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Abstract: The objective was to validate a semi-automated segmen-
tation method for 3-dimensional (3D) reconstruction of the mandib-
ular condyle from cone beam computed tomography (CBCT) data
and illustrate its application in volumetric analysis of the condyle.

Ten CBCT datasets were used to validate the proposed semi-
automatic method for 3D rendering of mandibular condyles. First, a
standardized orientation protocol of the skull was applied. After
defining the volume of interest, a grey-scale cut-off value was
selected to allow an automatic reconstruction of the condyle’s
surface. Subsequently, condylar contour was optimized manually.
The whole process was repeated twice by 2 independent investiga-
tors. Volumetric measurements of the condyle were used as a measure
of conformity between both investigators. The reproducibility of
condylar volume reconstruction was excellent for intra-examiner
measurements (CV¼ 3.65%, intraclass correlation coefficient¼
0.97) and good for inter-examiner measurements (CV¼ 7.15%,
ICC¼ 0.89). The overall mean time required for the segmentation
process was 6.31þ 2.78 minutes. The proposed protocol provides an
accurate and reproducible tool for 3D reconstruction of the mandibu-
lar condyle using CBCT data. Its implementation will enable ade-
quate follow-up of morphological changes in bone tissue with a
Hounsfield unit-based imaging segmentation method.
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(J Craniofac Surg 2019;30: 2555–2559)
ositional and morphological changes of the mandibular con-
P dyles are frequently reported after orthognathic surgery proce-
dures.1–7 At any rate, when positional changes do occur, their
clinical significance is poorly understood. In this regard, several
studies have demonstrated that the temporomandibular joints (TMJ)
can adapt to small positional changes by undergoing physiological
remodeling without secondary TMJ damage.1,8,9 However, other
investigations have evidenced that positional changes of the con-
dyle can promote postoperative occlusal instability and relapse,10,11

temporomandibular disorders (TMD),6,12 and progressive condylar
resorption (PCR).13–18

In particular, the commonly reported association between PCR
and late postoperative relapse16,18–21 calls for the definition of an
effective protocol to evaluate condylar morphology after ortho-
gnathic surgery.

Cone-beam computed tomography (CBCT) has become the
imaging modality of choice for diagnosis and treatment planning
in orthognathic surgery and orthodontics.22–24 It is an excellent low
radiation dose alternative to conventional CT imaging,25 with
several other advantages. In particular, the possibility to build 3-
dimensional (3D) virtual models with registration and to perform
3D superimposition has led to a definitive change in treatment
planning and long-term evaluation in orthognathic surgery.26 CBCT
is also becoming the imaging modality of choice for the osseous
components of the TMJ.27 It has been shown that CBCT provides
greater diagnostic accuracy than panoramic radiography and spiral
tomography in the detection of condylar cortical erosion and
osteophytes.28,29,30

The prospect of using the same CBCT-based protocol to plan
orthognathic surgery treatment and to study subsequent changes in
condylar morphology over time would provide the invaluable advan-
tage of reducing the number of imaging tests needed in each patient.

Despite the superior reliability of CBCT for the study of
condylar morphology, some drawbacks persist. Segmentation
and 3D rendering of the condyles are inherently difficult due to
the low bone density of this region in comparison to the rest of the
mandible and its close relation to the articular disc.31 In this context,
several protocols have been proposed to establish a reproducible
method for 3D rendering of the condylar surface.32–35 Nevertheless,
most of these proposed protocols are based on manual outlining of
the condylar contour in 2-dimensional (2D) cross-sections of the
CBCT scan, a highly observer-dependent procedure. In fact,
research has shown that the condyle and lingual aspect of the
mandible are the most susceptible areas to observer experience.31

Moreover, this technique usually requires the use of additional
software for data processing and is very time-consuming.

Recently, a semi-automated protocol for condyle rendering has
been proposed to overcome the aforementioned limitations.35 This
protocol is based on 3D region-growing and local thresholding
algorithms that require that the observer indicates a seed point every
5 slides. Thus, although both the process of manual outlining and
processing time are substantially reduced, the observer’s judgment
still plays an important role.
on of this article is prohibited.
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FIGURE 1. Head orientation. A. Frankfurt horizontal plane for pitch orientation.
B. Roll axis was orientated by the frontozygomatic sutures bilaterally. C. Yaw
orientation was defined by the crista galli and center of the magnum foramen.

FIGURE 2. Case 2, CBCT. A. Axial view of condyles. B. Axial view of condyles
with Hounsfield scale. C. Coronal view of condyles. D. Coronal view of
condyles with Hounsfield scale. E. Sagittal view of condyles. F. Sagittal view
of condyles with Hounsfield scale. CBCT, cone beam computed tomography.

FIGURE 3. Semi-automated protocol for condyle segmentation and specific
Hounsfield unit scale. A. Condyle without automated segmentation by
Hounsfield units. B. Condyle with automated segmentation by Hounsfield units.
C. Manual segmentation of the condyle for refinement. D. Segmented condyle
with confirmation of Hounsfield units.
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The purpose of the present study is to validate a fast, semi-
automated approach to 3D rendering of the condyles using 1 single
software. This protocol is applicable to the analysis of condylar
morphology changes over time as well as to orthognathic surgery
planning.

METHODS
The Declaration of Helsinki guidelines were followed in all study
phases. Approval from the Ethics Committee of the Universitat
Internacional de Catalunya (Barcelona, Spain) and Teknon Medical
Center (Barcelona, Spain) was obtained (reference number CIR-
ECL-2012-03).

The preoperative CBCT datasets of 10 adult Caucasian patients
were randomly selected from the database of the Institute of
Maxillofacial Surgery (Teknon Medical Center, Barcelona, Spain).
Scans were obtained with an iCAT-Q Vision device, version 1.8.0.5
(Imaging Sciences International, Hatfield, PA). The institution’s
standard scanning conditions for orthognathic surgery patients were
ensured: patient breathing quietly, sitting upright, with the clinical
Frankfurt horizontal (FH) plane parallel to the floor, and the
condyles in centric relation with the help of a wax wafer.36

Preliminary data were saved in DICOM format. Image viewing
and processing were carried out in a workstation (Intel Pentium 4
processor, 3.80 GHz, 120 GB hard drive, 2 GB RAM, operating
system Microsoft Windows XP Professional SP5, minimum screen
size 20 inches) running ICAT-Q Vision Imaging Sciences 1.8.0.5
and Dolphin Imaging 3D version 11.8 software (Dolphin Imaging &
Management Solutions, Chatsworth, CA).

Image Processing
Head Orientation

In order to systematize the position of the 3D virtual model of
each patient, a standardized orientation protocol was applied to the
pitch, roll, and yaw axes.

The pitch axis was oriented taking the FH plane as a reference,
defined bilaterally by the right and left 3D porion and right and left
orbitale landmarks, as described by Cevidanes et al.37 The midsag-
ittal plane (yaw) was defined by the crista galli and center of the
magnum foramen. Finally, the roll axis was defined by the fronto-
zygomatic sutures bilaterally (Fig. 1).

Semiautomatic Segmentation
Using the previously oriented 3D virtual models, 2 independent

observers segmented a total of 20 condyles in Dolphin Imaging 3D
version 11.8 software. Observer 1 (OLH) had no experience with
segmentation of condyles based on CBCT data, while observer 2
(IMM) had extensive experience on manual outlining-based seg-
mentation of condyles. The overall segmentation process was
repeated twice by each, with a 4-week interval between sessions.

Step 1: Determination of the Volume of Interest
In order to isolate the region of the mandibular condyle, the C-

point was identified as the most caudal point of the sigmoid notch
bilaterally, as described by Xi et al.34
Copyright © 2019 Mutaz B. Habal, MD. Unautho
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A built-in software tool (head plane parallel to the FP that passes
through the C-point) was used to isolate the volume of interest.

Step 2: Semiautomatic Segmentation
A grey-scale cut-off value was selected to allow an automatic

reconstruction of the condyle. The software assigns a Hounsfield
value for that gray scale (80-11717 HU) so that scale was set in the
software in order to standardize 3D rendering of the condyles for
volumetric evaluation (Fig. 2). This tool creates a color map based
on the available range of the software, which allows the operator to
distinguish the boundaries of the surface outline of the condyle. The
observer reduced the window until no green color could be observed
(in other words, until all the area corresponded to>80 HU). Finally,
the reconstruction was edited using the ‘‘sculpting’’ tool to elimi-
nate any data outside the area of interest (Fig. 3). Subsequently, the
volume of the resulting reconstruction and the mean HU were
obtained. After applying the HU range to segment the condyle, the
total volume of the skull was also obtained to test the method.
rized reproduction of this article is prohibited.
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Statistical Analysis
Condylar volumes and mean HU for each segmented condyle

were calculated within the 2 groups (Investigator 1. and Investigator
2). Statistical analysis was carried out in IBM SPSS Statistics for
Windows (IBM Corp; Armonk, NY). The level of significance was
set at 5% (a¼ 0.05).

For a paired-samples t test, considering a medium effect size (0.5)
for detection, the achieved power was 0.56 for a confidence level of
95%. The intraclass correlation coefficient (ICC) was calculated
using the volumetric measurements as a measure of conformity
between both observers. An ICC<0.51 was considered as poor,
0.51 to 0.70 as moderate, 0.71 to 0.90 as good and>0.90 as excellent.

RESULTS
The study group consisted of 10 patients (5 males and 5 females). A
total of 20 condyles were segmented in each group. Variances and
ICCs of volumetric measurement error were calculated. The mean
duration of the segmentation process for observer 1 was
6.78� 3.42 minutes at T1 and 6.29� 2.69 minutes at T2. The mean
time for the observer 2 was 6.29� 2.69 minutes at T1 and
5.88� 2.33 minutes at T2.

The mean overall condylar volume was found to be 1481.95
mm3 by observer 1 and 1889.38 mm3 by observer 2. The mean
overall HU level of the condyle was 341.79 for observer 1 and
329.88 for observer 2.

Reproducibility of condylar volume measurements was excel-
lent for intra-examiner parameters (CV¼ 3.65%, ICC¼ 0.97) and
good for inter-examiner parameters (CV¼ 7.15%, ICC¼ 0.89).
Reproducibility of the mean HU was excellent for both intra-
examiner (CV¼ 2.54%, ICC¼ 0.99) and inter-examiner parame-
ters (CV¼ 4.98%; ICC¼ 0.96) (Supplemental Digital Content,
Table 1, http://links.lww.com/SCS/A780).

The CV and ICC were 0 and 1 respectively for the cranial
volume in the intra-observer measurements.

Dahlberg’s error (D) and CV were recalculated for low-density
(<320 HU) and high-density (>320 HU) condyles. Working with
low-density condyles did not seem to increase the error between
examiners with this segmentation method (Supplemental Digital
Content, Table 2, http://links.lww.com/SCS/A780).

A direct, moderate magnitude relationship between cranial
density and condylar density was observed (r¼ 0.552, P¼ 0.098).

DISCUSSION
CBCT has proven its reliability in the assessment of condylar
lesions, with greater reliability and accuracy than panoramic radi-
ography and multislice CT.27–30 Three-dimensional models from
CBCT data provide additional diagnostic information on morphol-
ogy and exact location of the bony lesion in the condyle.

In this context, several authors have described its application in
the study of an extensive variety of TMDs, such as osteoarthri-
tis,32,33 trauma,27 erosions,29 osteophytes,28 and developmental
abnormalities.27,38 In the field of orthognathic surgery, superimpo-
sition of 3D reconstructions from CBCT data allows not only the
evaluation of changes in condylar morphology39,40 and volume but
also of potential positional changes of the condyle during the
postoperative period.4,41,9,42 This eliminates the need to perform
linear measurements in 2D slices from CT scans, which have the
inherent drawback of landmark identification in a non-fixed struc-
ture such as the condyle.

This 3D analysis of the condylar morphology and surface offers
the clinician the possibility of detecting early signs of progressive
condylar resorption and anticipating the possible consequences of
late relapse. In this sense, Xi et al18 showed that, in 3D analyses,
patients with a reduction of condylar volume greater than 17%
Copyright © 2019 Mutaz B. Habal, MD. Unautho
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developed significant relapse in the horizontal and vertical direc-
tion. Although these data are based on a small sample, they pave the
way for a new line of research that would allow establishment of
thresholds to distinguish condylar remodeling from condylar
resorption during postoperative follow-up.

The preoperative analysis of condylar morphology through 3D
reconstructions also gives clinicians the opportunity to identify
possible risk factors or developmental deformities, such as condylar
hyperplasia, at the start of treatment.38 Some conditions, such as
small preoperative condylar volume,18 osteoarthrosis, and posterior
inclination of the condylar neck, have been associated with a higher
risk of PCR.21 Moreover, it has been shown that patients with a class
II skeletal structure have a significantly smaller preoperative con-
dylar volume than class I and class III patients.43 Given current
knowledge of these prognostic factors, long-term morphological
changes should be included in the usual assessment protocol.

Considering that several studies have reported condylar remo-
deling and resorption after orthognathic surgery,15,21,44,45 the estab-
lishment of a rapid, user-friendly protocol for the evaluation of
condylar morphology is crucial.

Different segmentation protocols have been proposed to obtain
adequate 3D reconstructions of the condylar surface.32–35 However,
some of the proposed methods are based on manual outlining of the
condylar contour in 2D cross-sections, which is highly observer-
dependent and time-consuming.33,46 In fact, the condyle has been
referred to as one of the more difficult areas to segment, due to its
low density in comparison to the rest of the mandible and the
difficulty of isolating it from the articular disc.31

These early methods, besides the aforementioned drawbacks,
required the use of several software products, which further hinders
or even prevents the generalized use by all clinicians without the
help of a specialized technician. In the present validation study,
results obtained by an experienced observer in manual outlining
segmentation were compared to those of an inexperienced observer.
Good inter-examiner reproducibility was observed (CV¼ 7.15%,
ICC¼ 0.89), illustrating the fact that this method can be applied
easily by clinicians without the need for a specialized technician.

As mentioned, the significantly lower bone density of the
condyle in comparison to the rest of the mandible is one of the
main reasons for the difficulty of its segmentation.31 In this sense,
Schlueter et al47 performed a validation study with 50 dry human
condyles to determine the ideal window for 3D reconstruction of the
condyle by CBCT. They found that morphological evaluation of the
condyle using CBCT-based 3D reconstructions was most accurate
when performed at density levels below those recommended for
osseous examination. Based on these findings, we set our HU range
in the software below osseous levels. Later, the refinement process
was performed, obtaining an excellent intra-examiner (CV¼
3.65%, ICC¼ 0.97) and good inter-examiner (CV¼ 7.15%,
ICC¼ 0.89) reproducibility for condylar volume examination.

Additionally, we observed that, by applying this HU-based
segmentation method, the higher susceptibility to segmentation
error due to low condylar density could be eliminated. When
analyzing the error between examiners for low- and high-density
condyles, there was no greater tendency to error when working with
low-density bone.

Based on the discussed limitations and the importance of
establishing a user-friendly, rapid method accessible to all clin-
icians involved in condylar morphology analysis, some researchers
have made important efforts towards developing efficient techni-
ques. The protocol proposed by Xi et al,35 based on 3D region-
growing and local thresholding algorithms, reduced time and
operator dependence significantly, thereby increasing the method’s
efficiency. However, their method implies the selection of 1 seed
point every 5 slides, such that the observer’s judgment still plays a
rized reproduction of this article is prohibited.

2557

http://links.lww.com/SCS/A780
http://links.lww.com/SCS/A780


Méndez-Manjón et al The Journal of Craniofacial Surgery � Volume 30, Number 8, November/December 2019
fundamental role. Our proposed protocol gives clinicians the
opportunity to monitor condylar morphology of orthognathic sur-
gical patients over time in the same software environment used for
planning. This makes the suggested method more convenient and
effective for the clinician, reducing costs, time, and obviating the
need for a dedicated technician.

As noted, excellent intra-examiner and good inter-examiner
reproducibility were obtained for condylar volume measurements
with an average image processing time of less than 6 minutes—less
than half the time required by the fastest segmentation protocol
published to date.35

In our study, the total volume of the skull after applying the HU
range for the condyle was used to test the method. The CV and ICC
were 0 and 1 respectively for cranial volume in intra-observer
measurements. This means that the error in condylar segmentation
occurs during the manual refinement process, not at the time of
applying the HU range selected in the software. These results
corroborate the fact that the greater the observer-dependence of
the process, the greater error accumulation can be expected. There-
fore, methods that reduce or eliminate the number of manual
interactions34,35 seem not only to shorten processing time but also
to increase the reliability of the method.

In conclusion, the proposed protocol showed excellent intra-
observer and good inter-observer reproducibility for 3D assessment
of condylar volume. The marked reduction of processing time
achieved and the use of 1 single software to plan and monitor
cases over time make the method highly efficient.
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