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A B S T R A C T

Introduction: Clinical evaluation of  temporomandibular disorders alone is insufficient and should be sup-
ported with radiological imaging modalities. Cone-beam computed tomography (CBCT) is the ideal method for 
evaluating bony components of temporomandibular joint. 
Objectives: The aim of this study was to present the ability of different voxel sizes in identifying osseous defects 
of mandibular condyle using CBCT images.  
Material and methods: The study sample consisted of nine dry human skulls (12 temporomandibular joints), 
containing fabricated osseous defects of different sizes (0, 0.8, 1, and 1.6 mm). The joints were imaged using five 
imaging protocols (0.400, 0.200, 0.150, 0.100, and 0.075 mm3). Evaluation of the fabricated defects was carried out 
by two different observers, who noted presence or absence of a defect. Kappa coefficients were calculated to assess 
the intraobserver and interobserver agreement for each setting. Sensitivity, specificity, accuracy, and positive and 
negative predictive values were used to compare the observers’ performance according to the gold standard and 
different defect diameters. Statistical significance was set at p < 0.05. 
Results: The best results for both observers in comparison with the gold standard were achieved at a voxel size 
of 0.075 mm3. The sensitivity, specificity, and accuracy generally increased with decreasing voxel size. Positive and 
negative predictive values increased with decreasing voxel size and increasing defect size. 
Conclusions: Obtaining CBCT scans with voxel sizes of 0.100 or 0.075 mm3 should be considered for the evalu-
ation of osseous defects of mandibular condyle. A voxel size of 0.100 mm3 may be preferable due to lower patient’s 
irradiation dose.  
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INTRODUCTION

Temporomandibular disorder is a general term for 
disorders affecting the masticatory muscles, temporo-
mandibular joint (TMJ), and related structures, such as 
the mandibular condyle, temporal bone, and articular 
disc [1, 2]. Among these disorders, degenerative dis-

eases are the  most common pathologies affecting the 
TMJ [3]. Osseous abnormalities related to degenerative 
arthritis of the TMJ include cortical bone loss, flatten-
ing, erosion, osteophyte formation, and sclerosis. In 
addition, neoplastic and developmental disorders or 
other abnormalities caused by infections may occur in 
the TMJ [4]. 
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Clinical examination alone was reported to be insuf
ficient for the diagnosis of these disorders [5]. TMJ visua
lization aims to determine the degree of disease, follow 
the progress of  degenerative changes, and interpret 
treatment response [6]. Diagnostic activities of different 
scanning techniques may vary. At present, panoramic 
radiography, conventional tomography, computed to-
mography (CT), and cone-beam computed tomography 
(CBCT) are used to assess the bony components, where-
as the soft tissue components (discs) of the TMJ are eval-
uated using magnetic resonance imaging (MRI) [7]. 

CBCT is being increasingly used in TMJ studies be-
cause the superposition of structures with convention-
al radiography constitutes an  important problem with 
regard to evaluation. CBCT allows for the  evaluation 
of bony components, joint spaces, and pathologies in all 
dimensions without superposition and structural dis-
tortion. In addition, CBCT also provides higher spatial 
resolution and substantially lower radiation dose than 
multislice CT [7]. 

The ability of  CBCT to display image quality is in-
fluenced by the  inspected object, scanning unit, field 
of  view (FOV), scanning time, tube voltage, milliamp 
(mA) setting, and voxel size, which indicates spatial 
resolution. Voxel size, consisting of  depth, height, and 
breadth dimensions, is isotropic (i.e., the  three param-
eters are equal), and is an important factor in the visu-
alization times of CBCT units and the diagnostic quality 
of CBCT images. The importance of voxel size for CBCT 
examinations has been well-documented for various dis-
eases [8]. While using different CBCT units, differences 
in image quality have been observed when the voxel size 
is changed [9]. High diagnostic value can be achieved 
with smaller voxel sizes for detecting small changes, such 
as root fractures and root resorptions [10-12]. The voxel 
size is one of the sources of non-threshold heterogeneity 
while detecting small changes, and there is no existing 
relationship between voxel size and diagnostic accuracy  
[13, 14]. On the other hand, image noise decreases with in-
creasing voxel size and thick-slice images demonstrate less 
noise than thinner slices. Moreover, voxel size has a direct 
impact on both image resolution and noise [15-17]. As ob-
served, there are conflicting opinions about the effective-
ness of voxel size. Therefore, it is important for clinicians 
to understand the  importance of using appropriate pa-
rameters for a specific diagnostic task. For this reason, in 
the present study, all parameters, which may affect image 
quality were kept constant, and the effect of voxel size on 
the diagnosis of small osseous changes in the mandibular 
condyle was investigated. 

OBJECTIVES

The aim of this study was to present the ability of dif-
ferent voxel sizes in identifying osseous defects of mandi
bular condyle using CBCT images.

MATERIAL AND METHODS 

This article does not refer to any studies with human 
or animal subjects performed by any of  the  authors. 
The study was approved by the faculty institutional re-
view board (decision number, 14/4). 

SAMPLE PREPARATION 

In the present study, 12 non-damaged TMJ condyles 
from nine human dry skulls obtained from the faculty’s 
inventory were used. Inclusion criteria for the  skulls 
were defined as the presence of intact joint condyles in 
each skull, no evidence of  any major bone pathology 
of the condyle and fossa, and sufficient dentition to pre-
serve and stabilize the intercuspal position of the jaws. 
The exclusion criteria were damaged joints, major bone 
pathology, and unstable intercuspal position of the jaws. 

Each joint surface was divided into eight regions: 
anteromedial, antero-mid-medial, antero-mid-lateral, 
anterolateral, posteromedial, postero-mid-medial, pos-
tero-mid-lateral, and posterolateral (Figure 1A). Due to 
narrower anatomy of  the posteromedial condylar area, 
one of  the  condyles was divided into seven regions: 
anteromedial, antero-mid-medial, antero-mid-lateral, 
anterolateral, postero-mid-medial, postero-mid-lateral, 
and postero-lateral. A total of 95 regions were examined 
to evaluate the defects. 

A dentomaxillofacial radiologist, who was not among 
the  observers of  the  study, created osseous defects us-
ing a  straight handpiece (Alegra; W&H Dentalwerk, 
Bürmoos, Austria) and round carbide drill burs (G&Z 
Instrumente GmbH, Lustenau, Austria) with different 
diameters (0.8, 1, and 1.6 mm). These simulated defects 
were created by inserting the drill bur until maximum di-
ameter hole was achieved. The defect sizes in each region 
were selected randomly and were completed according 
to the planned numbers of diameters: n = 24 for 0.8-mm 
defects, n = 24 for 1-mm defects, n = 24 for 1.6-mm de-
fects, and n = 23 for regions with no defects, which were 
used as controls (Figure 1B). To prevent dental wax from 
entering into the created defects, all condyles were cov-
ered with glove pieces, and small 2-mm thick dental wax 
pieces were used to mimic the  joint space (Figure 1C). 
Mandibles were adjusted to the  skulls in the maximum 
intercuspal position, and to replicate soft tissue attenua-
tion, the skulls were coated with 2-mm thick dental wax 
(Figure 1D) and placed in a water-filled plastic container 
(Figure 2). 

CONE-BEAM COMPUTED TOMOGRAPHY IMAGING 

The skulls were imaged using Planmeca ProMax 3D 
Max CBCT unit with 96 kVp and 8 mA settings (ProMax 
3D Max; Planmeca, Helsinki, Finland). All skulls were 
scanned with a 50 x 55 mm FOV. All skulls were posi-
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FIGURE 1. Condyle and skull preparation. A) Preparation of  the  condylar areas. B) Preparation of  the  defects.  

C) Preparation of the temporomandibular joint. D) Final vision of the skull after waxing

A B

C D

A B

FIGURE 2. Replicating soft-tissue attenuation during imaging 
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tioned individually, with the  TMJ located in the  center 
of  imaging field. In this FOV, TMJ scanning was per-
formed with five different voxel sizes (0.400, 0.200, 0.150, 
0.100, and 0.075 mm3) provided by the  CBCT device 
(Figure 3). 

EVALUATION OF CONE-BEAM COMPUTED 
TOMOGRAPHY IMAGES 

Evaluation of the images was performed using sagit-
tal and coronal slices along the longitudinal axis of man-
dibular condyle. Both observers were not limited during 
the  evaluation of  images including slice thickness and 

inter-slice intervals. They performed the  evaluations 
with no time constraint in a dimly lit room. 

Romexis 3.7 program (Planmeca) running on an NEC 
MultiSync MD215MG medical display (NEC, Munich, 
Germany) was used for evaluations. The medical display 
was on a 21.3-inch flat panel, color active-matrix TFT 
display, with a resolution of 2048 × 2560 at 75 Hz and 
a 0.17-mm dot pitch, operated at 11.9 bits. This software 
enabled the reconstruction and observation of images in 
the sagittal, axial, and coronal planes. 

A dentomaxillofacial radiologist (observer-1) and 
a maxillofacial surgeon (observer-2) independently ana
lyzed all CBCT images for the  presence or absence of 
defects. The observers were blinded to the locations and 

FIGURE 3.  View of cone-beam computed tomography images. A) View of  the 1.6-mm defect at a voxel size of  
0.400 mm3, 0.200 mm3, 0.150 mm3, 0.100 mm3, or 0.075 mm3. B) View of the 1-mm defect at a voxel size of 0.400 mm3,  
0.200 mm3, 0.150 mm3, 0.100 mm3, or 0.075 mm3. C) View of  the  0.8-mm defect at a  voxel size of  0.400 mm3,  
0.200 mm3, 0.150 mm3, 0.100 mm3, or 0.075 mm3. D) View of  the  absent defect at a  voxel size of  0.400 mm3,  
0.200 mm3, 0.150 mm3, 0.100 mm3, or 0.075 mm3

A

B

C

D
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sizes of  the simulated defects. In a dimly lit room, the 
examiners could change the image brightness, contrast, 
and magnification to their preferred ideal visual condi-
tions for accurate diagnosis. Each observer reassessed 
the same images after an interval of 2 weeks to investi-
gate interobserver and intraobserver reliability. 

STATISTICAL ANALYSIS 

Data analysis was performed using SPSS 11.5 for Win-
dows (IBM Corporation, Armonk, NY, USA). Kappa co-
efficients were calculated to assess the  intraobserver and 
interobserver agreement for each setting. Kappa values 
were interpreted according to the  following criteria: 0.10 
– no agreement, 0.11-0.40 – poor agreement, 0.41-0.60 – 
moderate agreement, 0.61-0.80 – strong agreement, and 
0.81-1.00 – excellent agreement [18]. Sensitivity, specificity, 
accuracy, and positive and negative predictive values were 
used to compare the  evaluators’ performance according 
to the gold standard and different defect diameters. In all 
analyses, p < 0.05 was considered as statistically significant. 

RESULTS 

Intraobserver agreements are presented in Table 1. 
Strong agreement was achieved for both observers with 
voxel sizes of 0.100 and 0.075 mm3 (0.682 and 0.688, and 
0.761 and 0.695, respectively), and the  highest agree-
ment was achieved with a voxel size of 0.075 mm3 for 
the first observer. 

Interobserver agreement was calculated based on 
both readings (Table 2). Although the κ value was higher 
at a voxel size of 0.100 mm3 for first reading (0.651; strong 
agreement), the  second reading κ value was higher at 
a voxel size of 0.075 mm3 (0.693; strong agreement). All 
interobservers’ κ values increased for the second reading. 

The compliance of the two readings for both observers 
with the gold standard at different voxel sizes and evalu-
ation criteria are presented in Table 3. The best results for 
both observers were achieved at a voxel size of 0.075 mm3. 
In addition, good agreement was observed at a voxel size 
of 0.075 mm3 for the first observer. Generally, all κ values 
increased with decreasing voxel size. 

Sensitivity, specificity, accuracy, and positive and 
negative predictive values of the different voxel sizes for 
different defect sizes are presented in Table 4. The results 
showed that the sensitivity, specificity, accuracy, positive 
and negative predictive values increased as the defect size 
increased at all voxel sizes for both observers. As the vox-
el size increased, the sensitivity, specificity, accuracy, and 
positive and negative predictive values also increased for 
all defect sizes for both the observers. 

DISCUSSION 

Radiation dose is one of the most important factors to 
consider when applying imaging methods with ionizing 
radiation, but the obtained image quality and diagnostic 
sufficiency are also crucial. These two determinants influ-
ence both the correct diagnosis and treatment planning. 

TABLE 1. Intraobserver agreements 

Voxel size First observer Second observer 

κ coefficient S.E. p-value κ coefficient S.E. p-value 

0.400 mm3 0.222 0.097 0.015 0.181 0.102 0.041 

0.200 mm3 0.567 0.088 < 0.001 0.522 0.096 < 0.001 

0.150 mm3 0.665 0.085 < 0.001 0.546 0.138 < 0.001 

0.100 mm3 0.682 0.082 < 0.001 0.688 0.098 < 0.001 

0.075 mm3 0.761 0.071 < 0.001 0.695 0.095 < 0.001 
S.E. – standard error

TABLE 2. Interobserver agreements 

Voxel size First reading Second reading 

Observer 1-Observer 2 Observer 1-Observer 2 

κ coefficient S.E. p-value κ coefficient S.E. p-value 

0.400 mm3 0.204 0.107 0.036 0.165 0.088 0.040 

0.200 mm3 0.331 0.109 0.001 0.486 0.078 < 0.001 

0.150 mm3 0.376 0.100 < 0.001 0.512 0.105 < 0.001 

0.100 mm3 0.526 0.084 < 0.001 0.687 0.094 < 0.001 

0.075 mm3 0.651 0.092 < 0.001 0.693 0.081 < 0.001 
S.E. – standard error 
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The relation between the radiation dose and acquired im-
age quality in determining the appropriate imaging pro-
tocol, which leads to correct diagnosis must be properly 
established. The  ALADA principle (“as low as diagnos-
tically acceptable”) lies at the heart of this situation, and 
decisions must be made wisely. 

There are benefits from limiting the  irradiation 
of FOV area at the anatomical region of interest, as scat-
tered radiation decreases with reduced FOV resulting 
in less noise, fewer artifacts in images, and improved 
image quality. Also, a  reduction in FOV is usually as-
sociated with a reduction of the patient’s radiation dose 
[19], and reconstructions obtained with a  larger FOV 
are less sharp due to greater beam angulation [14, 20]. 
In the present study, the smallest FOV, in which the TMJ 
elements could be fully examined was used to achieve 
adequate assessment of artificial defects. While the FOV 
was kept constant, the effects of different voxel sizes on 
CBCT images were investigated. 

To evaluate osseous defects of  mandibular condyle, 
artificial defects were created with round burs. Utumi  
et al. [21] and Marques et al. [22] also simulated osseous 
defects on dry human skulls with three round carbide 
drill burs of  different diameters, and this method was 
considered ideal to compare the  observer’s results and 
for statistical evaluation. Moreover, Librizzi et al. [4] and 
Patel et al. [23] created osseous defects with round burs 
to simulate osseous defects. Considering these results 
of previous studies, round burs were preferred to create 
artificial defects in the present study. 

To the best of our knowledge, there have been few 
studies investigating the effects of voxel size for detect-
ing osseous defects in the TMJ condyles [4, 14, 21, 25]. 
Patel et al. [21] investigated the accuracy of CBCT im-
ages in diagnosing condylar erosion defects of different 
sizes obtained with voxel sizes of 0.200 and 0.400 mm3. 
They reported that detecting extremely small defect sizes 

of < 2-mm with a voxel size of 0.400 mm3 was more dif-
ficult, and that smaller FOV and voxel sizes provided 
more accurate information regarding the  detection of 
TMJ erosions. Librizzi et al. [4] evaluated the detection 
accuracy of CBCT images reconstructed with different 
FOV and voxel sizes for condylar erosions. They con-
cluded that a 6-inch FOV with a voxel size of 0.200 mm3 
was significantly better than a 12-inch FOV with a voxel 
size of  0.400 mm3. In contrast to these studies, Zhang 
et al. [25] reported no significant differences between 
normal and high-resolution images (voxel sizes of 0.160, 
0.200, 0.300, and 0.320 mm3) obtained using two dif-
ferent CBCT units. In addition, they concluded that 
the accuracy of detecting the condylar defects varied be-
tween CBCT units. Similarly, Lukat et al. reported that 
when images were obtained at native and down-sam-
pled voxel resolutions, the results indicated that the de-
tection of these osseous changes was not influenced by 
voxel size. The authors also reported that the detection 
of smaller defects was easier at higher spatial resolutions 
and suggested that a detection of larger defects would be 
less dependent on voxel size [14]. 

In the present study, there was a cumulative increase 
in the  success rates with decreasing voxel size from  
0.400 mm3 to 0.075 mm3. The observers were least suc-
cessful at a voxel size of 0.400 mm3, whereas their most 
successful evaluations were at a voxel size of 0.075 mm3. 
Intraobserver (observer-1, 0.222-0.761; observer-2, 
0.181-0.695) and interobserver agreements (first read-
ing, 0.204-0.651; second reading, 0.165-0.693) increased 
from a poor rating to a good rating when voxel size de-
creased. Although the image quality is negatively affect-
ed due to increasing noise when the voxel size decreases 
[15-17], the current study obtained better diagnostic re-
sults at lower voxel sizes. However, the evaluations turn 
out to be much more challenging, and the  observers 
evaluated lower voxel images with higher concentration 

TABLE 3. Compliance levels of two observations with the gold standard at different voxel values and evaluation criteria 

Voxel size Sensitivity Specificity Accuracy PPV NPV κ coefficient p-value 

First observer 

0.400 mm3 79.2 43.5 70.5 81.4 40.0 0.220 0.032 

0.200 mm3 79.2 50.0 75.8 87.7 65.2 0.402 < 0.001 

0.150 mm3 88.9 65.2 83.2 88.9 65.2 0.541 < 0.001 

0.100 mm3 84.7 95.7 87.4 98.4 66.7 0.700 < 0.001 

0.075 mm3 88.9 100.0 91.6 100.0 74.2 0.795 < 0.001 

Second observer 

0.400 mm3 88.9 43.5 77.9 83.1 55.6 0.350 0.001 

0.200 mm3 86.1 52.2 83.2 86.4 63.0 0.567 < 0.001 

0.150 mm3 95.8 60.9 86.3 88.8 85.7 0.570 < 0.001 

0.100 mm3 97.2 73.9 89.5 91.2 85.7 0.675 < 0.001 

0.075 mm3 98.6 78.3 91.6 93.2 93.3 0.764 < 0.001 
PPV – positive predictive value, NPV – negative predictive value 
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levels during much longer periods. High level of diag-
nostic accuracy in lower voxel sizes regardless of noise 
can be attributed to this situation. 

Marques et al. [23], Tsiklasis et al. [26], and Hussain 
et al. [27] observed that evaluation was becoming more 
challenging when decreasing the size of defect. Consis-
tent with these studies, the  most successful rates were 
achieved for 1.6-mm defects, followed by 1.0-mm de-
fects, but the success rate was low for 0.8-mm defects for 
both the observers in the present study. Therefore, larg-
er defects could be less dependent on voxel size. These 
results were consistent with the literature and indicated 
that the selection of voxel size can be useful in the de-
tection of  small osseous defects of  the condyle. Small-
er voxel sizes improve spatial resolution, i.e., increases 
in spatial resolution can improve the ability to examine 
very small distances between objects. The size of a defect 
can affect diagnostic performance regardless of the vox-
el size. 

STUDY LIMITATIONS 

The artificial defects created with round burs had 
sharp edges and could not fully imitate real osseous de-
fects. However, the results of this study can guide the cli-
nicians in evaluating osseous changes in the mandibular 
condyle. Another limitation of this study was that only 
condylar defects could be evaluated, and osseous chang-
es, such as flattening, sclerosis, decortication, osteo-
phytes, and subchondral cysts could not be investigated. 
On the other hand, smaller osseous defects of the man-
dibular condyle can be correlated with the  first stages 
of  degenerative changes. Thus, the  detection of  these 
smaller osseous defects at an  early stage can affect 
the prognosis of TMJ disease. In addition, in the setup 
of the present study, the major factor that caused deterio-
ration of image resolution, i.e., patient motion, could not 
be taken into consideration. The radiation dose and ex-
posure time increase as the resolution increases. There-
fore, results from living patients may differ from those 
obtained in the present study. Marques et al. [23] used 
two different CBCT imaging protocols and concluded 
that, although not statistically significant, a multi-planar 
reconstruction protocol led to better results. The results 
of the present study were obtained using one device with 
only one protocol. Further research with different CBCT 
units and protocols is necessary. 

In conclusion, the results of the present study showed 
that voxel sizes of 0.100 or 0.075 mm3 led to high success 
rates, and the most successful results were obtained at 
a voxel size of 0.075 mm3. Although these results did not 
mimic real clinical conditions, it may be advisable to use 
voxel size of 0.100 mm3 instead of 0.075 mm3 to examine 
osseous defects in the condyle, since a decreased voxel 
size requires a longer irradiation time. TA
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CONCLUSIONS 

Appropriate voxel sizes established to detect osse-
ous defects of the temporomandibular joint will guide 
clinicians through the  examination process of  these 
diseases. According to the  present study, voxel sizes 
of 0.100 mm3 and 0.075 mm3 appeared to have higher 
success rates in detecting osseous defects of  the  tem-
poromandibular joint. A voxel size of 0.100 mm3 may 
be preferred because of  lower irradiation dose. It can 
be mentioned that larger defects would be less depen-
dent on voxel size. 
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