
Vol.:(0123456789)1 3

Oral Radiology 
https://doi.org/10.1007/s11282-020-00426-1

ORIGINAL ARTICLE

Semi‑automated three‑dimensional volumetric evaluation 
of mandibular condyles

Gülay Altan Şallı1  · Zeynep Öztürkmen2

Received: 3 December 2019 / Accepted: 24 January 2020 
© Japanese Society for Oral and Maxillofacial Radiology and Springer Nature Singapore Pte Ltd. 2020

Abstract
Objectives The aim of this study is to research the mandibular condyle volumes of the Turkish subpopulation by sex, age, 
laterality, and posterior occlusal support, to provide volumetric data for young and old patient groups.
Methods The CBCT images of 690 condyles from 345 patients (165 females and 180 males) were assessed. Patients aged 
18–25 years were chosen for the younger group, and 45–70 years for the older group. The dental statuses of the older patient 
group were divided into three categories, based on the Eichner index. All the CBCT images were transferred to the three-
dimensional volumetric analysis software, ITK-Snap (Penn Image Computing and Science Laboratory (PICSL) at the Uni-
versity of Pennsylvania and Scientific Computing and Imaging Institute (SCI) at the University of Utah) and analyzed with 
sagittal, coronal, and axial sections. Mandibular condyles were defined using semi-automatic segmentation, then manual 
segmentation was performed to ensure accuracy. Analyses were performed using MedCalc statistical software. The p value 
< 0.05 was considered statistically significant.
Results The mean right condyle volume for the whole sample (n = 345) was 1678.8 mm3 and the left condyle volume was 
1661.3 mm3. Males had a larger condyle volume than females in both the younger and older patient groups (p = 0.035, 
p < 0.01, respectively). The Eichner index did not correlate significantly with condylar volume in the older patient group 
(p = 0.134, p = 0.122).
Conclusion There were significant differences between the volumes of mandibular condyles for different sex, while there 
were no significant differences in relation to age, laterality, and posterior occlusal support.
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Introduction

The mandibular condyle is one of the bone components of 
the temporomandibular joint and is the part of the mandi-
ble that joins with the skull. The mediolateral length of the 
condyle is approximately 18–23 mm and the anteroposterior 
width is approximately 8–10 mm [1]. Age progression and 
functional disorders may cause morphological and histologi-
cal changes in the temporomandibular joint [2]. Therefore, 
it is thought that information about progressive age-related 

changes to the mandibular condyle could contribute signifi-
cantly to the understanding of pathophysiological changes 
[3]. For example, by measuring the volume and size of the 
mandibular condyle, risk factors for temporomandibular 
joint (TMJ) pathologies such as disk displacements could 
be identified [4]. Ahn et al. reported that TMJ disk dis-
placement have changed condylar morphologies, such as 
decreased condylar height. Changed condylar morphologies 
become more severe TMJ disk displacement progresses to 
nonreduction. Beside, condylar volumes significantly cor-
related with disk displacement, inclined to decrease as dis-
placement increased [5].

The purpose of the condylar remodeling, defined as an 
adaptive physiological process that changes the structure of 
the temporomandibular joint, is to meet functional demands. 
The interaction between the mechanical forces provided by 
the condyle and the adaptive capacities of the TMJ are the 
two main elements of this irreversible process [6, 7]. During 
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TMJ function, the condyles go through structurally adap-
tive and physiological restructuring, but when mechani-
cal stresses pass on the adaptive capacity, nonfunctional 
remodeling events may occur [8]. Chen et al. revealed that 
male and female mice respond to decreased occlusal loading 
TMJ remodeling model in a sex-specific manner. Decreased 
occlusal loading causes decreased bone volume in both sexes 
and a decrease in early chondrocyte maturation exclusively 
in female mice [9]. The presence of the anatomical and bio-
mechanical elements of TMJ makes TMJ more susceptible 
to pathological changes [10]. The condyle is the primary 
growth center of the mandible. With its response to stimu-
lants during the remodeling process, the condyle plays an 
important role in growth to adult size. Therefore, the man-
dible volume is thought to play an important role in the rela-
tionship between the maxillary and mandibular plates and 
the mandibular final dimension [11]. The mandibular con-
dyle seems to respond to functional demands as the remod-
eling process continues in adulthood [12]. In adulthood, the 
condyle is subjected to a number of remodeling processes 
that may affect its volume and shape, flattening, sclerosis, 
resorption, erosion, osteophyte, etc. [4]. It is stated in the 
literature that the change in adult masticatory function has 
an important effect on mandibular growth and development 
[13]. Restructuring joint structures in TMJ, changes in the 
position between the joint disk and the mandibular condyle, 
parafunctional habits and changes in the occlusion (i.e., 
missing teeth, orthognathic surgery, and orthodontics) may 
all also contribute [10]. Condylar volume changes mostly 
can be observed with arthritis, asymmetry, and anterior disk 
displacement [11]. da Silva et al.’s study revealed that there 
was a reduction in mean condylar volume after orthognathic 
surgery in class II patients [6].

There are various diagnostic imaging techniques for the 
evaluation of temporomandibular joint (TMJ) structures. 
However, cone beam computed tomography (CBCT) is the 
technique of choice for optimal imaging of osseous compo-
nents [14]. CBCT is an accurate, cost-effective, and rela-
tively low-radiation three-dimensional (3D) imaging tech-
nique. In addition, it is a safe method that is frequently used 
in dentistry and allows three-dimensional examination of 
TMJ [15]. ITK-SNAP (Penn Image Computing and Science 
Laboratory (PICSL) at the University of Pennsylvania and 
Scientific Computing and Imaging Institute (SCI) at the Uni-
versity of Utah) is a medical image processing application, 
which extracts 3D image data of structures. Segmentation is 
the process that extracts three-dimensional reconstructions 
of the structure to calculate the surface area and volume of 
the region of interest [16]. The gray value and threshold 
value defined by the operator are the factors that determine 
the accuracy of the segmentation [17]. Active contour seg-
mentation is the fundamental theoretical approach, which 
is studied in detail in the literature of image analysis. In 

clinical research, combined with the slice-by-slice manual 
monitoring method, it continues to meet requirements to a 
large extent [18].

The majority of studies evaluating mandibular condy-
lar volume were performed using cone beam computed 
tomography images. In 2012, Bayram et al. analyzed the 
volume of the mandibular condyles of five dry mandibles 
containing nine condyles, using CBCT [15]. In 2017, Safi 
et al. analyzed volumes of mandibular condyles with regard 
to age (younger and older group), sex, side, and posterior 
occlusal support, using a 3D volumetric analysis program 
[3]. In 2018, Nota et al. studied individuals with an age range 
of 11–26 years, divided into three groups according to age 
range, with 94 CBCT images evaluated using a three-dimen-
sional volumetric analysis program for the volume of the 
mandibular condyles and to examine the growth pattern of 
the condyles [19]. Saccucci et al.’s study showed correlation 
between condylar volume and skeletal morphology, based 
on the CBCT images in a Caucasian population and recom-
mended further studies on different populations with regard 
to the racial and regional differences [12].

However, a literature review shows that there are a few 
evaluations of mandibular condylar volumes in the Turk-
ish population, and, according to our knowledge, no study 
has been carried out in this area in the country where 
authors live, evaluating age, sex and laterality in the three-
dimensional volumetric analysis program of young and old 
individuals.

The aim of this study is to research volumes of mandibu-
lar condyles in the Turkish subpopulation by sex, age, later-
ality, and posterior occlusal support.

Methods and Materials

Study sample and data acquisition

Images that belong to patients referred to the Department 
of Oral and Maxillofacial Radiology, Faculty of Dentistry, 
Biruni University for dental complaints (e.g., impacted 
teeth, periodontal disorders, orthodontic planning, implants 
or temporomandibular disorders) from 2014 to 2019 were 
retrospectively examined. The CBCT images of 690 con-
dyles from 345 patients (165 females and 180 males) were 
assessed. Patients aged 18–25 years were selected for the 
young group and 45–70 years were selected for the older 
group. Exclusion criteria were patients with trauma anamne-
ses, maxillofacial deformations, those having had dentofacial 
surgery, and patients with systemic or metabolic bone dis-
ease. The study protocol (2019/26-32) was approved by the 
Biruni University Faculty of Dentistry Ethical Committee.

All the CBCT images were taken by the same technician 
using the same radiographic equipment (Sirona Galileos 
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Comfort Plus CBCT device (Bemshein, Germany) at 98 kV, 
6 mA, and a voxel size of 0.25 mm). The field of view (FOV) 
of the images assessed in this study was 15 × 15 cm. The 
Sidexis software (Bemshein, Germany) was used to convert 
the original Digital Imaging and Communication in Medi-
cine (DICOM) format into ANALYZE format.

ITK-SNAP (Penn Image Computing and Science Lab-
oratory (PICSL) at the University of Pennsylvania and 
Scientific Computing and Imaging Institute (SCI) at the 
University of Utah) software (https ://www.itksn ap.org/
downl oad/snap,) was used for segmentation (Fig. 1). The 
evaluation of the images was completed using the monitor 
screen (Asus PRO A4310-BB158M All in-One, AsusTek 
Computer Inc., Beitou District, Taipei, Taiwan). The data 
obtained were recorded in Microsoft Excel on age group, 
sex, laterality (right, left side), and posterior occlusal sup-
port. The dental statuses of the older patient group were 

divided into three categories based upon the Eichner index 
(A = no loss of posterior occlusal support; B = loss of one 
to three units of occlusal support; C = loss of four units of 
posterior occlusal support).

Segmentation protocol

The images were transferred to the three-dimensional vol-
umetric analysis software ITK-SNAP (Penn Image Com-
puting and Science Laboratory (PICSL) at the University 
of Pennsylvania and Scientific Computing and Imaging 
Institute (SCI) at the University of Utah) and analyzed 
with sagittal, coronal, and axial sections. This software 
is an open source medical image processing application, 
which provides a combination of modalities for extracting 
structures in 3D image data.

Fig. 1  Software interface showing of the data on coronal, sagittal, and axial plane

https://www.itksnap.org/download/snap
https://www.itksnap.org/download/snap
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Semi‑automated and manual segmentation

The mandibular condyle was defined by semi-automatic 
segmentation. Active contour segmentation was used for 
automatic segmentation with appropriate threshold val-
ues. Then manual segmentation was performed to ensure 
accurate segmentation. The principle for active contour 
is assessment of an initialized curve towards the out-
line of the region of interest (Fig. 2). A brush segment 
was selected for manual segmentation. The superior and 
inferior limits of the condyle volumes were identified on 
coronal, sagittal, and axial views. The inferior limit was 
defined by the disappearance of the sigmoid notch. This 
was in accordance with Safi et al. [3] and Tecco et al. [11]. 
The region at the beginning of the sigmoid area where 
the area of the coronal portion increased rather than 
decreased. Thus, the mandibular condyle can be measured 
in the standard method without including the sigmoid area. 
The volume of the mandibular condyles was automatically 
calculated in  mm3 by the program. The volume of both 
sides of condyle were calculated separately.

Data evaluation and statistical methods

Two oral and maxillofacial radiologists evaluated the radio-
logical images in a darkened, quiet room. The researchers 
evaluated the same images twice, with a one-week interval 
between assessments. To determine intra-examiner reliabil-
ity, Wilcoxon’s matched-pairs signed-rank test was used. 
Inter-observer compatibility was evaluated using Cronbach’s 
alpha test.

Analyses were performed using MedCalc statistical soft-
ware version 12.7.7 (MedCalc Software bvba, Ostend, Bel-
gium; https ://www.medca lc.org; 2013). Descriptive statistics 
were used to define continuous variables (average, standard 
deviation, minimum, median, maximum). Suitability for 
normal distribution was examined using the Shapiro–Wilk 
test. The Student’s t test was used to compare the independ-
ent and normal distribution variables. The Mann–Whitney 
U test was used to compare the two independent variables. 
The Kruskal–Wallis test was used to compare more than two 
variables that were not suitable for independent and normal 
distribution. A p value of < 0.05 was considered statistically 
significant.

Result

The sample size for the study was 345 patients (165 female 
and 180 male), providing 690 regions of interest (mandibular 
condyle). The young patient group (from 18 to 25 years old) 
had a mean age of 21.9 years and a median age of 21. The 
old patient group (from 45 to 70 years old) had a mean age 
of 53.7 years and a median age of 53 years.

The mean right condyle volume for the whole sample 
(n = 345) was 1678.8 mm3 and the left condyle volume was 
1661.3 mm3 (Table 1).

The mean right condyle volume for the total younger 
group (n = 84) was 1601 mm3 and the left condyle volume 
was 1594.0 mm3. The mean condyle volume for female 
patients (n = 45) in the younger group was 1490.6 mm3 and 
1454.9 mm3 (right and left, respectively), and 1730.2 mm3 
and 1754.6  mm3 (right and left, respectively) for male 

Fig. 2  Delimitation of mandibular condyle with active contour seg-
mentation on axial plane

Table 1  Descriptive statistics of 
condylar volume  (mm3) in the 
whole sample

n Mean Median SD ± Min Max

Right
 Male 180 1836.7 1773 550.4 802.4 3520
 Female 165 1506.7 1440 440.6 677.6 3000
 Total 345 1678.8 1595 526.7 677.6 3520

Left
 Male 180 1849.7 1817.5 535.3 650.6 3292
 Female 165 1455.7 1364 481.2 451.7 3289
 Total 345 1661.3 1620 546.2 451.7 3292

https://www.medcalc.org
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patients (n = 39). The younger group’s Student’s t test 
revealed that there was a statistically significant difference in 
right condyle values between male and female patients, with 
larger condyle volumes in males than females (p = 0.035). 
The Mann–Whitney U test revealed that there was a statisti-
cally significant difference in left condyle values between 
male and female patients, with larger condyle volumes in 
males than females (p = 0.010) (Table 2).

The mean right condyle volume for the total older group 
(n = 261) was 1703.6 mm3 and the left condyle volume was 
1682.9 mm3. The mean condyle volume of female patients 
in the older group (n = 120) was 1512.7 mm3 and 1456 mm3 
(right and left, respectively), and 1866 mm3 and 1876 mm3 
(right and left, respectively) in male patients (n = 141). The 
older group’s Mann–Whitney U test revealed that for both 
right and left condyles, the condyle volume was significantly 
larger in males than females (p < 0.001) (Table 3).

The Mann–Whitney U test for both the young and old 
groups revealed there was no statistically significant dif-
ference between right and left condyle volume values of 
females and males, respectively (p = 0.661, p = 0.643, 
p = 0.122, p = 0.123) (Tables 2, 3).

According to the Eichner index, 53 patients were in 
category A, 137 patients in category B, and 71 patients 
in category C. Mean condyle volumes  (mm3 ± SD) in 
the Eichner A category were 1819.8 ± 529.4 (right) and 

1786.0 ± 497(left); in the Eichner B category 1663.1 ± 520.2 
(right) and 1650 ± 524.4 (left); and in the Eichner C category 
1695.2 ± 532.2 (right) and 1669.4 ± 568.3 (left), respec-
tively. The Eichner index did not correlate significantly 
with condylar volumes in the old patient group (p = 0.134, 
p = 0.122) (Table 4).

The intra-observer agreement was assessed using the 
Wilcoxon signed-rank test and the difference was not sta-
tistically significant (p = 0.859). The inter-observer agree-
ment was assessed using Cronbach’s alpha. The Cronbach’s 
alpha coefficient was found to be 0.996. So, there was high 
inter-observer agreement which was standardized across 
observers.

Discussion

The mandibular condyle plays an important role in the bio-
mechanics and function of TMJ, and its morphology may be 
a factor in the etiology of TMJ pathology. The aim of this 
study is to evaluate the volume of mandibular condyles in 
relation to age, sex, laterality, and posterior occlusal support 
in a Turkish sample.

There is a correlation between condylar volume and final 
size of mandible beside maxilla and mandible plates. The 
volumetric ratios of the mandible and the maxilla can be 

Table 2  Analysis of condylar volume  (mm3) for the younger group

Female (n = 45) Male (n = 39) Total number (n = 84)

Right Left Right Left Right Left

Mean ± SD 1490.6 ± 462.7 1454.9 ± 564.4 1730.2 ± 562 1754.6 ± 577.5 1601 ± 522.1 1594.0 ± 586.7
Med (min–max) 1427 (677.7–2823) 1364 (451.7–3289) 1578 (806.8–3448) 1660 (650.6–3266) 1540.5 (677.6–2823) 1480 (451.7–3289)

Table 3  Analysis of condylar volume  (mm3) for the older group

Female (n = 120) Male (n = 141) Total number (n = 261)

Right Left Right Left Right Left

Mean ± SD 1512.7 ± 433.9 1456 ± 448.7 1866 ± 545.4 1876.0 ± 522.1 1703.6 ± 526.8 1682.9 ± 531.9
Med (min–max) 1448.5 (690–3000) 1355 (453–2667) 1790 (802.4–3520) 1868 (782.4–3292) 1628 (690–3520) 1674 (453–3292)
p* 0.661 0.643 0.122 0.123

Table 4  Analysis of condylar 
volume  (mm3) based on Eichner 
index in older group

* Kruskal–Wallis test

Right Left

Mean ± SD Med (min–max) Mean ± SD Med (min–max)

Eichner A 1819.8 ± 529.4 1775 (887.9–3028) 1786.0 ± 497 1780 (922.1–2859)
Eichner B 1663.1 ± 520.2 1595 (694.8–3520) 1650 ± 524.4 1622 (453–3292)
Eichner C 1695.2 ± 532.2 1608 (690–3333) 1669.4 ± 568.3 1693 (457–2889)
p* 0.134 0.212
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considered to examine the balance of the amount in both 
jaws. Therefore, changes in the shape and size of condyles 
play an important role in the diagnosis of TMJ disorders 
[20].

CBCT is a widely used tool for diagnosis of TMDs and 
to assess the segmentation step for condyles, several studies 
performed on CBCT [17]. For this study, ITK-SNAP (Penn 
Image Computing and Science Laboratory (PICSL) at the 
University of Pennsylvania and Scientific Computing and 
Imaging Institute (SCI) at the University of Utah) software 
was used for its efficient segmentation of the anatomic struc-
tures, based on CBCT images. Also it is a validated method 
for medical volume measurement. There are two processes 
for volumetric depictions with appropriate segmentation: the 
thresholding of bone pixel values and the suppression of sur-
rounding tissue values to increase the region of interest. The 
projection is dependent on the spatial and contrast resolution 
of the image, the thickness and degree of bone structure, 
software algorithm and the technical skill of the operator 
[20]. In the present study, semi-automatic segmentation was 
selected because it combines automatic and manual segmen-
tation of regions of interest. Semi-automatic segmentation 
is user guided and plays an important role in performing 
accurate evaluations of volume measurement.

The condyle is the primary growth center of the mandi-
ble. Information about changes in progressive age-related 
mandibular condyles contributes significantly to the under-
standing of pathophysiological changes. Alexiou et al. stated 
that the severity of osseous change in the mandibular con-
dyle increases with age [21].

In 2012, Saccuci et al. analyzed the mandibular condyle 
volumes of younger patients, between 15 and 29 years of 
age [12]. Safi et al. included an older group, between 45 and 
65 years of age, besides the younger group [3]. In our study, 
patients aged 18–25 years were included in the younger 
group, and those between 45 and 70 years old were included 
in the older group. According to the published literature, 
whether there is a direct correlation between TMJ remod-
eling and age is controversial [3]. On the other hand, as age 
increases, estrogen secretion progressively decreases, and 
the fraction of condylar bone volume and trabecular bone 
decrease in women. All these changes are more pronounced 
in postmenopausal women. Li et  all reported that with 
increasing age, the female condylar bone volume decreases 
[22]. Our study results did not indicate a significant differ-
ence between young and old patient groups, with regard to 
condylar volume. This result is in line with the findings of 
Safi et al.’s study [3].

In 2017, Safi et al. reported that for both age groups 
the males had a significantly larger condyle volumes than 
females [3]. Tecco et al. in 2010 and Nota et al. in 2018 
revealed that the difference between condylar volumes in 
males and females was statistically significant (p < 0.05), 

with males showing a larger condyle volume than females 
[11, 19]. This is similar to our findings, as the mean vol-
ume of the mandibular condyle in our younger group was 
1730.2 mm3 and 1754.6 mm3 (right and left, respectively), 
and in our older group was 1866 mm3 and 1876 mm3 (right 
and left, respectively) in male patients, with males having 
larger condylar volumes than females.

Tecco et al. reported that the differences in the condylar 
volumes between the right and left side are statistically 
significant. The right condyle shows significantly higher 
volumes than the left condyle [11]. This is in line with 
the findings of Safi et al. and Saccucci et al.’s studies [3, 
12]. In our study, although the right condyle volume was 
higher than the left for the whole sample, there was no 
statistically significant difference between the right and 
left condyle volume values. In the literature, the reason 
for this is thought to be basic asymmetry of human body 
structures and preferential sides of mastication [3, 11]. 
Al-Koshab et al. assessed condylar morphology and gle-
noid fossa in a Southeast Asian population. The results 
showed that mean condylar volume was 1460.69 and 
1450.89 (right–left, respectively). The overall difference 
in condyle volume can be assessed in studies conducted on 
different populations and may show the effects of regional 
and racial factors [23].

According to other studies, there are differences in the 
force vector against the condyle during mastication in the 
different subjects [24]. Mandibular condylar cartilage 
growth, mandibular morphology and skeletal class are 
affected by mastication [12]. Previous research showed 
that the most significant morphologic changes of TMJ 
structures (as mandibular condyles) are related to dental 
statuses, such as premature occlusal contacts, loss of teeth 
[11]. Loss of posterior teeth has been described as a etio-
logic factor in functional changes of the stomatognathic 
system and may stimulate the balance from adaptation to 
incompatible function [25]. Besides, a loss of occlusal 
support may lead to a reduced masticatory function and 
serve as a predictor of osseous changes the condyle [26, 
27]. Hence, we classified the dental statuses of our older 
patients group according to the Eichner index, which is 
a valid classification system based on occlusal support 
from natural posterior teeth [3, 28]. In our study there 
was no statistically significant difference between poste-
rior occlusal support and condylar volume. This is parallel 
with the findings of Safi et al., Ahmed et al., and Widmalm 
et al. [3, 25, 29].

The present study has some limitations. A limited num-
ber of samples were used for the study. Further studies are 
needed on larger cohorts to improve understanding of the 
effect of mandibular condyle volume on pathophysiologi-
cal processes of TMJ and its’ clinical symptoms.
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Conclusion

It was found that there were significant differences between 
volumes of mandibular condyles for different sex, while 
there was no significant difference in relation to age, lat-
erality, and posterior occlusal support. Based on CBCT 
images, ITK-SNAP (Penn Image Computing and Science 
Laboratory (PICSL) at the University of Pennsylvania and 
Scientific Computing and Imaging Institute (SCI) at the 
University of Utah) software provided important and useful 
segmentation methods to evaluate volumes of condyles three 
dimensionally.

Author contributions GAŞ conceptualized and designed the study, 
acquired, interpreted the data, drafted the manuscript, and revised the 
paper. ZÖ contributed to the data collection and interpreted the data.

Funding The study was self-funded by the authors.

Compliance with ethical standards 

Conflict of interest Gülay Altan Şallı and Zeynep Öztürkmen declared 
that they have no conflict of interest.

Ethical Approval All procedures followed were in accordance with the 
ethical standards of the responsible committee on human experimenta-
tion (institutional and national) and with the Helsinki Declaration of 
1964 and later versions.

References

 1. Okeson JP. Management of temporomandibular disorders and 
occlusion. St Louis: Elsevier/Mosby; 2013.

 2. Ishibashi H, Takenoshita Y, Ishibashi K, Oka M. Age-related 
changes in the human mandibular condyle: a morphologic, 
radiologic, and histologic study. J Oral Maxillofac Surg. 
1995;53:1016–23.

 3. Safi A-F, Kauke M, Grandoch A, Nickenig H-J, Zöller JE, Krep-
pel M. Age-related volumetric changes in mandibular condyles. J 
Craniofac Surg. 2018;29:510–3.

 4. Saccucci M, Polimeni A, Festa F, Tecco S. Do skeletal cephalo-
metric characteristics correlate with condylar volume, surface and 
shape? A 3D analysis. Head Face Med. 2012;8:15.

 5. Ahn SJ, Chang MS, Choi JH, Yang IH, An JS, Heo MS. Relation-
ships between temporomandibular joint disk displacements and 
condylar volume. Oral Surg Oral Med Oral Pathol Oral Radiol. 
2018;125:192–8.

 6. da Silva RJ, Valadares Souza CV, Souza GA, Ambrosano GMB, 
Freitas DQ, San’Atana E, et al. Changes in condylar volume and 
joint spaces after orthognathic surgery. Int J Oral Maxillofac Surg. 
2018;47:511–7.

 7. Boulétreau P, Frey R, Breton P, Freidel M. Focus on the effect of 
orthognathic surgery on condylar remodeling. Rev Stomatol Chir 
Maxillofac. 2004;105:283–8.

 8. Conte R, Forin Valvecchi F, Gracco AL, Bruno G, de Stefani 
A. Condylar dysfunctional remodeling and recortication: a case-
control study. Minerva Stomatol. 2019;68:74–83.

 9. Chen J, Sobue T, Utreja A, Kalajzic Z, Xu M, Kilts T, et al. Sex 
differences in chondrocyte maturation in the mandibular con-
dyle from a decreased occlusal loading model. Calcif Tissue Int. 
2011;89:123–9.

 10. Nascimento Falcão I, Cal Alonso MBC, da Silva LH, Lopes 
SLPC, Comar LP, Costa ALF. 3D morphology analysis of TMJ 
articular eminence in magnetic resonance imaging. Int J Dent. 
2017;2017:5130241. https ://doi.org/10.1155/2017/51302 41.

 11. Tecco S, Saccucci M, Nucera R, Polimeni A, Pagnoni M, Cord-
asco G, et al. Condylar volume and surface in Caucasian young 
adult subjects. BMC Med Imaging. 2010;10:28.

 12. Saccucci M, D’Attilio M, Rodolfino D, Festa F, Polimeni A, Tecco 
S. Condylar volume and condylar area in class I, class II and class 
III young adult subjects. Head Face Med. 2012;8:34.

 13. Enomoto A, Watahiki J, Yamaguchi T, Irie T, Tachikawa T, Maki 
K. Effects of mastication on mandibular growth evaluated by 
microcomputed tomography. Eur J Orthod. 2010;32:66–70.

 14. Paknahad M, Shahidi S, Akhlaghian M, Abolvardi M. Is mandibu-
lar fossa morphology and articular eminence inclination associ-
ated with temporomandibular dysfunction? J Dent (Shiraz, Iran). 
2016;17:134–41.

 15. Bayram M, Kayipmaz S, Sezgin ÖS, Küçük M. Volumetric analy-
sis of the mandibular condyle using cone beam computed tomog-
raphy. Eur J Radiol. 2012;81:1812–6.

 16. Gibelli D, Cellina M, Gibelli S, Cappella A, Panzeri MM, Oliva 
AG, et al. Anatomy of the pterygopalatine fossa: an innovative 
metrical assessment based on 3D segmentation on head CT-scan. 
Surg Radiol Anat. 2018;41(5):523–8.

 17. Vallaeys K, Kacem A, Legoux H, Le Tenier M, Hamitouche C, 
Arbab-Chirani R. 3D dento-maxillary osteolytic lesion and active 
contour segmentation pilot study in CBCT: semi-automatic vs 
manual methods. Dentomaxillofac Radiol. 2015;44:20150079.

 18. Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, 
et al. User-guided 3D active contour segmentation of anatomical 
structures: significantly improved efficiency and reliability. Neu-
roimage. 2006;31:1116–28.

 19. Nota A, Caruso S, Ehsani S, Baldini A, Tecco S. Three-dimen-
sional volumetric analysis of mandibular condyle changes in 
growing subjects: a retrospective cross-sectional study. Cranio. 
2018. https ://doi.org/10.1080/08869 634.2018.15370 88.

 20. Goulart DR, Muñoz P, Cantín López MG, de Moraes M, Olate S. 
Comparative evaluation of condylar volume between patients with 
unilateral condylar hyperplasia and class III dentofacial deformity. 
J Oral Maxillofac Surg. 2017;75:180–8.

 21. Alexiou K, Stamatakis H, Tsiklakis K. Evaluation of the severity 
of temporomandibular joint osteoarthritic changes related to age 
using cone beam computed tomography. Dentomaxillofac Radiol. 
2009;38:141–7.

 22. Li G, Qian H, Guo S, Wang D, Sun C, Du Y, et al. Assessment of 
aging characteristics of female condylar trabecular structure by 
cone-beam computed tomography. Oral Radiol. 2019;35:16–22.

 23. Al-Koshab M, Nambiar P, John J. Assessment of condyle and gle-
noid fossa morphology using CBCT in south-east Asians. PLoS 
ONE. 2015;10(3):e0121682.

 24. Ueki K, Nakagawa K, Takatsuka S, Yamamoto E, Laskin D. 
Comparison of the stress direction on the TMJ in patients with 
class I, II, and III skeletal relationships. Orthod Craniofac Res. 
2008;11:43–50.

 25. Ahmed NF, Samir SM, Ashmawy MS, Farid MM. Cone beam 
computed tomographic assessment of mandibular condyle in Ken-
nedy class I patients. Oral Radiol. 2019. https ://doi.org/10.1007/
s1128 2-019-00413 -1.

 26. Giesen EBW, Ding M, Dalstra M, van Eijden TMGJ. Changed 
morphology and mechanical properties of cancellous bone 
in the mandibular condyles of edentate people. J Dent Res. 
2004;83:255–9.

https://doi.org/10.1155/2017/5130241
https://doi.org/10.1080/08869634.2018.1537088
https://doi.org/10.1007/s11282-019-00413-1
https://doi.org/10.1007/s11282-019-00413-1


 Oral Radiology

1 3

 27. Levartovsky S, Gavish A, Nagar Y, Sarphati L, Levartovsky D, 
Winocur E. The association between dental status and temporo-
mandibular osseous changes: a morphological study on Roman–
Byzantine skeletons. J Oral Rehabil. 2012;39:888–95.

 28. Eichner K. Uber eine Gruppeneinteilung der Lunckengebisse fur 
die Prothetic. Dtsch Zahnarztl Z. 1955;10:1831–4.

 29. Widmalm SE, Westesson P-L, Kim I-K, Pereira FJ, Lundh H, 
Tasaki MM. Temporomandibular joint pathosis related to sex, 

age, and dentition in autopsy material. Oral Surg Oral Med Oral 
Pathol. 1994;78:416–25.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Semi-automated three-dimensional volumetric evaluation of mandibular condyles
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods and Materials
	Study sample and data acquisition
	Segmentation protocol
	Semi-automated and manual segmentation
	Data evaluation and statistical methods

	Result
	Discussion
	Conclusion
	References




