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Abstract

Objectives To evaluate the diagnostic accuracy of fused CBCT images for patients with condylar bone resorption of tem-
poromandibular joint (TMJ) osteoarthrosis.

Materials and methods Forty-two TMJs from twenty-one patients were included. Bone resorption of condyles evaluated
by three experts was used as the reference standard. Three oral and maxillofacial radiology residents evaluated the resorp-
tion of condyles with a five-point scale for the four sets of images (two consecutive CBCT images without fusion, fused 2D
cross-sectional images, fused 3D images, and combining fused 2D cross-sectional images and fused 3D images) randomly
and independently. Each set of images was evaluated at least 1 week apart, and a second evaluation was performed 4 weeks
later. Intraclass correlation coefficients were calculated to assess the intra- and inter-observer agreement. The areas under
the ROC curves (AUCs) were compared among the four image sets using the Z test.

Results Twenty-four TMJs were determined as condylar bone resorption, and eighteen were determined as no obvious
change. The average AUC values from the three observers for the three fused image sets (0.94, 0.93, 0.93) were significantly
higher than the image set without fusion (p <0.01). The intra- and inter-observer agreement on the three fused image sets
(0.70-0.89, 0.91-0.92) was higher than the image set without fusion (0.37-0.63, 0.75).

Conclusions Fused CBCT images of TMJ osteoarthrosis patients can intuitively display the condylar bone resorption and
significantly improve the diagnostic accuracy.

Clinical relevance Fused CBCT images can help clinicians intuitively observe bone changes of the condyle in TMJ osteo-

arthrosis patients.
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Introduction

The temporomandibular joint (TM]J) is involved in many
functional activities of the craniomaxillofacial system
such as chewing, swallowing, and speaking. Excessive
overloading surpassing the physiological capacity of
TMJ may lead to inflammation and accompanied arthral-
gia and then induce TMIJ osteoarthrosis, a kind of TMJ
degenerative change [1-4]. For diagnosing TMJ osteo-
arthrosis, medical imaging examination constitutes an
indispensable element in nowadays clinical work. As a
kind of three-dimensional medical imaging examination
technique, cone-beam computed tomography (CBCT)
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with a higher spatial resolution and lower radiation dose
compared to helical CT is more effective in detecting
TMIJ condylar bone changes, such as erosions, osteo-
phytes, flattening, sclerosis, and abnormal condylar
shapes [5-10].

TM]J osteoarthrosis is a chronic disease with long-term
therapy. Clinically, radiologists or clinicians will com-
pare CBCT images taken at different times to observe the
condylar bone changes during follow-up. The research
on comparing condylar bone change mainly includes the
direct observation method [11], superimposition [12, 13],
surface reconstruction, and color map [14-16]. Koyama
J. et al. reported the direct observation method for con-
dylar bone changes with helical computed tomography
images [11]. However, this method cannot provide suf-
ficient information when the bone change is small and
the condylar edge is irregular and fuzzy, or the condylar
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position is changed. This problem may be solved by the
superimposition of two CBCT images taken at differ-
ent time points. Park SB et al. and Soo-Min Ok et al.
used superimposition to align the viewing angles of two
CBCT images and studied the condylar head remodeling
by metric analysis or direct observation [12, 13]. This
is not intuitive and time-consuming, especially when
the change is very small. For intuitively displaying
and assessing condylar bone changes, some research-
ers used the color-coded map of the reconstructed con-
dylar surface that was obtained from the segmentation
and superimposition of two time point CBCT images
for qualitative and quantitative evaluation [14-16].
However, this method is still time-consuming and may
lead to error, especially when the condylar morphology
changes greatly since the Euclidean distance of the color-
coded map is calculated from the distance between the
two nearest points, not the two corresponding points. To
solve the problems, we have proposed an image regis-
tration and fusing method for the intuitive observation
and evaluation of condylar bone changes [17]. By this
method, the fused 2D cross-sectional images and the
fused 3D images from different time points of CBCT
images could be created.

Thus, the main purpose of the present study was to
evaluate the consistency and reliability of the method in
the evaluation of condylar bone resorption. To achieve
this purpose, we first compared the direct observation
method to the fusion method for the detection of condylar
bone changes and then investigated whether the com-
bined observation of fused 2D cross-sectional images and
3D images would further improve its diagnostic accuracy.

The hypothesis of the present study was that the fused
2D cross-sectional images and the fused 3D images are
superior to the direct observation method for the deter-
mination of bone resorption during follow-up.

Materials and methods
Subjects

According to a longitudinal study, the prevalence of condy-
lar bone resorption in TMJ osteoarthrosis patients during the
follow-up was 62.7% [18]. Assuming that both sensitivity
and specificity for the detection of condylar bone resorp-
tion were 0.9, 25 positive cases with bone resorption and 15
negative cases without bone resorption were required, and
this resulted in a total of 40 cases.

The WHO international clinical trial registration
(ChiCTR2200060049) was completed for this study. This
study was approved by the institutional review board
(PKUSSIRB-201944056), and the exemption of informed
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consent had been granted because this was a retrospective
study. This study included 42 TMIJs from 21 patients who
visited the Center for Temporomandibular Disorders and
Orofacial Pain in Peking University School and Hospital
of Stomatology from 2014 to 2020. The inclusion criteria
were as follows: (1) by overviewing clinical symptoms,
medical history, and imaging examination, the patient
was diagnosed with TMJ osteoarthrosis according to
Diagnostic Criteria for Temporomandibular Disorders
(DC/TMD) [19]; (2) the acquired image data included
the full TMIJ structures and no motion artifact; (3) the
interval between the two CBCT examinations was not
less than 3 months; (4) the age of the patient was beyond
18 years old. The exclusion criteria were as follows: (1)
the patient had no definite diagnosis of TMJ osteoarthro-
sis; (2) movement or metal artifacts affected the obser-
vation of condylar bone; (3) the age of the patient was
under 18 years old.

CBCT image acquisition

Each CBCT scan was acquired in 360° rotation for the
patient whose Frankfort plane was parallel to the floor in
a sitting position. The thyroid collar was used. Images of
each TMJ were obtained in the maximal intercuspation.
Scans were performed using CBCT unit 3D Accuitomo 170
(J Morita Mfg., Corp., Kyoto, Japan). The exposure param-
eters were as follows: scanning time of 17.5 s, tube current
of 4-5 mA, tube potential of 80-90 kVp, and field of view
(FOV) was 6cm X 6¢cm. The scan included one side of TMJs
and part of the mandible.

All the image datasets obtained from CBCT were recon-
structed with a voxel size of 0.125 mm and exported as Dig-
ital Imaging and Communications in Medicine (DICOM)
format.

Image segmentation

The segmentation of two consecutive CBCT datasets
was conducted by the Amira visual software (version
2020.2, Thermo Fisher Scientific, France). After we
input the consecutive CBCT datasets of the same patient,
the threshold of the 2D cross-sectional images and the
3D images were individually adjusted in the multiplanar
viewer module. However, for each patient, the range of
threshold was constant. The lower threshold was between
200 and 300, and the upper limit was 1400-1500 for all
the patients.

Image registration and fusion

The registration and fusion of two consecutive CBCT
datasets were carried out by the Amira visual software,
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Fig. 1 Flow chart of the registration process

and the registration process was conducted in the mul-
tiplanar viewer module. The process of registration
included three steps, namely, manual registration, auto
registration, and manual adjustment (Fig. 1). Because the
image datasets used for registration were from the same
patient taken at different time points, the rigid transform
model was adopted. More detailed information could be
found in the previous study [17]. To observe the condylar
bone changes, the voxel registration was performed based
on the mandibular ramus and the coronoid process, which
were relatively stable for patients with TMJ osteoarthro-
sis. However, the cranial base took the greater part of
CBCT image sets; the outcome of auto registration usu-
ally was done by aligning the cranial base. In this case,
only if the condyle position relative to the cranial base
was not changed, the condyle will be aligned. Otherwise,
the manual adjustment was an important step to assure
that the condyles were aligning up. The first CBCT data-
set was set as the preliminary data which appeared in
grayscale, while the second CBCT dataset was set as the
overlapped data which appeared in luminous yellow color
for the fused 2D cross-sectional image sets. For the fused
volume rendering 3D fused image sets, the two consecu-
tive image sets appeared in red and green, respectively.
To evaluate the registration accuracy, two radiolo-
gists with at least 3 years of experience in CBCT image
interpretation evaluated the registered images using the
subjective evaluation method of a 5-point (1-very poor,
2-poor, 3-average, 4-good, 5-very good) system. Very
poor means the images after registration were very seri-
ous hindrance to viewing; poor means the images after
registration hinder viewing; average means it can be seen
that the quality of the images after registration changes
which slightly hinders viewing; good means the quality
change can be seen, but it does not hinder viewing; very
good means there is no change in image quality. Only
those registered images that were scored as 4 or 5 were
kept for further observation and analysis. Otherwise, the
registration was adjusted until the score was greater than

or equal to point 4. This was to ensure that the quality of
registration was acceptable.

For the evaluation of registration repeatability, 84
datasets from 42 TMIJs repeatedly registered one more
time after 2 weeks. The change of coordinate values,
which included the displacement translation values of the
X, Y, Z axis and the position and rotation angle of the X,
Y, Z rotation axis of 42 overlay datasets, were recorded.

Image evaluation

One specialist with an experience of over 25 years in oral
and maxillofacial radiology and two certified specialists
with an experience of over 30 years in oral and maxillo-
facial surgery (mainly for the diagnosis and conservative
treatment of TMJ disease) acted as an expert panel. The
specialists independently determined whether any con-
dyle resorption has occurred based on the two consecu-
tive CBCT sets without fusion, fused 2D cross-sectional
images, and fused 3D images, respectively. In case the
determination was not the same, a consensus was reached
in the end.

Three oral and maxillofacial radiology residents with
at least 3 years of experience in CBCT image interpreta-
tion acted as observers. Before evaluation, the observers
were calibrated with an additional session of images in
which the definition of condyle bone changes, the the-
ory of the image registration technique, and the strategy
of adjusting display parameters of fused images were
explained and demonstrated. The example images with-
out condyle resorption are presented in Fig. 2, and the
example images with tiny bone resorption and obvious
bone resorption are shown in Figs. 3 and 4, respectively.

Three residents evaluated the condyle bone change
in the 42 pairs of TMJs in four sets of images randomly
and independently: (1) CBCT images at two time points
without fusion (Figs. 2, 3, and 4a-f); (2) fused 2D cross-
sectional CBCT images (Figs. 2, 3, and 4g-i); (3) fused
3D images (Figs. 2, 3, and 4j-1); (4) combination of

@ Springer


Dell
高亮


1280

Clinical Oral Investigations (2023) 27:1277-1288

Fig.2 Example images for the condyle without bone resorption.
Axial (a), oblique coronal (b), and oblique sagittal (c) view of the
T1 CBCT images; axial (d), oblique coronal (e), and oblique sagit-
tal (f) view of the T2 CBCT images; axial (g), oblique coronal (h),

images in group (2) and group (3). Each set of images
was observed at least 1 week apart. There were five
choices offered to the observers for evaluating the con-
dylar bone changes: 1, definitely resorbed; 2, probably
resorbed; 3, questionable; 4, probably not resorbed; and
5, definitely not resorbed.

All images were randomly displayed on a Nio Color
5.8 MP (MDNC-6121) display (Barco NV, Kortrijk,
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and oblique sagittal (i) view of the fused sectional CBCT images.
j-1 Fused 3D images in different view angles. T1, the previous time
CBCT scanning; T2, the later time CBCT scanning; CBCT, cone-
beam CT; 3D, three-dimensional

Belgium) in a quiet and dim room. While evaluating,
observers could adjust images’ position, angle, bright-
ness, contrast, and threshold freely to assist in observa-
tion. There was no time limit for evaluation.

For the evaluation of the intra-observer consistency, a sec-
ond evaluation was performed under the same conditions after
4 weeks by the same observers. Twenty-two TMJs were ran-
domly selected from the 42 TMIJs for the second evaluation.
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Fig.3 Example images for the condyle with tiny bone resorption.
Axial (a), oblique coronal (b), and oblique sagittal (c) view of the
T1 CBCT images; axial (d), oblique coronal (e), and oblique sagit-
tal (f) view of the T2 CBCT images; axial (g), oblique coronal (h),
and oblique sagittal (i) view of the fused sectional CBCT images. The

Statistical analysis

Sample size calculation was made with Power Analysis
and Sample Size (PASS) software package V.21.0.3.0
(NCSS, LLC, Kaysville, Utah, USA). Data analysis was
conducted using the IBM SPSS Statistics for windows
V.25.0 (IBM Crop., Armonk, NY, USA) and MedCalc

gray area pointed by the red arrow indicates tiny bone resorption. j-1
Fused 3D images in different view angles. The red area pointed by
the red arrow indicates tiny bone resorption. T1, the previous time
CBCT scanning; T2, the later time CBCT scanning; CBCT, cone-
beam CT; 3D, three-dimensional

Statistical Software version 20.027 (MedCalc Software
bvba, Ostend, Belgium).

Wilcoxon signed rank test was used to determine the
statistical significance of the repeatability of registration.
A p-value of 0.05 or less was considered significant.

Intraclass correlation coefficients (ICCs) were calcu-
lated to assess the intra- and inter-observer agreement.

@ Springer



1282

Clinical Oral Investigations (2023) 27:1277-1288

Fig.4 Example images for the condyle with obvious resorption.
Axial (a), oblique coronal (b), and oblique sagittal (c) view of the
T1 CBCT images; axial (d), oblique coronal (e), and oblique sagit-
tal (f) view of the T2 CBCT images; axial (g), oblique coronal (h),
and oblique sagittal (i) view of the fused sectional CBCT images. The
gray area pointed by the red arrow indicates obvious bone resorption,
and the gray area pointed by the green arrow indicates the position

ICC estimates and their 95% confident intervals were cal-
culated based on a single-rating (intra-agreement)/mean-
rating(inter-agreement), absolute-agreement, 2-way
mixed-effects model. The ICC values were interpreted as

@ Springer

change of the mandible relative to the cranial base. j-1 Fused 3D
images in different view angles. The red area pointed by the red arrow
indicates obvious bone resorption, and the red area pointed by the
green arrow indicates the position change of the mandible relative to
the cranial base. T1, the previous time CBCT scanning; T2, the later
time CBCT scanning; CBCT, cone-beam CT; 3D, three-dimensional

poor (< 0.50), moderate (0.50-0.75), good (0.75-0.90),
or excellent (> 0.90) in agreement [20].

Scores from each observer generated a pooled ROC
curve for four groups of image sets. The areas under the
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Table 1 Wilcoxon signed rank test for the repeatability of registration

TX2 —TX1 TY2 —TY1 TZ2 —TZ1 RX2 — RX1 RY2 —RY1 RZ2 —RZ1 R2 —RI1
z —.106* —1.432% —.669° —.031* —.094% —1.069* —.919*
Asymp.Sig. 915 152 .504 975 925 285 358

(2-tailed)

TX1, TY1, TZ1: the translation of X, Y, Z-axis for the first registration; TX2, TY2, TZ2: the translation of X, Y, Z-axis for the second registra-
tion; RX1, RY1, RZI: the rotation axis of X, Y, Z-axis for the first registration; RX2, RY2, RZ2: the rotation axis of X, Y, Z-axis for the second
registration; R1, R2: the rotation degree for the first and second registration

“Based on negative ranks

"Based on positive ranks

Table 2 Intra-observer

Fusion 2D Fusion 3D Fusion 2D and 3D

Observer No fusion
agreement for each of the four
image sets (ICC [95% CI]) Observer 1 0.37 (=0.01 to 0.67)
Observer 2 0.50 (0.12-0.76)
Observer 3 0.63 (0.28-0.83)

0.75 (0.48-0.87)
0.81 (0.57-0.92)
0.70 (0.42-0.86)

0.86 (0.69-0.94)
0.76 (0.52-0.89)
0.89 (0.76-0.95)

0.80 (0.52-0.92)
0.76 (0.49-0.90)
0.86 (0.69-0.94)

ICC values [20], agreement was rated as “poor” (<0.50), “moderate” (0.50-0.75), “good” (0.75-0.90), and
“excellent” (>0.90). No fusion: two consecutive CBCT images without fusing; fusion 2D, fused image
shown in 2D cross-sectional; fusion 3D: fused image shown in 3D; fusion 2D and 3D: combine fused
image shown in 2D cross-sectional and 3D

ROC curves (AUCs) were compared among the four sets
using the Z test for two independent ROC curves through
the MedCalc Statistical Software.

Results

Forty-two TMJs from twenty-one patients were included in
this retrospective observational study with a gender predi-
lection of 1:6 (male: 3, female: 18). Their ages ranged from
19 to 70 years, with a mean age of 35.71 +17.71 years.
The interval between two times of CBCT scanning was
3.4 to 60.6 months, with an average time interval of
12.89 + 13.01 months. For the registration accuracy evalu-
ation, 26 pairs of TMIJs registration were scored as 5 and 16
pairs of TMIJs registration were scored as 4. The diagnosis
of 9 TMIJs (9/42) by the expert panel was inconsistent, and
the second evaluation and joint discussion were conducted
to reach a consensus. Finally, 24 TMIJs were diagnosed as
resorption (Figs. 3 and 4), and 18 TMJs were diagnosed as
no change (Fig. 2) by the expert panel.

For the repeatability of registration, there were no sig-
nificant differences in all translational and angular vari-
ances between the two times of registration; the p-value
was more than 0.05 (Table 1).

Intra-observer agreement of the three observers is shown
in Table 2. For the set of no fused images, the ICC values
for the three observers were 0.37, 0.50, and 0.63, respec-
tively, which indicated a poor to moderate agreement.
While for the three sets of fused images, the ICC values

from the three observers were moderate to good (0.75,
0.81, and 0.70 for the fused 2D cross-sectional images;
0.86, 0.76, and 0.89 for the fused 3D images; 0.80, 0.76,
and 0.86 for the fused 2D cross-sectional images combined
with fused 3D images).

Inter-observer agreements of the three observers are
shown in Table 3. For the sets of no fused images, the ICC
values were moderate to good (0.75 (0.59-0.86)). While for
the three fused image sets, the ICC values were good to
excellent (0.92 (0.86-0.96) for the fused 2D cross-sectional
image sets and fused 3D image sets, 0.91 (0.85-0.95) for
the fused 2D cross-sectional image sets combined with 3D
image sets.

The values for AUC from each observer for the four
image sets are shown in Table 4. The average value of

Table 3 Inter-observer agreement for each of the four image sets
(ICC[95% CI])

ICC 95%CI
No fusion 0.75 0.59 to0 0.86
Fusion 2D 0.92 0.86 to 0.96
Fusion 3D 0.92 0.86 to 0.96
Fusion 2D and 3D 0.91 0.85t0 0.95

ICC values [20], agreement was rated as “poor” (<0.50), “moderate”
(0.50-0.75), “good” (0.75-0.90), and “excellent” (>0.90). No fusion,
two consecutive CBCT images without fusing; fusion 2D, fused
image shown in 2D cross-sectional; fusion 3D: fused image shown
in 3D; fusion 2D and 3D, combine fused image shown in 2D cross-
sectional and 3D
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Table 4 Area under the receiver

: . Observerl Obsever2 Obsever3 Mean SD Total (the three observ-
operating ChaIaCter%Sth curve ers combined, 95% CI)
(AUC) for the four image sets

No fusion 0.79 0.80 0.84 0.81 0.03 0.81 (0.73-0.87)
Fusion 2D 0.92 0.95 0.95 0.94 0.02 0.94 (0.89-0.98)
Fusion 3D 0.90 0.94 0.94 0.93 0.02 0.93 (0.87-0.97)
Fusion 2D and 3D  0.91 0.94 0.95 0.93 0.02 0.94 (0.88-0.97)

No fusion, two consecutive CBCT images without fusing; fusion 2D, fused image shown 2D cross-sec-
tional; fusion 3D, fused image shown in 3D; fusion 2D and 3D, combine fused image shown in 2D cross-

sectional and 3D

AUC for the no fused image sets was 0.81, which was
smaller than the three fused image sets (0.94, 0.93, 0.93
respectively). Receiver operating characteristic curves
(ROCs) from the pooled data of three observers are
shown in Fig. 5. The differences between the no fused
image sets and the three fused image sets were statis-
tically significant, and there were no statistically sig-
nificant differences between any two fused image sets
(Table 5). The three observers’ sensitivity, specificity,
PPV, NPV, and accuracy obtained from a pooled data for
the four image sets are shown in Table 6.

Fig.5 Receiver operating
characteristic curves for the four
image sets from pooled data
for the resorption of condyle
bone. G1, two consecutive
CBCT images without fusion;
G2, fused 2D cross-sectional
images; G3, fused 3D images;
G4, combined fused 2D cross-
sectional images and fused 3D
images

100
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(24
o

Sensitivity

S
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Discussion

In the present study, the diagnostic accuracy of condylar
bone resorption over time was evaluated with the method
of image fusion. Compared with the direct observation of
condylar bone changes in the CBCT images taken at differ-
ent time points, the fused CBCT image has higher diagnostic
accuracy than that of individual CBCT images when the
areas under the ROC curves were evaluated. Further analysis
indicated that the AUC values for the three fused image sets
were very close and not significantly different. This means

|

@ Springer

40
100-Specificity



Clinical Oral Investigations (2023) 27:1277-1288

1285

Table 5 p-values when comparing AUC of each image set

Fusion 2D Fusion 3D Fusion
2D and
3D

No fusion 0.00* 0.00* 0.00%*
Fusion 2D - 0.60 0.86
Fusion 3D - - 0.72

“Significant difference between the no fusion set and others for AUC.
No fusion, two consecutive CBCT images without fusing; fusion
2D, fused image show in 2D cross-sectional; fusion 3D, fused image
shown in 3D; fusion 2D and 3D, combine fused image shown in 2D
cross-sectional and 3D

Table 6 Sensitivity, specificity, PPV, NPV, and accuracy for the four
image sets obtained from a pooled data

Sensitivity Specificity PPV~ NPV  Accuracy
No fusion 0.708 0.870 0.879 0.691 0.778
Fusion 2D 0.917 0.889 0.917 0.889 0.905
Fusion 3D 0.930 0.852 0.893 0.902 0.897
Fusion2D and  0.930 0.889 0.918 0.906 0913
3D

No fusion, two consecutive CBCT images without fusing; fusion 2D,
fused image shown in 2D cross-sectional; fusion 3D: fused image
shown in 3D; fusion 2D and 3D, combine fused image shown in 2D
cross-sectional and 3D

PPV positive predictive value, NPV negative predictive value

that the diagnostic accuracy of condylar bone resorption was
not further improved with the combined observation of the
fused 2D and 3D image sets.

Liu MQ et al. and Koyama J et al. used the direct obser-
vation method to evaluate condylar bone changes. However,
diagnostic accuracy and reliability were not provided [11, 21].
Ok SM et al. used OnDemand 3D software to superimpose
two time points of CBCT images and evaluate the condylar
bone changes through 2D cross-sectional CBCT images [13].
Unlike the present study, they did not evaluate bony changes
through the fused 2D cross-sectional images but through the
separated images at the same angle obtained from the reg-
istration process for specific areas. Lee JH et al. and Jiang
YY et al. applied the color-coded map to the reconstructed
condylar 3D surface that was obtained from the process of
segmentation and superimposition of two consecutive CBCT
images for qualitative and quantitative evaluation. The results
from this study showed that superimposition was an effective
tool for the observation of condylar bone remodeling after
orthognathic/orthodontic treatment [15, 16].

The intra- and inter-observer consistency indicated by
the ICC values was higher for the fused image sets than for
the image set without fusing. However, for the three sets of
fused images, the intra-observer consistency indicated by the

ICC values for the fused 2D&3D image sets was not higher
than that of the fused 2D cross-sectional image sets or the
fused 3D image sets alone. For observers 1 and 3, the ICC
values of the 2D&3D were between the values of the fused
2D sets and the fused 3D sets. And for observer 3, the ICC
value of the 2D&3D was lower than that of the fused 2D set
and similar to the fused 3D set. Similarly, the inter-observer
consistency indicated by the ICC value for the fused 2D&3D
image sets (0.91) was slightly lower than that of the fused
2D and 3D image sets (0.92). These results indicated that the
combined observation of fused 2D and 3D image sets cannot
further improve the intra- and inter-observer consistency.

CBCT is increasingly used as an imaging modality in
the assessment of temporomandibular joints due to its high
spatial resolution, high detection accuracy in surface osse-
ous changes [6], low radiation dose, and low cost [6, 7, 22].
Studies indicate that CBCT images provide superior reliabil-
ity and greater accuracy than panoramic radiology [23, 24]
and linear tomography [23] in assessing TMJ bone changes.
Wang YH et al. reported that in detecting condylar bone
defects, the diagnostic accuracy of CBCT was superior to
MRI [25]. The result was in line with the study by Schnabl D
et al. who reported that osseous alterations such as erosions,
osteophytes, and cysts detected by CBCT could not partly be
discerned by MRI [26]. Hintze H et al. reported that there
were no significant differences in diagnostic accuracy for the
detection of bone changes in the condyle between CBCT and
conventional tomography [27]. Based on the above evidence,
nowadays, CBCT is considered an ideal imaging modality
for the detection of condylar bone changes.

By the image registration and fusion method proposed
in the present study, two CBCT image sets were fused.
The bony changes for cases with minor bone resorption
(Fig. 3g-1) or the cases with an irregular and fuzzy bone
edge can be intuitively displayed, which may be ignored by
observing two separated CBCT images (Fig. 3a—f). This may
be helpful to clinicians in the determination of condylar bone
changes. For patients with TMJ osteoarthrosis (OA) accom-
panied by malocclusion and/or facial deformities, only when
the condylar bone reaches a stable state and maintains for
a certain period, orthodontic treatment and/or orthognathic
surgery can be carried out [28, 29]. In such cases, identify-
ing minor condylar bone changes was important. Schilling J
et al. also demonstrated that the bone in TMJ condyle is the
site of numerous dynamic morphological transformations,
which are an integral part of the initiation/progression of OA
[30]. Thus, timely and accurate detection of minor condylar
bone resorption was important, and the current study has
demonstrated the improved efficacy of fused CBCT images
on diagnostic accuracy according to Fryback and Thorn-
bury’s hierarchical model of efficacy [31]. The efficacy of
fused CBCT images on therapeutic thinking and TMJ OA
treatment outcome need to be investigated in future studies.
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To reduce the influence of background and soft tissue
images on the observation, gray values were adjusted to
keep them at the same threshold range in the CBCT images
taken at two time points before the fusion of 2D cross-
sectional and 3D images. The lower limit of the threshold
was between 200 and 300, and the upper limit was between
1400 and 1500. For the reconstruction of 3D images, seg-
mentation was the first step. When compared with manual
or semi-automatic segmentation [18, 30, 32], which needs
to check the segmentation results slice by slice in all three
planes (axial, sagittal, coronal), the segmentation based on
threshold took only a few to dozen seconds.

Han K et al. reported that both resorption and apposi-
tion were observed in condyles with TMJ osteoarthrosis,
and resorption/apposition patterns were associated with its
sites [18]. However, in the present study, only bone resorp-
tion was investigated. This is not limited to the value of the
present study since when bone apposition is expected, the
fused image is just like the display of bone resorption by
changing the order of primary and overlap data.

One limitation of the study is the lack of a gold stand-
ard. This problem is common in clinical study when the
involved patients have conservative treatment [25, 33]. To
solve this problem, the diagnosis from a panel of experts is
usually used as a reference standard. In the present study,
three specialists’ assessment in bone resorption was taken
as a reference standard.

Conclusion

It is feasible to visualize the condylar bone resorption by fus-
ing single-mode time series image sets. The consistency and
diagnostic accuracy on the detection of condylar bone resorp-
tion are improved compared to the direct observation of two
consecutive CBCT images. Especially, the fused images can
intuitively display condylar bone resorption over time.
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