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Objective. To evaluate the in vivo tooth volume through VRMesh and 3Matic programs and to compare the measurements to the
physical volume. So, the aim of the study was to ensure the reliability and sensitivity of the three-dimensional software (VRMesh
and 3Matic) in measuring tooth volume. Material and Methods. The volume of 26 extracted upper first premolars from orthodontic
patients who had CBCT before orthodontic treatment were measured. Two different commercial programs, which were VRMesh
and 3Matic, were used to calculate the volume of the segmented upper first premolar from CBCT. The in vivo tooth volume was
compared to the physical tooth volume to examine the accuracy of the two software in measuring the tooth volume. Results.
The difference between the mean of the in vivo and in vitro tooth volume measurements was too small, making it clinically
nonsignificant. ANOVA test was used as a statistical tool, and no statistically significant difference was noticed among the
measurements. The values were normally distributed when tested for normality by Kolmogorov-Smirnov and Shapiro-Wilk test.
P value less than or equal to 0.05 (P <0.05) was considered statistically significant. Conclusion. The assessment of the in vivo
tooth volume measurement with different three-dimensional imaging software (VRMesh and 3Matic) programs in comparison
with the tooth physical volume is reliable. The use of a mouse pen during the refining stage of the segmentation may have
increased the accuracy of the procedure. The determined in vivo tooth volumes are dependable and can be applied in
orthodontic diagnosis and treatment planning.

1. Introduction

Evaluation of tooth volume is of great importance in den-
tistry generally and as specific consideration in orthodontic
treatments and biomechanics. In Europe, Cone Beam, Com-
puted Tomography (CBCT) was introduced to dentistry in
1998 [1], while in the USA, it was approved for use in 2001
[2]. Since then, CBCT technology has gone through a drastic
evolution, due to great demands from each specialty for its
accurate, reproducible, and safe three-dimensional images.

In orthodontics, three-dimensional imaging raises the possi-
bility of increasing diagnostic ability, with very practical and
easy application in daily orthodontic procedures [3, 4]. In
orthodontics, generally, CBCT images are used with a small
field of view (FOV) [5, 6] which has approximately high con-
trast image compared with the larger ones [7]. FOV refers to
the size of the scan volume that is necessary to adequately
capture the region of interest [8-10].

Developmental advancements in the use of CBCT tech-
nology and its three-dimensional imaging software have been
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seen in orthodontic practice, which has basically branched
from an increased employment of the tool in this dental
branch clinically. The applications of three-dimensional
imaging are certainly developed with advances in CBCT
technology and expanding software capability. Tooth size can-
not be measured by two-dimensional images such as CBCT,
while the three-dimensional imaging of tooth anatomical
structure can aid in calculating the tooth volume [11].

The practicability of in vivo dental volume measurements
by using CBCT imaging was reported by Liu et al. [12]. Fur-
thermore, CBCT images are anatomically true to size, com-
pared to conventional cephalometric radiographs [13-15].
Designation of a three-dimensional model and the virtual
imaging which illustrates the whole tooth structure and the
surrounding hard tissues with craniofacial structures would
greatly assist the orthodontist to think about different treat-
ment possibilities throughout the steps of diagnosis and
treatment planning of a case. Additionally, by observing the
changes that occur during the treatment, the final results
can be estimated and predicted accurately [16]. The bracket
positioning by indirect technique is another important
indication of the virtual model in the orthodontic branch
[7, 17], especially for lingual appliances [5], producing accu-
rate wire bending, and correct surgical simulation during
orthognathic surgery [6, 18].

Three-dimensional measurements from CBCT's can pro-
duce several visualization modes which are multiplanar
(MPR), volume-rendered (VR), and shaded surface display
(SSD) [19, 20].

Elimination of all structures surrounding an object such
as a tooth in CBCT, called segmentation, is necessary during
volumetric analysis and it can be done by automated, semiau-
tomated, or manual image thresholding. The thresholding
which is applied during segmentation is the process of divid-
ing an image into many smaller images with boundaries
defined by grayscale values [21-23]. Due to the presence of
human bias, the image segmentation process can often be
challenging [24].

According to the amount of radiation absorbed, each
voxel has its own specific grayscale value. If a single voxel
consists of tissues with different densities, the average of the
grayscale of that voxel is taken during three-dimensional
reconstruction. The grayscale values obtained from CBCT
imaging cannot be used quantitatively as a result of voxel
averaging [8, 25, 26].

The volume of the tooth can also be calculated physically
by the water displacement method through subtracting the
initial water volume from the final volume after immersing
the tooth in the water [27, 28].

2. Material and Method

2.1. The Sample. A total of 26 sound teeth (upper first premo-
lars) from 13 Kurdish orthodontic patients who needed bilat-
eral extraction of both the upper first premolars as a part of
the orthodontic treatment plan were evaluated in this study.
All the patients were 18 to 25 years of age, having CBCT
taken before their orthodontic procedure.

BioMed Research International

2.2. Radiographic Imaging. A CBCT image was taken for each
patient as a part of their orthodontic treatment plan with a
CBCT machine (NewTom VGi scanner; QR s.r.l., Verona,
Italy); the exposure was set as 90kV (tube voltage), 3.00 mA
(tube current), 9.0 second exposure time, and a voxel size of
0.150 mm (the voxel is the minimum unit of digital data seg-
mentation in three-dimensional space). The acquired data
from the X-ray machine were exported using a specific type
of file (Digital Imaging and Communication in Medicine
(DICOM)).

2.3. Three-Dimensional Measurement. The volume of each
tooth was calculated using two different software as follows:
at the first occasion, the Digital Imaging and Communication
in Medicine (DICOM) files were imported into an image
processing software for three-dimensional design and model-
ing called Materialise Interactive Medical Image Control
System (MIMICS) program which is usually used to create
a three-dimensional surface model from stacks of two-
dimensional image data (Figure 1).

After the three-dimensional tooth model was completed,
the DICOM file was sent to the 3Matic (3-Matic Analyze-
Mimics Innovation Suite, Materialise, Leuven, Belgium)
program from MIMICS in which the first calculation tooth
volume was done (Figure 2). VRMesh (Virtual Grid, Bellevue
City, WA) was another software being used in the present
study to estimate the tooth volume (Figure 3); this software
was developed by an American company and is used in
many fields including dentistry. The VRMesh program
cannot recognize DICOM files, so the 3Matic software
was used in converting the files into stereolithographic
(Figure 4) or Standard Tessellation Language (STL) as
shown in Figures 5(a) and 5(b).

Tooth segmentation was performed on consecutive two-
dimensional slices by semiautomated segmentation with
manual localized visual refinement on a repeated two-
dimensional basis as it was regarded as a reliable method
for leading to an accurate approach of volume quantitative
analysis in different studies [29, 30]. A visually defined opti-
mal threshold value was set for each tooth in the sagittal (YZ)
plane. The threshold level was set individually with regard to
each patient according to the density values which are called
Hounsfield units (HU), and once it is determined, it would
not be altered during the entire process of the 3D model con-
struction. The tooth anatomy should be obvious and clear
with minimal interference from the surrounding bone and
adjacent structures when the threshold value was set. Manual
refinements were handled slice-by-slice for more accuracy by
correcting the under- and/or overcontoured voxels in the
tooth volume [31].

Initial refinements were done in the YZ plane, and the
second ones were performed in the axial (XY) plane to clarify
the root structure and interproximal dental contact points,
while the third refinements were completed in the XZ
(coronal) plane to preserve tooth anatomy and focus on the
delineation of dental root structure from the buccal and pal-
atal cortical plates (Figure 1). The 3D resultant tooth was
assessed for approximately normal maxillary first premolar
dental anatomy. In all manual outlining and refinement steps
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FIGURE 1: Creation of the three-dimensional tooth model by MIMICS from CBCT.
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F1GURE 2: Evaluating the volume of the segmented tooth by the 3Matic software.
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FIGURE 3: Measuring of the tooth by the VRMesh software.

of the teeth, an external mouse pen was used as a tool con-
nected to the computer for more accurate results. No
smoothing functions were applied to the three-dimensional
tooth structure to prevent the flattening of minor root defect-
s/imperfections or possible resorption lacunae [30].

The segmentation of the images was a sensitive process;
to avoid any misinterpretation, the images were segmented
by two observers after which an interexaminer calibration
was done to avoid any kind of reading bias. Moreover, the
segmentation process was repeated blindly by the researcher
within two-week intervals, and they were color coded in the

same DICOM volumetric data to facilitate differentiation.
After segmentation, the software automatically computed
each tooth’s radiographic volume from the stack of seg-
mented two-dimensional slices, and the three-dimensional
shape of the tooth was prepared. The measurements obtained
from the software were in cubic millimeters (mm?) which are
converted to milliliters (mL) to unify the readings with the
physical volume calculations.

2.4. Measurement of Tooth Physical Volume. In order to mea-
sure the real volume, each studied tooth was extracted, gently
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FIGURE 4: 3Matic software for converting the three-dimensional tooth model from DICOM to STL.

(a)

(b)

FIGURE 5: STL photos of the first premolars: (a) fronto-lateral; (b) frontal view of the tooth.

brushed under running water to remove any adherent from
the tooth surface (Figure 6), and kept in a labeled container
filled with 10% formalin as a fixative solution.

The physical volume (PhV) of the tooth was measured by
the water displacement method [32] in a 5-mL graduated cyl-
inder with gradations of 0.1 mL (Fisher Scientific, Pittsburgh,
Penn). The cylinder was filled with water at room tempera-
ture (23.5°C) to the 4-mL mark. The tooth was cleaned thor-
oughly and dried with an air syringe then immersed
completely in the cylinder, and the new water level was
recorded as shown in Figures 7(a) and 7(b)). The readings
should be taken at the lowest portion of the meniscus.

The volume of the displaced water which determines the
PhV was obtained by subtracting the initial water volume
from the final volume after immersing the tooth in the water
[27, 28]. For reducing the bias, the volume of each tooth was
measured twice and the average of the two readings was
calculated.

2.5. Data Statistical Analysis. The data was analyzed in SPSS
advanced statistics (Statistical Package for Social Sciences),
version 21 (SPSS Inc., Chicago, IL). The data was initially

FI1GURE 6: Cleaning of the extracted tooth by brush under running
water.

examined for normality in distribution wusing the
Kolmogorov-Smirnov test and the Shapiro-Wilk test. The
comparisons between the groups for normally distributed
numeric variables were done by using the ANOVA test. P
<0.05 was considered statistically significant.

A comparison between the software and real volume
measurements of each tooth was started to check the sensitiv-
ity of each program. A correlation within and between
groups was performed on the recorded measurements to
determine the level of reliability of the data. The F value
was obtained for evaluating the statistical significance of the
programs.
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FIGURE 7: Measuring the physical volume of the tooth by water displaced method: (a) before immersing the tooth; (b) tooth inside the

cylinder.

3. Results

CBCT data can be used to generate 3D printed models that
provide accurate lateral cephalograms, visualize growth, help
in estimating the age, and evaluate oral and maxillofacial
structures which cannot be accurately assessed with tradi-
tional 2D radiographs [33-35].

Most of the studies suggested that during the CBCT scan-
ning, increasing the voxel size will increase the volume mea-
surements of the teeth [21, 36, 37]. So, the current study
selected the voxel size of 0.150 mm which is regarded to be
within a small range.

The interexaminer calibration between the two observers
showed a statistically nonsignificant difference as shown in
(Table 1). The overall mean PhV of the tooth specimens
was 0.57592mlL, while the overall mean of VRMesh and
3Matic tooth volumes was 0.57419mL which is equal to
574.19 mm” for the first evaluation.

The mean value of VRMesh and 3Matic volumes was
0.57850 mL for the second time evaluation as in Table 2. As
observed, the first time evaluated mean values of the software
are lower than the PhV volume, while the second time mean
evaluations are greater. But the differences are of no signifi-
cance from a statistical point of view.

The mean of each observation was compared to the PhV
to determine the accuracy of segmentation. There was a
statistically nonsignificant difference between the values
obtained from CBCT volumes, which were evaluated by
the 3Matic and VRMesh software after the segmentation,
and PhV. Also, when the groups of different evaluations
were analyzed by the ANOVA test, they showed statisti-
cally nonsignificant differences (Table 3). These results
support the accuracy of both software in relation to the
real tooth size.

All the values are normally distributed when tested by
both Kolmogorov-Smirnov and Shapiro-Wilk as illustrated
in Table 4. When evaluating the volume of the tooth by the

TaBLE 1: ANOVA test analysis for comparing the mean by the
radiographic volume measurements of two observers.

ANOVA test
Data Sum of af Mean F Sig.
squares square
Between 0.00002 3 0.000  0.00213 0.99986
groups
Within 0.31418 0.00413
groups
Total 0.31421

df: degree of freedom, Sig.: significance.

3Matic and the VRMesh software, it was noticed that they
were almost had the same value, except for some negligible
decimals.

In Figure 8, the normal distribution of physical volume
measurements that were compared to the expected normal
was observed.

Both the CBCT software measurements of the first time
were normally distributed (VRMesh 1, 3Matic 1) when
compared to the expected normal as illustrated in Figures 9
and 10.

Figures 11 and 12 explain the normal distribution of the
second groups of the CBCT software measurements
(VRMesh 2, 3Matic 2) when compared to the expected
normal.

4. Discussion

The introduction of CBCT imaging into the orthodontic
branch has popularized the idea of volumetric analysis for
both anatomic visualization and biomechanical consider-
ations [12]. Advances in the CBCT technology make it feasi-
ble for this imaging process to be the standard of care in
orthodontic practice. However, the realization of its full
potential in everyday diagnosis and treatment planning
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TaBLE 2: Descriptive data of physical volume and radiographic volume (mL).
Descriptive statistics

N Minimum Maximum Mean Std. deviation
Statistic Statistic Statistic Statistic Std. error Statistic
PhV 26 0.474 0.674 0.57592 0.011356 0.057902
VRMeshl 26 0.456 0.668 0.57419 0.012207 0.062245
3Maticl 26 0.456 0.668 0.57419 0.012207 0.062245
VRMesh 2 26 0.462 0.690 0.57850 0.012828 0.065409
3Matic2 26 0.462 0.690 0.57850 0.012828 0.065409

Std.: standard.

TaBLE 3: ANOVA test analysis for comparing the mean by physical
and radiographic volume measurements.

ANOVA test
Data Sum of squares  df Mean F  Sig.
square
Between 0.000 4 0.000  0.031 0.998
groups
Within groups 0.491 125 0.004
Total 0.492 129

df: degree of freedom; Sig.: significance.

TaBLE 4: The normality tests used for the data distribution.

Tests of normality
Kolmogorov-Smirnov®
Statistic ~ df Sig.

Shapiro-Wilk
Statistic ~ df Sig.

PhV 0.150 26 0.136 0.945 26 0.178
VRMesh 1 0.137 26 .2007 0.950 26 0.236
3Matic 1 0.137 26 .2007 0.950 26 0.236
VRMesh 2 0.141 26 0.197 0.955 26 0.298
3Matic 2 0.141 26 0.197 0.955 26 0.298

requires its validation through accuracy and reliability
studies [38].

CBCT imaging has a high degree of measurement accu-
racy in horizontal, vertical, and angular measurements as
well as the panorama and three-dimensional views in the
areas of the dentomacxillofacial region [39].

The volumetric analysis of the tooth requires segmenta-
tion from the surrounding structures [21, 22]. The MIMICS
software has different options for segmentation and has a
slight learning curve [40].

Several previous studies have concentrated on the accu-
racy of the CBCT data in measuring the volume of the teeth
[12, 41, 42]. The acceptance of CBCT as a tool for evaluating
both root lengths and volumes has been focused on in
numerous studies [12, 43-54].

In the current study, semiautomated segmentation was
chosen with the entire tooth three-dimensional volume
examination instead of only the dental roots apical to the
cemento-enamel junction (CE]J) as it is considered to be more
definite [30].

Among the various possible uses of segmentation, calcu-
lating the volume is of great interest in dentistry. In legal
odontology, measuring the volume of a tooth provides access
to estimating the individual age [55].

A number of previous studies also performed the in vivo
tooth evaluation from CBCT by the segmentation of the
tooth from the surrounding structures [12, 19, 56, 57]. The
strength and accuracy of CBCT for dental volume measure-
ments in in vivo has been shown statistically not significantly
different as in vitro measurements in a study done by Li et al.
[54] and even when compared to in vitro micro-CT imaging
methods in its accuracy [43].

Some studies like the current study compared the physi-
cal volume of the tooth to the volume obtained from the
CBCT [12]. The purpose of the current study was to test
the accuracy of the volume measurements derived from
CBCT images by two different software. In this study, the
CBCT scan tooth volume measured by two different software
was compared to physical real volume measurements, and
the selected teeth extracted were the upper first premolars.
To the extent of our knowledge, it was the first time the
VRMesh and 3Matic (from MIMICS) software were used to
evaluate the in vivo volumetric determinations of the teeth
from CBCT.

However, in the current study, several factors signifi-
cantly influenced the accuracy of the CBCT scan model: the
Hounsfield unit threshold settings of segmentation, voxel
size, artifacts, tube current, tube voltage, fields of view, and
the surrounding tissues [12, 41, 58-62].

The interexaminer calibrations by the ANOVA test
revealed statistically nonsignificant differences which
indicates the reliability of the observers in the segmentation
procedure. The result agreed with Liu et al. [12] and Fadili
et al. [29].

In this study, the results showed a nonsignificant
difference between the VRMesh and 3Matic groups and the
physical volume group. These findings mean that both soft-
ware can be dependable in the in vivo measurements if the
segmentation method was done in a qualified way. This
showed a disagreement with Liu et al. [12] who found statis-
tically significant differences between the physical volume of
the extracted tooth and the volume obtained from the CBCT
images after segmentation, and the authors believed that the
quality of CBCT is an important factor for the extraction
accuracy.
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F1GURE 9: Normal distribution of VRMesh 1 volume measurements.

In contrast to the present study, Wang et al. [63] revealed
a statistically significant difference in in vivo bucco-lingual,
mesio-distal, and root length dimensions between the refer-
ence and test models. They suggest that the possible reason
for the difference may be due to the differences in the scan-
ning accuracy of CBCT which was used in the test group
and the Smart Optics system they used in the reference

group.

The nonsignificant difference in this study may be due to
the fact that a more accurate segmentation technique was
applied in the current study through the use of a mouse pen
as a tool for the slice-by-slice refinement, which increased
the control during the outlining of the tooth, while the result
of the present study agreed with Sang et al. [22] as they found
the reconstructed 3D tooth model from CBCT data can obtain
a high linear, volumetric, and geometric accuracy.
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Generally, when voxel sizes are constant, it seems that the
changes of software or CBCT machine have no significant
clinical importance due to the fact that all the types of 3D
software programs are used as a tool to calculate a volume
obtained from the CBCT.

In recent years, several studies have focused on the linear
and volumetric accuracy measurements of CBCT images, but
the results are controversial. In studies done by Maret et al.

[41] and Wang et al. [42], they found that the CBCT volume
measurements of the teeth were similar to those with tomog-
raphy scan parameters. Although Liu et al. [12] even support
the feasibility of in vivo dental volume measurements by
using CBCT [12], they suggested that the CBCT volume
measurements differed slightly from the physical volumes,
by -4% to 7%. In the current study, the deviation of tooth
volumes may be due to the segmentation procedure and/or
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F1GURE 12: Normal distribution of 3Matic 2 volume measurements.

the Hounsfield unit threshold value setting during segrega-
tion. In addition, voxel sizes, tube voltages, and fields of view
from the same CBCT device could also affect tooth volumes.

In the current study, the mean physical volumes obtained
through PhV measurements were larger by 0.00173 mL than
the mean volumetric measurements by CBCT. On the
contrary, in the second round of calculations, the mean
volumetric measurements by CBCT were generally larger
by 0.00258 mL than the mean physical volumes obtained
through PhV measurements. This difference in the mean
suggests that the subjective aspects of segmentation and any
false during the manual slice-by-slice refinement procedure
may affect the volumetric measurements. Because the differ-
ences were so little, they are regarded as clinically nonsignif-
icant. So, in agreement with Liu et al. [12], the in vivo tooth
volume determination from CBCT data is practicable.

A common use of segmented tooth models in orthodon-
tics is to conduct various study model analyses, such as arch
length discrepancy and Bolton analysis. These data suggest
that the differences in segmentation are relatively small and
would not likely influence common study model analysis
for the diagnosis and treatment planning.

There are many factors that could affect the accuracy of
segmentation, such as image quality, which is highly pre-
dominant in segmentation. CBCT imaging quality can be
related to machine settings, patient positioning and manage-
ment, volume reconstruction, and DICOM export. So, if all
these factors are set in a good manner, the results will be
more dependable in the diagnosis and treatment planning,

The results of the current study are in agreement with Li
et al. [54] who revealed a statistically nonsignificant differ-
ence in the accuracy between the in vivo measurements
obtained from the CBCT and in vitro measurements from
laser scanning.

Nimbalkar [40]concluded that the volume of the teeth
depends on the threshold interval and the segmentation
methods, which differed for each software and operator. All
the software packages used different segmentation tools,
and there is no fixed protocol or algorithm for preparing
the DICOM images for the assessment of the volume of teeth,
and there are various methods for volume assessment that
are commercially available.

5. Conclusion

The assessment of in vivo tooth volume measurement with
different three-dimensional imaging software (VRMesh and
3Matic programs) in comparison with the tooth physical vol-
ume is reliable. The use of a mouse pen as a tool during the
refining stage of semiautomated segmentation may have
helped in decreasing the errors and increasing the accuracy
of the procedure. With advancements in the technology
and the CBCT devices, the in vivo volumetric determinations
of the teeth are dependable and can be applied in orthodontic
diagnosis and treatment planning.

Data Availability

All the data supporting the results can be found under
request through the corresponder’s email at any time.
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