from the apex. After 
apicectomy, 3.0-mm deep cavities were prepared using an 
Ultrawave device (Ultrawave XS, Ultradent, South Jordan, 
UT, USA) with a T1F-R ultrasonic retrotip (CVD-Vale, São 
José dos Campos, SP, Brazil). 

The teeth were divided randomly into 3 groups, and the 
cavities were filled with mineral trioxide aggregate (MTA) 

(Angelus, Londrina, PR, Brazil), Biodentine (Septodont, 
Saint Maur des Fosses, France) or Intermediate Restorative 
Material (IRM) (Dentsply DeTrey, Konstanz, Germany) 
by a single, previously trained and calibrated operator. The 
materials were mixed according to the respective manufac-
turer’s instructions. The samples were kept in an oven at 
37℃ and 95% humidity for 3 times longer than their rec-
ommended setting time. 

Fig. 1. Schematic figure represents tooth preparation and evaluation of the materials. Root-end resection was performed at 90° from the 
long axis of the root, approximately 3 mm from the apex. Thus, 3.0-mm-deep cavities were prepared and filled with the root-end filling ma-
terials. The materials were assessed after micro-computed tomography scanning and image reconstruction. 
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3 mm
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Image acquisition and reconstruction
The specimens were scanned using micro-CT (SkyScan 

1272, Bruker, Kontich, Belgium) with the following ac-
quisition parameters: 5 μm voxel size, 100 kVp, 100 μA, 
0.11 mm copper filter, 4 frame average, and 180º rotation. 
The datasets were reconstructed using NRecon software 

(v1.6.10.4; Bruker, Kontich, Belgium). The correction 
parameters were 40% for smoothing, 25% for beam hard-
ening, and 25% for ring artifacts. All the datasets were ex-
ported using the Digital Imaging and Communications in 
Medicine file format with an isotropic voxel size of 5 μm. 
A schematic illustration of specimen preparation and eval-
uation is presented in Figure 1.

Image segmentation and volume calculation
The filling materials were segmented and their total 

volume was recorded at 5, 10, and 20 μm. Segmentation 
was performed using 2 different protocols. The CTAn 

(V1.15.4.0; Bruker, Kontich, Belgium) protocol uses adap-
tive thresholding, bearing in mind that segmentation can be 
improved by using local threshold values instead of a single 
global threshold value.21 In this method, the examiner seg-
ments the images visually, and records the threshold values 
for each sample.9 The MeVisLab (MeVis Research, Bre-
men, Germany) protocol uses a semi-interactive livewire 
boundary extraction,10 in which the user moves the mouse 
from a manually selected point, and a livewire boundary 
selects and wraps around the object of interest. New points 
are then selected, until the boundary has been delimited 
and the area has been segmented.22 This method creates a 
set of orthogonal contours, and then applies a variational 
interpolation algorithm that reconstructs the surface of the 

object,23,24 providing an interactive segmentation that com-
bines examiner recognition to outperform the ability of the 
computer itself to achieve synergistic delineation.22 

After segmentation using MeVisLab, the reconstructed 
3D surfaces were exported to 3-matic (Materialise; Leuven, 
Belgium) for volume quantification and morphological 
analysis by superimposition of the reconstructed 3D surfac-
es (5, 10, and 20 μm) to obtain a color-coded map showing 
the surface deviation of the segmented objects.

Porosity analysis of the materials
After segmentation by CTAn, the porosity of each mate-

rial was calculated using the same package. In comparison, 
after the material was segmented using MeVisLab, the im-
age was exported to Amira (Amira, FEI Visualization Sci-
ences Group, Merignac, France) to calculate porosity. The 
pores were segmented using top-hat transformation.

Statistical analysis
All data were analyzed with the GraphPad Prism 7.00 

statistical software package (GraphPad Software, La Jolla, 
CA, USA). One-way analysis of variance was used to eval-
uate the statistical significance of differences according to 
voxel size, as well as differences in the volume and porosi-
ty measurements using various software packages at 5, 10, 
and 20 μm. The level of significance was set at P<0.05.

Results
Volume of the materials 
Table 1 presents the volume measurements. MTA and 

IRM showed significantly higher volume results only when 

Table 1. Volume and porosity values using different voxel sizes and software packages to analyze the dental materials

Volume (mm3) Porosity (%)

MeVisLab/Materialise 3-matic CTAn MeVisLab/Amira CTAn

MTA 5 μm 1.24±0.19* 1.23±0.19 10.12±2.57* 9.11±1.26*
10 μm 1.28±0.20* 1.24±0.19 8.17±1.92 8.53±1.41*
20 μm 1.39±0.21* 1.25±0.19*† 7.78±1.75 6.93±1.71*

Biodentine 5 μm 1.24±0.11* 1.13±0.11*† 6.24±1.00 4.95±1.22*†

10 μm 1.30±0.09* 1.14±0.11*† 6.15±1.10 4.40±1.17*†

20 μm 1.38±0.12* 1.15±0.11*† 5.17±0.95* 3.19±1.02*†

IRM 5 μm 1.18±0.23* 1.18±0.12 8.13±1.25* 7.77±1.29*
10 μm 1.23±0.23* 1.20±0.17 6.81±1.75 7.37±1.31*
20 μm 1.37±0.23* 1.22±0.17*† 5.34±1.00 6.40±1.31*

*: P<0.05 among the voxel sizes, †: P<0.05 between the software packages
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analyzed at 20 μm by CTAn, whereas Biodentine had dif-
ferent results at all voxel sizes (P<0.05). The same results 
were observed in the comparison between software pack-
ages; that is, the images for MTA and IRM were only sig-
nificantly different at 20 μm, whereas the values obtained 
for Biodentine were different at all voxel sizes for each 
software program (P<0.05). The increase in volume with 
increasing voxel size was statistically significant for all 3 
cements when MeVisLab/Materialise 3-matic was used 

(P<0.05) (Table 1). Figure 2 shows the 3D models of each 
material at 5, 10, and 20 μm, before and after superimpo-
sition using a color map that shows the increase in volume 

(mm) when the voxel size was increased. 

Porosity of the materials
The results for porosity, considering all voxel sizes and 

software packages, are presented in Table 1. Unlike vol-

ume, the porosity of the materials decreased as voxel size 
increased (Table 1). Figure 3 shows 3D models represent-
ing the porosity of each material observed at 5, 10, and 20 

μm, with a color map that shows the thickness (mm) of the 
pores. According to CTAn, the porosity of MTA, IRM, and 
Biodentine showed significant differences according to 
voxel size (P<0.05). According to the MeVisLab/Amira 
software, the porosity values for MTA and IRM were sig-
nificantly different at 5 μm (P<0.05), whereas the values at 
10 and 20 μm were similar (P>0.05). Biodentine showed 
different results at 20 μm (P<0.05). 

The values obtained for MTA and IRM using CTAn and 
MeVisLab/Amira were similar (P>0.05). In contrast, Bio-
dentine showed significant differences according to the im-
age analysis program used, independently of the voxel size 

(P<0.05). 

Fig. 2. Three-dimensional models of MTA, Biodentine, and IRM at 5 μm (the small cube represents the smaller voxel size; white), 10 μm (the 
medium cube represents the medium voxel size; gray), 20 μm (the large cube represents the larger voxel size; black), and after superim-
position between 5 and 10 μm and between 5 and 20 μm voxels. The color map shows the increase in volume (mm) after superimposition. 
MTA, mineral trioxide aggregate; IRM, Intermediate Restorative Material.
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Discussion
The evaluation of the volumetric and morphological sta-

bility and porosity of dental materials may play an import-
ant role in determining the most appropriate material for 
each treatment, thereby contributing to improvements in 
the clinical success rate over time. Many physicochemical 
properties of dental materials are poorly investigated, and 
the data published in the literature are controversial.25 

In recent years, many innovative advances have oc-
curred in high-resolution imaging modalities and in image 
post-processing procedures.26 High-resolution micro-CT 
imaging has been widely applied to evaluate dental materi-
als using different approaches for image acquisition, image 
assessment, and outcome reporting. However, this has led 
to a lack of consistency that makes it difficult to interpret 
results and to compare findings across different studies.13 
The current study shows that voxel size and post-process-
ing algorithms influenced measurements of the volume and 
porosity of dental materials using micro-CT images.

Regarding the impact of voxel size on volumetric anal-
yses of materials, increasing the voxel size from 5 to 10 

μm resulted in increased volume, with an error of approx-
imately 1% and 4% using CTAn and MeVisLab/Materi-
alise 3-matic software, respectively. At 20 μm, the error 
increased to 2% using CTAn, and to 13% using MeVisLab/
Materialise 3-matic. Moreover, when Biodentine was used 
- as a material with low radiopacity27 - the differences ac-
cording to voxel size and software package became more 
evident. 

These findings can be attributed to the partial volume ef-
fect that occurs when neighboring voxels include multiple 
materials. During image acquisition, anatomical structures 
are distinguished by their radiographic density. Therefore, 
voxels at the external surface of the sample may contain 
the densities of 2 materials.28-30 Although parameters for 
image correction (smoothing, correction of beam harden-
ing, and correction of ring artifacts) can be applied during 
the reconstruction of the images, the application of artifact 
reduction tools to micro-CT images might not have any 

Fig. 3. Three-dimensional models represent the porosity of the MTA, Biodentine, and IRM cements at 5 μm (the small cube represents the 
smaller voxel size), 10 μm (the medium cube represents the medium voxel size), and 20 μm (the large cube represents the larger voxel size). 
The color map shows the thickness (mm) of the pores. 
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significant influence on objective image analyses.31 Hence, 
lower spatial resolution associated with low contrast be-
tween structures32 may induce this kind of error, resulting 
in overestimation of some parameters, including thickness 
and volume.33 

Conversely, porosity decreased as voxel size increased. 
A decrease of approximately 7% in porosity in response to 
increasing the voxel size from 5 to 10 μm was observed us-
ing CTAn, and the corresponding decrease was 12% using 
MeVisLab/Amira. When images with 20-μm voxels were 
evaluated, reductions in porosity of up to 26% and 24% 
were observed using CTAn and MeVisLab/Amira, respec-
tively. This variation occurred because resolutions exceed-
ing the dimensions of micropores, or very thin structures, 
preclude the visualization of small features.3,34 

The fact that high porosity may be associated with a de-
crease in the flexural strength of dental materials6 makes 
the evaluation of this property clinically valuable. Accord-
ingly, using a high resolution can help researchers better 
distinguish small pores and voids inside cements.35 In ac-
cordance with our results, other studies have demonstrated 
that cortical bone porosity measurements depend on voxel 
size16 and have suggested a voxel size of 11.2 μm as a cut-
off value for the evaluation of root canal filling voids.36 

The differences observed in the current study highlight 
the influence of the post-processing algorithms on the anal-
ysis of dental materials by micro-CT.37 Thresholding can be 
performed by simple global methods or by adaptive meth-
ods using CTAn software.9 Our study used the adaptive 
method because it applies local threshold values instead of 
a single global method. As a result, segmentation could be 
improved by determining the optimal threshold value of 
each voxel within its neighborhood.21 Segmentation using 
MeVisLab was performed by applying interactive livewire 
boundary extraction to select the region of interest from the 
surrounding area.24 This is an interactive tool that provides 
efficient, accurate, and reproducible boundary extraction.10 

Image analysis is the next most critical step after seg-
mentation. Different algorithms have been developed to 
compute several indices.13 When performing a 3D mor-
phometric analysis using CTAn, the marching cubes algo-
rithm is used to calculate values for surfaces and volumes, 
ensuring more accurate measurements than simple pixel 
counting techniques. This algorithm is a traditional method 
preferred for its simplicity and efficiency.38 Volume analy-
sis using Materialise 3-matic was performed by importing 
an STL file after segmentation of the dental materials using 
MeVisLab. Since STL files are surface representations, a 
tetrahedral volume was generated from the triangle sur-

face mesh to perform the analysis in 3-matic. This method 
allows the user to determine what parameters and settings 
are most important, depending on the application and the 
user’s preferences. The resulting algorithm produces an ef-
fective assessment.39 

The segmented images acquired with MeVisLab were 
also used to perform porosity analysis by Amira. The black 
top-hat transform algorithm was applied in this software to 
perform pore segmentation. Total porosity was then calcu-
lated as a percentage of the overall volume. Black top-hat 
transformation is an image-processing technique for ex-
tracting dark features on a variable background that offers 
more accurate volume estimations.40 

The smallest possible voxel size should preferably be 
used for scans of small structures in order to maximize the 
accuracy of the measurements.18,21,41,42 However, high-
er-resolution scans require longer acquisition times, be-
cause they must collect more projections and generate large 
datasets. Therefore, the tradeoff between voxel size and 
scan time should be carefully considered.13 It is import-
ant to emphasize that the variations in the values obtained 
using different software packages were more meaningful 
when larger voxels were used. Nevertheless, although our 
results show that smaller voxel sizes are advantageous, the 
use of larger voxels should not be discouraged when appro-
priate.

In conclusion, a micro-CT analysis of the volume and 
porosity of dental materials showed distinct outcomes 
based on voxel size, the post-processing algorithm, and 
the radiopacity of the material. The similarities among the 
software-based outcomes and the reliability of the results 
increased with smaller voxel sizes and more radiopaque 
materials. Therefore, consistent protocols are critical for 
making inter-study comparisons of micro-CT results, and 
analyses using standardized protocols should be performed 
to ensure the selection of the best-indicated dental material 
for a given purpose.
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