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Abstract

Objective Evaluate if automatic segmentation of mandibular three-dimensional (3D) models is reliable and accurate.

Materials and methods Eight dry mandibles with eight silica markers were scanned in the i-CAT Classic device (Imaging
Sciences International). Automatic segmentation was performed using nine standard preset thresholds in the Dolphin software
(Dolphin Imaging & Management Solutions). Three observers individually made twice eight linear measurements on the
mandibular 3D models. Another observer made physical measurements, twice as well, on the dry mandibles. Reliability and
accuracy were evaluated with intraclass correlation coefficients (ICCs), Dahlberg’s formula, Bland-Altman analyses, and chang-
ing bias with regression analyses.

Results Inter-observer and intra-observer ICCs and Dahlberg’s error were >0.75 and < 1.0 mm, respectively, for all measure-
ments. Inter-observer agreement between mandibular 3D models and physical measurements ranged from —0.37 to 0.91 mm.
Conclusions Linear measurements made on mandibular 3D models obtained using standard preset thresholds are reliable and
accurate. However, additional studies are necessary to confirm this hypothesis for clinical applications.

Clinical relevance Since the 3D models are useful for diagnostics and surgical planning, it is necessary to determinate whether the
linear measurements made on 3D models obtained by automatic segmentation are sufficiently reliable and accurate.

Keywords Image diagnosis - Three-dimensional image - Software - Cone-beam computed tomography

Introduction model segmentation, e.g., to distinguish bone and soft tissue

of the mandible and maxilla, is an important step in software

Three-dimensional (3D) modeling from cone-beam computed
tomography (CBCT) has been the imaging modality of choice
in oral and maxillofacial radiology when the conventional
radiological techniques are insufficient to reach the diagnostic
and treatment planning needs in dentistry [1, 2]. For this, 3D
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programs [3-5].

From digital imaging and communications in medicine
(DICOM) CBCT data sets, 3D models can be rendered using
various software programs. Rendering is the process by which
an object is made to appear as it does in the real world. Each
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rendering program has a unique algorithm for the transforma-
tion of CBCT data to vector data, i.e., to construct the surface
of a triangulated mesh covering the selected surface of interest
[2].

On the other hand, segmentation of a 3D model requires the
operator to input a threshold value specifying the structure of
interest [2]. Segmentation can be performed completely man-
ually (with prior knowledge of the grayscale range of interest)
[3-5], automatically (using a standard preset threshold defined
by the software) [2—6], or semi-automatically (with manual
checking and refinement of the threshold before segmenta-
tion) [7]. Manual and semi-automatic segmentation are
operator-dependent and time-consuming tasks [5, 7].

Due to the growing clinical acceptance of the digital
workflow in dentistry, much software with automatic segmen-
tation tools for 3D models is commercially available. Dolphin
software (Dolphin Imaging & Management Solutions,
Patterson Technology, Chatsworth, USA) is a software widely
used to perform diagnostics and planning in orthodontics and
surgery that allows the professional to choose which parame-
ter preset by the software will be used to segment the 3D
model. This software has already been used in other studies
to evaluate craniometric measurements using 3D models.
However, no study has been conducted to evaluate the reli-
ability and accuracy of the different options of 3D models
automatically segmented by the Dolphin software.

Since 3D models are useful for diagnostics and surgical
planning, it is necessary to determinate whether the linear
measurements made on 3D models obtained by automatic
segmentation are sufficiently reliable and accurate.
Therefore, the scope of this reliability and agreement study
was to evaluate if automatic segmentation of 3D models of
dry adult human mandibles with software’s standard preset
thresholds in the Dolphin software is reliable and accurate.

Methodology

This study was reported according to Guidelines for Reporting
Reliability and Agreement Studies [8, 9]. Eight dry adult hu-
man mandibles with preserved bone cortices were selected
from the Department of Anatomy of the University of Sao
Paulo with the approval of the Research Ethics Committee
of the institution (process number: 006). Sample size calcula-
tion had been performed based on the Co-Co measurements
(Dolphin Solid-1) of a previous study of our research group
[6] with an alpha level of 0.5 and beta value of 0.2% to attain
80% test power. Furthermore, 1 mm was determined as being
the clinically acceptable error for linear measurements, and
eight mandibles were necessary.

Eight mandibular points, which were used in a previous
study [6], were selected (Table 1). Silica-based hyperdense
cylindrical markers (2 X 2 mm each) with a density similar to
that of bone cortex and central orifices (0.5 mm diameter)
were glued with ethylene-vinyl acetate polymer [6].

Eight linear measurements (in millimeters) were made on
the mandibles directly and on mandibular 3D models (Table 1
and Fig. 1). The measurements were selected based on a pre-
vious study [6] and represent linear measurements in the three
dimensions (height, width, and depth). A single observer per-
formed the physical measurements (PMs) twice at an interval
of 30 days using a digital caliper (Mitutoyo Sul Americana
Ltda., Suzano, Brazil) with a 0.1-mm-thick edge [6, 10, 11].

After PM, each mandible was positioned with wax on the
acrylic table of an i-CAT Classic instrument (Imaging
Sciences International, Hatfield, USA) [6, 11]. The median
sagittal plane was positioned perpendicular to the ground,
with the occlusal plane parallel to the ground, to reproduce
the position used for patient examination [6, 10, 11]. The
mandibles were scanned using the following parameters:

Table 1 Mandibular points and

linear measurements Name (abbreviation)

Definition

Condylion (Co)
Gonion (Go)

Mental foramen (MF)
Alveolar crest (AC)
Menton (Me)
Measurement

Co-Co

Co-Me

Co-Go

Go-Go

Go-Me

MEF-AC

MF-MF

MEF-Go

Superior-most point on the head of the condylar head (bilateral)

Midpoint on the curvature of the angle of the mandible where the ramus and
the body of the mandible meet (bilateral)

Most lower and posterior point of the mental foramen (bilateral)
Most upper point of the alveolar crest on the right mental foramen
Most inferior midpoint of the chin on the outline of the mandibular symphysis

Distance between left and right condylion

Distance between right condylion and menton

Distance between right condylion and right gonion

Distance between left and right gonion

Distance between right gonion and menton

Distance between right mental foramen and right alveolar crest
Distance between left and right mental foramen

Distance between right mental foramen and right gonion
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Fig. 1 Linear measurements. TD
(translucent default)

0.3-mm voxels, 8-cm field of view, 20 s, 18.45 mAs, and 120
kv [6]. The original CBCT data were stored in DICOM format
and transferred to an independent workstation with a 21.5"
screen and a resolution of 1920 x 1080 pixels (Samsung,
Sao Paulo, Brazil). Mandibular 3D models were rendered at
the workstation using the Dolphin 11.5 software. Automatic
segmentation was performed using nine of the software’s stan-
dard preset thresholds (translucent default (TD), translucent
grayscale (TG), solid default (SD), solid smooth (SS), and
solid-1-5 (S1-S5) (Fig. 2)). Due to the fact that measurements

on mandibular 3D models are distinct sources of error, three
other observers familiarized with the software who did not
know the physical measures performed measurements on all
mandibular 3D models twice at an interval of 30 days [6].
The measurement conditions were close to the clinical rou-
tine of the oral radiologist, as the observer randomly selected a
mandible and predefined standard thresholds and followed an
analysis sequence (Co-Co, Co-Me, Co-Go, Go-Go, Go-Me,
MF-AC, MF-MF, and MF-Go). All the measurements were
directly typed into a pre-validated Excel spreadsheet, used to

Fig. 2 Automatic segmentation of 3D mandible models using standard preset thresholds in the Dolphin software: TD (translucent default), TG
(translucent grayscale), SD (solid default), SM (solid smooth) and S1-S5 (solid 1-5)
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Table 2 (continued)

TG SD SS S1 S2 S3 S4 S5

TD

Variable

Error*

ICC

Error*

ICC

Error*

ICC

Error*

ICC

Error*

ICC

Error*

1CC

Error*

ICC

Error*

1CC

Error*

ICC

(mm) (95%CI) (mm) (95%CI) (mm) (O5%Cl) (mm) (O5%CI) (mm) (O5%CI) (mm) (O95%Cl) (mm) (O5%Cl) (mm) (O5%CI) (mm)

(95%CT)

(0.98-1.0) (1.0-1.0) (0.99-1.0)
0.983

0.998

(0.99-1.0)

(0.98-1.0) (0.99-1.0) (0.99-1.0)

(0.99-1.0)

1

0.15

0.04

0.2

0.12

0.1

0.21

0.1

0.12

0.07

Go-Me

(0.73-1.0)
0.973

(0.93-1.0) (1.0-1.0)
0.999

0.999

(0.99-1.0)

(0.97-0.99)

(0.99-1.0)
0.999

(0.99-1.0)

0.999

(0.99-1.0)

MF-AC 0.997

0.17

0.1

0.13

0.04

0.04

0.17

0.11

0.05

0.26

(0.55-0.99)

(0.95-1.0) (0.99-1.0) (0.95-1.0) (0.74-1.0)
0.999 0.999 0.999

(0.94-1.0)

(0.97-1.0)
0.997

(0.89-1.0)

MF-MF  0.999

0.2

0.15

0.08

0.16

0.09

0.05

0.05

0.12

0.17

(0.95-1.0)
0.999

(0.99-1.0) (0.98-1.0)

0.999

(0.98-1.0)
0.998

(0.88-1.0) (0.99-1.0) (0.94-1.0)

(0.96-1.0)

1

0.09 0.16 0.16 0.12 0.16 0.07 0.21 0.1

0.16

MF-Go

(0.99-1.0) (0.98-1.0) (0.99-1.0)

(0.96-1.0)

(0.99-1.0) (0.87-1.0) (0.99-1.0)

(0.99-1.0)

ICC intraclass correlation coefficient, CI confidence interval

" Dahlberg’s error

perform the standardization of the data for all the outcomes
[12, 13].

The medians of the data were calculated to avoid the influ-
ence by the extremes of the dataset and were used for statisti-
cal analyses [12, 13]. To measure intra-observer and inter-
observer reliability, the intraclass correlation coefficient
(ICC) and Dahlberg’s formula were used [12, 13].

To determine the accuracy, Bland-Altman analyses were
used with limits of agreement (LOA) and 95% confidence
intervals and changing bias with regression analyses [12,
13]. Normality test was performed with Shapiro-Wilk and
histograms. For data interpretation, an error up to 1 mm [14]
was considered to be clinically acceptable for Dahlberg’s error
and systematic bias, and 0.75 for ICCs [12]. All statistical
analyses were performed with Microsoft Excel™ 2010
(Microsoft Corp., Redmond, USA) and IBM SPSS™
Statistics software version 23.0 (IBM Corp., Armonk, USA).

Results

Intra-observer reliability (Table 2) in mandibular 3D
models was greater than 0.75 for 100% of the variables
and standard preset thresholds (0.96 <ICC <1.0).
Dahlberg’s error was less than 1 mm for 100% of the var-
iables and standard preset thresholds and ranged from 0.02
to 0.78 mm. The outcomes measured on mandibular 3D
models with the largest errors were observed for Go-Me
measured in the SS model (observer 2).

Inter-observer reliability (Table 3) in mandibular 3D
models was greater than 0.75 for 100% of the variables and
standard preset thresholds (0.97 <ICC <1.0). Dahlberg’s er-
ror was less than 1 mm for 100% of the variables and standard
preset thresholds and ranged from 0.02 to 0.78 mm. The out-
comes measured on mandibular 3D models with the largest
errors were observed for M-F-MF measured in the TD model
(observers 1 x 3).

The PMs and measurements performed on the mandibular
3D models are compared in Table 4. Systematic bias ranged
from —0.37 mm <A <0.91 mm. Although all measurements
are below 1 mm, there was a tendency to underestimate the
measurement in mandibular 3D models in 70.83% of the var-
iables. Finally, no signs of changing bias were detected.

Discussion

As mentioned before, manual and semi-automatic segmenta-
tion are operator-dependent and time-consuming tasks [5, 7].
Thus, knowledge of the reliability and accuracy of linear mea-
surements made on 3D models obtained by automatic seg-
mentation is very important to determine whether the profes-
sional time saved by using this method is justifiable. The
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Table 3 (continued)

TG SD SS S1 S2 S3 S4 S5

TD

Variable

Error*

Error* ICC

(mm)

Error* ICC

Error* ICC

(mm)

Error* ICC

Error* ICC

(mm)

Error* ICC

Error* ICC
(mm)

Error* ICC

ICC

(mm)

(95%CT)

(mm) (95%CI)

(95%CT)

(mm) (95%CI)

(95%CI)

(mm) (95%CI)

(95%CT)

(mm) (95%CI)

(95%CT)

0.06

0.999

0.14

0.17

0.999

0.09

0.17

0.999

0.14

0.07

0.19

0.999

0.19

0.975

Go-Go

(0.99-1.0) (0.99-1.0)

(0.99-1.0)
0.999

(0.99-1.0)
0.998

(0.99-1.0)

(1.0-1.0)
0.994

(0.99-1.0)

(0.97-1.0)
0.998

(0.88-0.99)

0.999

0.11

0.1

0.16

0.26

0.12

0.48

0.1

0.26

0.15

Go-Me

(1.0-1.0)
0.994

(0.99-1.0)
0.997

(0.99-1.0)
0.997

(0.99-1.0)
0.997

(0.99-1.0)
0.997

(0.97-0.99)

(0.99-1.0)
0.998

0.999

(0.99-1.0)
0.999

(0.97-1.0)

MEF-AC 0.997

0.26

0.16

0.19

0.19

0.19

0.13

0.11

0.12

0.17

(0.97-0.99)

0.999

(0.98-0.98)
0.999

(0.96-0.99)
0.997

(0.72-1.0)
0.999

(0.98-0.99)

0.998

(0.99-1.0)
0.999

(0.99-1.0)
0.999

(0.92-1.0)
0.997

(0.98-0.99)

MF-MF 0.996

0.16

14

0.

0.25

0.15

0.19

0.11

0.18

0.26

0.31

(0.99-1.0)

(0.99-1.0)
0.999

(0.98-0.99)

0.999

(0.99-1.0)
0.999

(0.99-1.0)
0.999

(0.99-1.0) (0.99-1.0)

(0.88-1.0)
0.998

(0.95-0.99)

MF-Go 0.997

0.12

0.18

0.19

0.22

0.23

0.13

0.07

29

0.

0.37

(0.99-1.0) (1.0-1.0) (0.99-1.0) (0.95-1.0) (0.96-1.0) (0.99-1.0) (0.95-1.0) (0.99-1.0)

(0.98-0.99)

ICC intraclass correlation coefficient, CI confidence interval

Dahlberg’s error

P

results of this study are clinically important because the
predictability of errors and the diagnosis, treatment plan,
and realistic prognosis must be established [15]. The
current study revealed excellent reliability and accuracy
of linear measurements made after automatic segmenta-
tion of mandibular 3D models with the Dolphin soft-
ware, comparable to those obtained with manual and
semi-automatic segmentation in previous studies [2, 7,
16, 17].

Our findings of high intra-observer and inter-observer reli-
ability of the mandibular 3D model measurements are similar
to results obtained with manual segmentation using the
Dolphin software (ICC >0.96) [16], CB Works software
(CyberMed, Seoul, Korea; ICC>0.95) [17], and SimPlant
Ortho Pro 2.1 software (Materialize Dental, Leven, Belgium;
ICC>0.97) [2]. For semi-automatic segmentation with the
Matlab software (Mathworks Inc., Natick, Massachusetts
USA), ICCs >0.97 have been reported [7]. Despite the high
accuracy observed, we found significant differences between
PMs and mandibular 3D models measures of Co-Me and Go-
Me, independent of the standard preset threshold used. We
believe these differences were due to the difficulty of marking
the Me point on the mandibular 3D models, as reported by the
three examiners. All these measurements were underestimated
compared with PMs, as also found in a previous study [17].

Systematic bias (absolute error) is one of the most important
clinical parameters in studies of 3D models. In this study, the
largest absolute error was observed for Co-Me measured in the
TG model (0.91 mm). This error is smaller than that reported by
Periago et al. [16] (—3.32 mm) for manual segmentation using the
Dolphin software. The difference may be attributable to the use
of hyperdense markers in our study. Hassan et al. [18] reported
that more time and care are needed to perform measurements
when hyperdense markers are not used. All mandibular 3D
models obtained by automatic segmentation with the Dolphin
software showed errors below 0.91 mm. This result is very im-
portant because as proposed by Damstra et al. [14], <1 mm is a
clinically acceptable error for linear measurements.

The reliability and accuracy of linear measurements are
influenced by factors such as image quality, accuracy of mea-
suring instruments (caliper and software), and anatomical
landmarks, when markers are not used, and even the size
and material from landmarks [19-22]. The scanner used in
this study was the i-CAT CBCT device, which produces im-
ages with good resolution and has been used in other
craniometric studies [6, 16, 23]. Our protocol generated inter-
mediate spatial resolution [24]. This device is considered ac-
curate and presents images with good resolution. The 0.3-mm
voxel protocol chosen was used with an intermediate spatial
resolution size in the i-CAT instrument [14, 21]. Most recent
studies of this nature have involved the use of hyperdense
markers made of stainless steel [19], gutta-percha [25], titani-
um [26] and glass [22], or bone references. In this study, as in
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two previous studies [6, 21], we used beads with a density
similar to that of bone cortex. PMs also showed excellent
reliability in this study, as in other studies [6, 16, 22].
Finally, the Dolphin software was chosen because it was de-
signed to assist with cephalometric tasks and is commonly
used by dentists worldwide [27].

The major advantage of the automatic segmentation pro-
cess used in this study relative to manual or semi-automatic
segmentation is a significant reduction of operator time; man-
ual segmentation requires about 1 h and semi-automatic seg-
mentation requires about 10—15 min [7].

Limitations of this study include the experimental condi-
tion, as accuracy may vary, e.g., in the presence of soft tissue
[2]. The thresholding is easier without soft tissue; dry mandi-
bles do not move during imaging, which makes the image
sharper and easier to segment; and anatomical structures with
cortical bone influence imaging. In addition, this study
assessed only measurements made on the mandible; the
threshold values used for segmentation of the maxilla and
mandible are different [18]. Therefore, additional studies in-
cluding measurement of the maxilla are needed.

Conclusion

Linear measurements made on mandibular 3D models obtain-
ed using standard preset thresholds of the Dolphin software
are reliable and accurate compared with PMs. However, addi-
tional studies are necessary to confirm this hypothesis for
clinical applications.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00784-021-03934-4.
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