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Abstract

Objectives The aim of this study was to evaluate the accu-
racy of virtual three-dimensional (3D) reconstructions of
human dry mandibles, produced from two segmentation
protocols (“outline only” and “all-boundary lines”).
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Materials and methods Twenty virtual three-dimensional
(3D) images were built from computed tomography exam
(CT) of 10 dry mandibles, in which linear measurements
between anatomical landmarks were obtained and compared
to an error probability of 5 %.

Results The results showed no statistically significant differ-
ence among the dry mandibles and the virtual 3D reconstruc-
tions produced from segmentation protocols tested (p=0,24).
Conclusions During the designing of a virtual 3D recon-
struction, both “outline only” and “all-boundary lines” seg-
mentation protocols can be used.

Clinical relevance Virtual processing of CT images is the
most complex stage during the manufacture of the biomodel.
Establishing a better protocol during this phase allows the
construction of a biomodel with characteristics that are closer
to the original anatomical structures. This is essential to ensure
a correct preoperative planning and a suitable treatment.

Keywords X-ray computed tomography - Computer-
assisted image processing - Three-dimensional imaging -
Rapid prototyping

Introduction

Rapid prototyping (RP) is a technology that allows the
construction of a physical model with the same geometric
characteristics as the original model, using CAD/CAM
(computer-aided design/computer-aided manufacturing)
technology [1-5]. There are many applications of both of
these models found in an industry where the prototypes
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often precede the mass production of a particular piece. In
health care, the models are called biomodels, and they assist
in the planning and simulation of different procedures,
thereby making the results more predictable [6—10].

Conversion of two-dimensional images (2D) obtained by
computed tomography (CT) into three-dimensional (3D)
images is performed with specific medical software with
several electronic tools. The evaluation of these processes
is crucial for the construction of biomodels that adequately
reproduce the patient’s anatomy, and therefore can ensure
that the process performed on the biomodels be safely
implemented in their surgical planning and rehabilitation
[11-15]. One of the most important stages is the image
segmentation, which is characterized by the separation of
the structures to be represented in the biomodel. This pro-
cess is done from the definition of a range of grayscale voxel
that expresses only the voxels in the region of interest,
which is called the threshold value [16, 17]. The segmenta-
tion of medical images is a difficult process, mainly due to
overlapping intensities, anatomical complexity, and variabil-
ity in shape and size, in addition to the usual limitations in
the imaging equipment or input data, such as noise pertur-
bations, intensity inhomogeneities, partial volume effect,
and low contrast [18, 19].

Some studies in the literature [20, 21] point out that
determining the range of threshold is empiric and does not
comply with specific standards. The 3D Doctor® software
(Able Corporation, USA) offers three different types of
segmentation: “outline only,” “all-boundary lines,” and
“skeleton boundary.” The outline only option should only
be used to target the profile of the structure of interest. In
this case, no cavities, openings, or islands are visible. The
all-boundary lines option targets all possible limits of the
structure, including regions with holes and islands. The
skeleton boundary option allows only the segmentation of
the skeleton of the region of interest [22]. Consequently, the
determination of the threshold depends on prior knowledge
of the grayscale voxel of the structure in question by the
software operator [21].

This study aims to verify the accuracy of virtual 3D
reconstructions of human dry mandibles, produced with
two segmentation protocols (“outline only” and “all-
boundary lines”).

Materials and methods

This study was approved by Ethics in Research Committee
of the Dentistry School, Federal University of Bahia (CAEE
0019.368.000-08). Ten human dry mandibles were random-
ly selected. Criteria for inclusion were that mandibles
should be intact, regardless of whether or not the teeth were
present, and if teeth were present there were no metallic
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restorations or prosthesis. All dry mandibles were subjected
to helical CT (Elscint-Twin Flash CT, USA). Each mandible
was placed on the table of the tomographic apparatus on a
styrofoam platform and fastened with tape to simulate the
real position of an examination in vivo. There were obtained
axial slices parallel to mandible base with 1.1-mm thickness,
I-mm increment, and pitch of 1.5. The field of view used
was less than 250 mm and without tilting the gantry. The
entire height of the mandible was scanned, with a margin of
1.5 cm above and below the area of interest. The images in
DICOM (Digital Imaging and Communications in
Medicine) format were archived on CD-ROM.

Virtual processing of images

3D Doctor® software was used to make virtual 3D
reconstructions. Segmentation of the images was per-
formed to determine the values of grayscale voxels that
corresponded to the anatomical structures of interest us-
ing the tool “Interactive Segmentation to Generate Object
Boundaries”. By selecting this tool, the program auto-
matically determines the lower and upper grayscale
voxel. In this study, we chose to accept the lower limit
of the grayscale voxel, provided by the software; the
upper limit set by the operator was always the maximum
of the scale (value 4,096 HU) (Fig. 1). The type of
segmentation (“outline only” or “all-boundary lines”)
was chosen from the tool “Select Boundary Type”.

First, the outline only option was selected to target only the
profile of the structure of interest (Fig. 2). The accuracy of this
process was given for each axial image separately.
Subsequently, the virtual 3D reconstructions were generated
by using the “Complex Surface Rendering” method and were
subsequently saved as STL format. Thus, 10 virtual 3D recon-
structions were obtained from “outline only” segmentation
protocol. The entire procedure described above was repeated
with the “all-boundary lines” option selected; this allowed for
the inclusion of all possible limits of the structure, including
those with holes and islands (Fig. 3). Thus, 10 virtual 3D
reconstructions were obtained from “all-boundary lines” seg-
mentation protocol and then archived. A total of 20 3D recon-
structions obtained after virtual processing, previously stored
as STL format, were renamed by an external observer, so that
during the anatomic measurements, the examiner would have
no knowledge of the segmentation protocol used to originate
the virtual 3D reconstruction.

Measurements

Each virtual 3D reconstruction was viewed in the 3D
Doctor® software, and the linear measurements between
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anatomical landmarks, as described in Table 1, were made. Results

The measurements on the virtual 3D reconstructions were
performed using the “measure distance tool” of the soft-
ware. The anatomical measurements were also performed
on the original dry mandibles using a high-precision digital
caliper (Series 727; Starrett® Industria e Comercio Ltda, Itu,
Sao Paulo). All measurements were performed by three
observers, twice each, with a minimum interval of 1 week
between measurements. The 1,440 measurements were not-
ed in specific worksheets in Microsoft Excel® for further
statistical analysis. Lin’s concordance was used to evaluate
the intra- and intercoefficient of correlation. The
Kolmogorov—Smirnov test was used to check for normal
distribution in each group. As the distribution did not follow
the normal curve, we applied the nonparametric Friedman
test with a probability of error of 5 %.

Fig. 2 “Outline only” segmentation. The yellow arrows point to the
red line, traced only on the structure of interest

After applying Lin’s concordance test, the intraobserver
variability of observer 1 was 0.99, 0.98 for observer 2, and
0.98 for observer 3. This indicates an extremely strong
correlation, demonstrating the reproducibility of the method.
Then, the second evaluations by each of the examiners were
compared to establish the interobserver variability. Lin’s
concordance test demonstrated that the correlation coeffi-
cient was 0.97 between observers 1 and 2, 0.98 between
observers 1 and 3, and 0.98 between observers 2 and 3. This
demonstrates once again a very strong agreement, confirm-
ing the calibration of the examiners. We used only the data
measured by observer 1 for statistical analysis. No statistical
difference was observed among the groups (p=0.24). The
data are displayed in Table 2.

Fig. 3 “All-boundary lines” segmentation.The yellow arrows point to
the red line, traced on all possible limits of the structure, including
regions with holes and islands
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Table 1 The anatomic measurements

Anatomic measurement

Definition

Height of mandibular
symphysis

Distance between mental
foramina

Height of the right mental
foramen

Height of the left mental
foramen

Height of the right
mandible

Height of the left
mandible

Distance between the
region of the mandibular
symphysis and the angle
of the mandible on the
right side

Distance between the
region of the mandibular
symphysis and the angle
of the mandible on the
left side

Distance between the topmost
point in the midline of the
alveolar process to the base of
the mandible

Selection of the more anterior
point of the mental foramen

Distance between the point
located in the center right of the
mental foramen to the lowest
point of the mandibular base

Distance between the point
located in the center left of the
mental foramen to the lowest
point of the mandibular base

Distance between the lowest point
of the mandibular notch to the
lowest point of the base of the
mandible on the right side

Distance between the lowest point
of the mandibular notch to the
lowest point of the base of the
mandible on the left side

Selecting the most anterior point
of the mandibular symphysis at a
right angle to the jaw

Selecting the most anterior point
of the mandibular symphysis at a
right angle to the jaw

Discussion

Virtual processing of the acquired images is a decisive step
in biomodeling. This study has evaluated the effect of two
segmentation protocols (“outline only” and “all-boundary
lines”) for rendering virtual of 3D reconstructions, from a
comparison of eight linear measurements made in dry man-
dibles and on their respective virtual 3D reconstructions. It
had used two different tools of the 3D Doctor software,

Table 2 Comparison of the linear measurements of dry mandibles and
3D virtual reconstructions, according the segmentation protocol

Segmentation protocol  Median Difference  p value
of virtual models — (mm)

Virtual ~ Dry

models  mandible

(mm)  (mm)
“Outline only” 37.70 35.40 2.30 0.24
“All-boundary lines” 37.48 35.40 2.08
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although there is also a third tool available (“skeleton
boundary”). These two segmentation tools were selected
because during the construction of 3D virtual models, these
images were more similar to the dry mandibles when com-
pared with those generated by the “skeleton boundary” tool.

The results of this study showed no statistical differences
among the groups (p=0.24), as shown in Table 2. These
results show that although the two segmentation tools have
unique characteristics, the “outline only” protocol, which
checks the lines outside the image, and the “all-boundary
lines” protocol, which shows a selection of internal and exter-
nal lines of the image, can be used during the construction of
virtual models without any change in the outcome. This
indicates that the two segmentation protocols evaluated are
capable of producing biomodels with excellent quality and,
thus, providing safe surgical procedures and adequate func-
tional and esthetic results in patients using this technology.

Segmentation is characterized by a process of separating
the data from a given region that will be used in the recon-
struction of a surface [23—-25]. Several factors may influence
the accuracy of segmentation, such as the irregular distribu-
tion of points, image noise, and insufficient information on
the limits and complexity of the surface shape of the struc-
ture [23]. Several forms of segmentation or determining the
threshold of the image (the intensity of the grayscale voxel
that comprise the biomodel) should be evaluated because
they could affect the dimensions of virtual 3D reconstruc-
tions generated. This step determines the limits of the mod-
el, its shape and characteristics, representing a crucial step in
the processing of virtual 3D reconstructions [21]. In vivo,
segmentation eliminates images of soft tissue, leaving only
bone tissue; it can even delete metallic artifacts produced by
CT when the patient has metal parts, such as prosthesis or
dental restorations [11, 12, 26]. This is particularly impor-
tant in dentistry because the region to be plotted is often
affected by artifacts of this nature. In this study, the dry
mandibles with teeth had no fillings or metal prosthesis,
ensuring that the virtual models did not present artifacts.
This has reduced the manual editing of the slices during 3D
reconstruction.

The image segmentation obtained from a scanner or
magnetic resonance imaging (MRI) is a difficult task be-
cause of the complexity and size of internal structures [27].
Furthermore, the shape of the structure interferes with the
process of segmentation because the depth of the concavity
of a structure directly affects the boundaries of the region.
Thus, having prior knowledge of the regions with concavity,
along with other relevant information, is important in this
process [23]. For determining of the threshold value, the
software displays a scale and the operator can then deter-
mine the range to obtain adequate representation. If the
region of choice is bone tissue, a higher threshold value
can be selected to remove any soft tissue areas [16, 17].
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Determining the threshold value influences on the dimen-
sion of structures of interest is an important part of the process,
for example, when the virtual 3D reconstructions present fine
structures, such as the orbital cavity. If higher threshold values
are selected, these structures will be not included in the bio-
models. In these cases, some authors have suggested selecting
lower threshold values. Thus, when structures with high den-
sity, such as cortical bone, are larger than the size of the voxel,
the surfaces are well-defined and contain easily recognized
transitions [28]. However, for a low-density structure, such as
the trabecular bone, its representation will occupy only a
portion of the voxel and the details will be suppressed by
not exceeding the threshold value [16].

Kragskov et al. [20], when comparing the accuracy of the
techniques with biomodel stereolithography and selective
laser sintering, discovered a variation in the precision of
the measurements between 0.5 and 0.1 mm. One of the
possible causes of these changes is a partial volume effect
of CT and empirical determination of the threshold value.

Although it seems like a simple task, in practice, seg-
mentation is important for the successful implementation of
the process because, if the range of grayscale voxel is
determined inappropriately, there is a thickening or thinning
of the bone structures of interest and a possible change in the
biomodel dimensions. The subjectivity of the process lies in
the fact that the determination of the threshold depends upon
the software operator having prior knowledge of the gray-
scale voxel of the structure in question [21].

Hieu et al. [1] assessed the thickness of the skull from the
determination of different threshold values in the Mimics®
software and observed that at a value of 200 HU, the skull
thickness was 6.64 mm, whereas at the threshold value of
500 HU, a measurement of 5.52 mm was obtained, with a
difference of 1.12 mm in the average thickness. Thus, the
authors concluded that the determination of an optimal
threshold value depends mainly on the purpose of the con-
struction and its manufacture, as well as the surgeon’s clin-
ical requirement. Moreover, to ensure that the virtual model
is correct and accurate, it is necessary to compare it directly
with data from the CT/MRI of the patient.

Some studies in the literature [7, 21, 29, 30] have evalu-
ated the accuracy of different methods of RP of the skulls,
jaws, and other bones, without soft tissue. In this study, the
soft tissues were not simulated because we did not intend to
include another error source. To erase the soft tissues of the
mandible during the processing of the images is necessary to
apply the segmentation tool, but this phase is subjective and
may add differences among the reconstructions [31].

This care was observed in our study, in which the
images were from dry mandibles (containing no soft
tissue); therefore, the segmentation of the images was
facilitated by the absence of potential failures, validating
the choice of the lower limit of the grayscale provided

automatically by the software. In vivo, this phase may be
responsible for any discrepancies, which cannot be
assessed in this study.

In general, determining the range of threshold is empiric
and does not obey specific standards [20, 21]. Therefore, it
is possible to produce errors in the biomodel if the software
is not properly adjusted or if the operator does not have
enough experience or deep knowledge of human anatomy.
The making of virtual 3D reconstructions is complex, espe-
cially during the image segmentation, and additional studies
are required to explore other methods for establishing better
protocols.

Conclusion

In conclusion, according to the results of this study, the
virtual models made using “outline only” or “all-boundary
lines” protocols showed no significant differences in dimen-
sions compared to the original dry mandibles. It should be
emphasized, however, that variables such as the presence of
soft tissues, or metal fillings, or even operator background
were not included in the current study, which should be
investigated in further research. This allows inferring that
biomodels constructed from segmentation protocols evalu-
ated can be reliable and ensure adequate results in surgical
planning and treatment of patients.
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