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Abstract

Objective To determine the diagnostic accuracy of cone-beam computed tomography (CBCT) in detecting simulated bony
changes in the mandibular condyle by assessing the sensitivity and specificity.

Methods This review adhered to PRISMA guidelines. Following predefined eligibility criteria, a search was conducted in
four electronic databases in June 2024. The study-level risk of bias was assessed using a diagnostic test accuracy checklist
provided by the Joanna Briggs Institute. Pooled estimates of sensitivity and specificity were calculated using a bivariate
random-effects model.

Results Among 1,803 potentially eligible references, six met the inclusion criteria for qualitative synthesis, and three for
meta-analysis. The meta-analysis revealed that the index test, CBCT, had a low pooled sensitivity of 0.54 and a high
specificity of 0.93 for detecting simulated defects of the mandibular condyle. Computed tomography exhibited a lower
sensitivity of 0.37, but similar specificity of 0.93 like CBCT. Out of the six studies, five were found to have a low risk of bias.
Conclusions Cone-beam computed tomography is found to be more accurate than other modalities for detecting condylar
bony changes, effectively ruling out false positives, but with a risk of missing true positives. A smaller field of view and
voxel size may provide more accurate detection.
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Introduction

The temporomandibular joint (TMJ) is a complex
synovial joint formed between the temporal bone's
mandibular condyle and glenoid fossa that facilitates
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speech, mastication, and any functions involving jaw
movements [1]. Temporomandibular disorders (TMD)
are a group of conditions affecting the TMJ commonly
characterized by pain, restricted jaw movement, and
clicking sounds. Condylar bony changes, such as erosion
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(discontinuity of cortical outline), flattening (loss of
convexity), and osteophyte (bony overgrowth) formation,
are often observed in patients with TMD [2, 3]. Imaging
of TMJ is recommended, besides clinical examination, to
evaluate these osseous alterations properly [4, 5]. CBCT
is preferable to current imaging methods for assessing
the TMD, including panoramic radiography (PAN), TMJ
tomography (TOMO), computed tomography (CT), and
magnetic resonance imaging (MRI) [6].

Diagnostic accuracy refers to the ability of a test or pro-
cedure to correctly identify the presence or absence of a
disease or condition. It is typically measured using several
statistical metrics, including sensitivity, specificity, posi-
tive predictive value (PPV), and negative predictive value
(NPV). Sensitivity is the ability of a test to correctly identify
those with the disease (true positive rate). At the same time,
specificity correctly identifies those without the disease (true
negative rate) [7]. A highly sensitive test is beneficial for
ruling out a disease when the result is negative, whereas
a highly specific test confirms a disease when the result is
positive [8]. Several studies have revealed diagnostic accu-
racy by assessing the sensitivity and specificity of differ-
ent imaging modalities but are fragmented, resulting in a
lack of consensus [9-11]. Some review studies focused on
the diagnostic accuracy of different imaging modalities in a
frame without synthesizing data from those papers by meta-
analysis [12—14]. A comprehensive review of the sensitivity
and specificity of all imaging modalities in one study is still
lacking. This systematic review with meta-analysis aimed
to address the gap by evaluating and synthesizing the avail-
able evidence on the diagnostic accuracy of different imag-
ing modalities for assessing simulated bony changes in the
mandibular condyle.

Review question

The following research question was posed: Is cone-beam
computed tomography more accurate than other radio-
graphic modalities in assessing the simulated osseous
alteration involving the mandibular condyle? A subsequent
question was posed to identify possible sources of varia-
tion: Can hardware settings affect the diagnostic accuracy
of cone-beam computed tomography?

Methods

Protocol and registration

This review was reported following the Preferred Reporting
Items for a Systematic Review and Meta-analysis (PRISMA)

guideline. As this is a systematic review of in vitro studies,
Prospero registration is not applicable.

@ Springer

Based on PIRD (population, index test, reference
test, and diagnosis of interest):

— Population: mandibular condyle (from cadaveric or dry
skull) with simulated bony changes.

— Index test: CBCT.

— Reference test: CT, PAN, and TOMO.

— Diagnosis of interest: detection of simulated bone
defects, erosion, osteophytes, and flattening that resemble
the degenerative alterations of the mandibular condyle.

Eligibility criteria
The inclusion criteria were:

— In vitro studies that used CBCT to assess simulated osse-
ous alterations of the mandibular condyle, such as ero-
sion, osteophytes, defects, and flattening.

— Diagnostic test accuracy (DTA) studies that compared
the diagnostic accuracy of CBCT with other radiographic
modalities, including CT, PAN, and TOMO, using sensi-
tivity, specificity, and accuracy.

— Manuscripts that showed a low risk of bias and men-
tioned the value of sensitivity and specificity for erosion,
osteophytes, and flattening for both index and reference
tests will be included for meta-analysis.

The exclusion criteria:

— Studies involving patients with suspected or diagnosed
TMD.

— Reviews, letters, conference abstracts, personal opinions,
book chapters, in vitro or in vivo animal studies, proto-
cols, case reports, and case series.

— Studies with unverifiable or inconsistent diagnostic accu-
racy data such as discrepancies in sensitivity/specificity
values across different sections of the manuscript that
could not be resolved through clarification from the cor-
responding author.

— Studies published in languages other than English.

Information sources and search strategy

Data was retrieved from the following databases: Scopus®,
PubMed.gov, EBSCOhost Dentistry & Oral Sciences
Source, and Web of Science™ (WoS).

Web of Science™ includes the following databases,
with translations in English when necessary: Web of Sci-
ence Core Collection™, Current Contents Connect®, Der-
went Innovations Index", KCI-Korean Journal Database ",
MEDLINE®, Russian Science Citation Index"", and SciELO
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Citation Index . The searches were conducted in June 2024,
with no restrictions on the publication date of the articles.
Specific language and field restrictions were applied to Sco-
pus and Web of Knowledge searches, limiting results to Eng-
lish research within dentistry and healthcare. Two review-
ers (first and second authors) independently conducted the
search process. Inter-rater reliability was measured using
Cohen's kappa (K) coefficient. A third reviewer (correspond-
ing author) resolved all conflicts in the agreement.

Study selection and data collection process

The screening process adhered to PRISMA guidelines. We
conducted an a priori search using the manuscript title and
research question with a generative AI model (Consensus
AlI; Consensus Inc., Massachusetts, USA) to determine the
data items and summary measures to extract. We removed
duplicates and screened manuscripts using a professional
systematic review screening platform (Covidence.org; Ver-
itas Health Innovations Ltd., Melbourne, Australia). This
platform ensured complete agreement and conflict resolution
between the reviewers before allowing eligible manuscripts
to advance through the screening process.

Definition of data extraction

Full texts of the eligible studies were analyzed, and data
were extracted for the following information: study identifi-
cation (author, year, country, type of study, sample charac-
teristics, simulated lesion characteristics); image acquisition
and viewing protocol for index and reference tests; main
results (observer’s agreement, sensitivity, and specificity).
Both authors (first and second) independently screened all
the studies and conducted data extraction individually. In
cases of disagreement regarding data extraction, a consensus
was reached through discussion with a third reviewer (cor-
responding author).

Risk of bias and applicability

After completing the study selection process, we used the
Joanna Briggs Institute (JBI) critical appraisal checklist for
diagnostic test accuracy studies to evaluate the certainty of
evidence and assess potential biases. We categorized the risk
of bias for each study as "yes," "no," or "unclear." A study
had a high risk of bias if it received a "yes" in less than five
out of ten categories, moderate if the score was five to seven,
and low if the score was eight or higher [15]. Any disagree-
ments between the two reviewers were resolved with input
from a third reviewer (corresponding author).

Synthesis of the method

A meta-analysis was conducted using a random-effects
model to account for heterogeneity among studies. The sen-
sitivity for each study was calculated with 95% confidence
intervals (CI). Subgroup analyses were performed for each
type of abnormality (erosion, flattening, and osteophyte).
Forest plots were generated to visualize the sensitivity esti-
mates and their CIs for individual studies and pooled esti-
mates for each subgroup. The heterogeneity among studies
was assessed using the I? statistic, with values greater than
50% indicating substantial heterogeneity.

Results
Study selection

Using the predefined search strategy, we searched four
electronic databases, yielding a total of 1,803 references.
After separating duplicates, 1043 references were available
for further screening. Following the review of titles and
abstracts as per the PRISMA 2020 flow diagram (Fig. 1),
25 articles were selected for full-text reading. Among these,
19 were excluded (Supplementary file 2), leaving 6 articles
for critical appraisal and review that met the PIRD protocol.
The kappa coefficient of agreement was greater than 0.76 for
both pairs, indicating excellent agreement

Risk of bias within studies

A JBI-DTA critical appraisal of the articles (Fig. 2) sug-
gested that every study avoided the case—control design, but
the sampling method was unclear. Moreover, most of the
studies avoided inappropriate exclusions except for two [16]
and [17]. In addition, only one study [17] failed to clearly
state the observers' blinding for index and reference tests.
Though reference tests were different, such as CT, PAN,
and TOMO they were likely to classify the target condi-
tions correctly, and the standard interval between index and
reference tests was strictly maintained. Pre-specification of
the threshold was missing for all the studies as well. Four
studies—[ 12, 13, 18], and [19]—answered "yes" to eight out
of ten questions on the JBI DTA checklist, indicating a low
risk of bias. Another study, [16], scored 7, reflecting a low
risk of bias. However, one study [16] scored 5, indicating a
high risk of bias. Detailed individual appraisals are available
in supplementary Table 1 and are accessible online.

Study characteristics

This systematic review includes six studies examining the
mandibular condyle in dried human skulls. The studies,
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Fig. 1 PRISMA flowchart
showing the search results

Prisma 2020 flow diagram — Selection of studies from databases and register

Studies from databases/registers
(n=1803)
PubMed (n = 641)
Scopus (n =303)

conducted in English, represent diverse geographic origins:
one each from the USA (37 TMIJs), Iran (10 TMIs), Japan
and Norway (21 TMJs), Saudi Arabia (10 TMJs), India (30
TMIJs), and Denmark (159 TMIJs). Table 2 provides detailed
descriptions of the included studies.

Result of meta-analysis

This meta-analysis evaluated the following simulated
lesions: erosion, flattening, and osteophyte. Sensitivity and
specificity are pooled for imaging modalities CBCT and CT
that are included in the studies. CBCT showed a low pooled
sensitivity of 0.54 (95% CI: 0.47-0.60, I” =86.6%) higher
than CT as reference tests detecting simulated lesions which
showed a lower sensitivity of 0.37 (95% CI: 0.30-0.43,
=88.8%).

The overall heterogeneity between groups was significant
(p<0.001), suggesting that the diagnostic accuracy of these
imaging modalities varied considerably across the different
simulated lesions (Fig. 3).
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Table 1 Search strategies used in this study

Databases

Keywords

Studies (n)

PubMed

Web of Science

(((Dental[tiab] OR Maxillofacial[tiab] OR Oral[tiab] OR mandib*[tiab] OR Condyl*[tiab] OR "Dentistry"[mh]

OR "Temporomandibular Joint"[mh]) AND (Cone beam[tiab] OR CBCT][tiab] OR "Cone-Beam Com-
puted Tomography"[mh])) AND (Magnetic resonance[tiab] OR Orthopantomo*[tiab] OR Panoramic
radio*[tiab] OR computed Tomography[tiab] OR Saggital[tiab] OR coronal[tiab] OR "Magnetic Resonance
Imaging"[mh])) AND (Degenerative[tiab] OR Preauricular[tiab] OR TMJOA[tiab] OR Osteoarthritis[tiab]
OR Mandibular Dislocat*[tiab] OR osseous abnormalit*[tiab] OR "bony alteration*"[tiab] OR lesion[tiab]
OR "Osteoarthritis"[mh])

Dental OR Maxillofacial OR Oral OR "Temporomandibular joint" (Topic) and "Cone beam" OR CBCT

(Topic) and "Magnetic resonance" OR Orthopantomo* OR "Panoramic radio*" OR "computed Tomogra-
phy" OR Saggital OR coronal (Topic) and Degenerative OR Preauricular OR TMJOA OR Osteoarthritis OR
"Mandibular Dislocat*" OR "osseous abnormalit*" OR “bony alteration*” OR “bone alteration” (Topic) and
Preprint Citation Index (Exclude — Database) and English (Languages)

EBSCOhost DOSS ( TI(Dental OR Maxillofacial OR Oral OR mandib* OR Condyl*) OR AB(Dental OR Maxillofacial OR Oral

Scopus

OR mandib* OR Condyl*)) AND ( TI(Cone beam OR CBCT) OR AB(Cone beam OR CBCT)) AND (
TI(Magnetic resonance OR Orthopantomo* OR Panoramic radio* OR computed Tomography OR Saggital
OR coronal) OR AB(Magnetic resonance OR Orthopantomo* OR Panoramic radio* OR computed Tomog-
raphy OR Saggital OR coronal)) AND ( TI(Degenerative OR Preauricular OR TMJOA OR Osteoarthritis
OR Mandibular Dislocat* OR osseous abnormalit* OR “bony alteration*" OR lesion) OR AB(Degenerative
OR Preauricular OR TMJOA OR Osteoarthritis OR Mandibular Dislocat* OR osseous abnormalit* OR
“bony alteration*" OR lesion))

( TITLE-ABS-KEY ( dental OR maxillofacial OR oral OR "temporomandibular joint") AND TITLE-ABS-

KEY ( "cone beam" OR cbct) AND TITLE-ABS-KEY ( "magnetic resonance" OR orthopantomo* OR
"panoramic radio*" OR "computed tomography" OR saggital OR coronal) AND TITLE-ABS-KEY ( degen-
erative OR preauricular OR tmjoa OR osteoarthritis OR "mandibular dislocat*" OR "osseous abnormalit*"

641

290

569

303

OR "bony alteration*" OR "bone alteration")) AND ( LIMIT-TO ( LANGUAGE, "english"))

0.93 (95% CI: 0.90-0.97) and 0.93 (95% CI: 0.89-0.97),
respectively, indicating they are reliable in confirming the
absence of disease. Significant heterogeneity in CBCT
(I*=175.0%) and CT (I* =66.0%) suggests study variability.

Discussion

The current review aimed to identify whether CBCT is
diagnostically more accurate than other imaging modalities
in vitro. Based on the reports, the results seemed to vary,
as discussed below. CBCT showed low sensitivity and very
high specificity in identifying the simulated osseous changes
of the mandibular condyle, such as erosion, flattening, and
osteophyte, which was the highest among other imaging
modalities.

Interestingly, the current meta-analysis showed that the
pooled sensitivity of all included imaging modalities was
low, while the pooled value for specificity was high. The low
sensitivity implies that the imaging modalities used in these
studies may not effectively identify all true cases of condylar
bony changes, which can produce the risk of underdiagnosis.
In this case, a comprehensive evaluation that includes clini-
cal examination and multiple diagnostic modalities may be
necessary to improve the diagnostic accuracy [5].

In subsequent subgroup analyses, CBCT showed higher
sensitivity (54%) than CT (37%). The superimposition
of surrounding structures in the condylar head makes it
challenging for two-dimensional radiographs to clearly
depict bony changes. In contrast, three-dimensional imaging
modalities such as CBCT and CT both can produce more
accurate details by avoiding the duplication of overlapping
structures [20]. Moreover, CBCT outperformed CT, likely
due to differences in technical parameters such as spatial
resolution, voxel size, and field of view. Its higher spatial
resolution and smaller, adjustable voxel sizes allow for the
precise detection of degenerative changes in the condylar
head. Furthermore, a smaller field of view and collimation
capabilities enhance image quality by minimizing scatter
radiation and concentrating on the TMJ region. Additionally,
cone-beam image acquisition and optimized reconstruction
algorithms contribute to the superior high-resolution
imaging of CBCT compared to CT [21].

Since specificity is closely aligned with the ability to
identify disease-free normal anatomy, both CBCT and CT
demonstrated similarly high specificity (93%) in ruling out
degenerative changes of the condylar head. This high speci-
ficity can be attributed to the superior spatial resolution of
CBCT and the advanced texture analysis capabilities of CT,
both of which are essential for distinguishing between the
affected and normal condylar structures [22, 23].
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The low sensitivity of CBCT can significantly impact the
diagnostic accuracy and treatment plan as well. However,
studies indicate that larger voxel size, larger field of view,
and image noises from the machine due to lack of calibration
and patient movement during the scan may contribute to
low sensitivity in detecting degenerative changes of the
mandibular condyle [21, 24]. Additionally, the variability
in the presentation of degenerative changes further may
complicate the detection process [22]. For included studies,
simulated mild surface osseous changes in samples and soft
tissue compensation with water might be the reason for the
low sensitivity for all imaging modalities [19]. However, it
is known that the field of view can also affect sensitivity,
which some investigators have not mentioned resulting
in exclusion from the current meta-analyses [16, 17, 19].
The smaller field of view (FOV) with a smaller voxel size
enhances the visualization and detail when evaluating
defects on the condyle surface [21]. The FOV sizes varied
substantially, with the smallest being 3 cm X 4 cm [17] and
the largest being 17 cmx 13.2 cm [15]. While the differences
in FOV were substantial, the variations in sensitivity were
approximately 10%. A small FOV, along with a small
voxel size, can produce outstanding sensitivity (100%)

[12]. Advanced image processing techniques such as deep
learning reconstruction algorithms and fractal analysis can
enhance the diagnostic accuracy of CBCT to detect osseous
alteration of the mandibular condyle [25, 26].

Out of the six studies reviewed, one presented a high
risk of bias [17]; another study assessed bony changes,
but failed to specify relevant forms such as erosion or
osteophytes [11]. Additionally, one study focused solely on
accuracy, omitting sensitivity and specificity values [16].
The study with unverifiable or inconsistent specificity values
across different sections of the manuscript that could not
be resolved through clarification from the corresponding
author also needed to be excluded [13]. Only the remaining
two studies were sufficiently homogenous to be included in
the meta-analysis [18, 19]. This study exclusively included
in vitro research, as such studies provide precise data on
lesions due to the controlled, simulated conditions, allowing
them to be considered gold standards for reference. In
contrast, in vivo studies lack a true gold standard, making it
difficult to accurately assess bone changes in real patients,
which could influence sensitivity, specificity, and accuracy
calculations.

Effect %
Modality and Study ~ Simulated_lesions (95% ClI) Weight
sensitivity
CT
Zain & Alsadhan, 2012 Erosion —_—— 0.25(0.14, 0.40) 12.99
Honda et al, 2006 Erosion | ————— 0.70 (0.49,0.85) 6.78
Zain & Alsadhan, 2012 Flattening —_— 0.25 (0.14, 0.40) 12.99
Zain & Alsadhan, 2012 Osteophyte —_— i 0.25 (0.14, 0.40) 12.99
Honda et al, 2006 Osteophyte | — 0.70 (0.49,0.85) 6.78
Subgroup, IV (I = 88.8%, p < 0.001) ‘: 0.37 (0.30, 0.43) 52.54
CBCT |
Zain & Alsadhan, 2012 Erosion —_— 0.40 (0.26, 0.55) 10.44
Honda et al, 2006 Erosion E _— 0.80(0.59, 0.92) 8.07
Zain & Alsadhan, 2012 Flattening —— 0.40 (0.26, 0.55) 10.44
Zain & Alsadhan, 2012 Osteophyte —_— 0.40 (0.26, 0.55) 10.44
Honda et al, 2006 Osteophyte X _— 0.80(0.59, 0.92) 8.07
Subgroup, IV (F = 86.6%, p < 0.001) :’ 0.54 (0.47, 0.60) 47.46
Heterogeneity between groups: p = 0.000 |
Overall, IV (f = 88.5%, p < 0.001) ‘ 0.45 (0.40, 0.49) 100.00

~ -

1.2

Fig. 3 Forest plot for sensitivity assessment, categorized by the type of imaging modalities and simulated lesion
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However, dry human skulls in vitro may not fully
replicate clinical conditions due to the absence of soft tissue,
potentially leading to higher accuracy than in vivo studies.
Additionally, the small sample sizes used in some studies
[13, 19], limit the generalizability of the findings. One study
employed gross examination of bone surface structures
under a magnifying loupe with threefold magnification
as the gold standard [19]. However, this level of detail
may exceed the resolution of imaging modalities, making
direct comparisons challenging and potentially limiting
the clinical applicability of the findings. Several included
studies assessed the detection rate of simulated defects of
1 mm [12, 13]. These conditions do not adequately reflect
real-world clinical scenarios. Furthermore, Variations in
CBCT devices, imaging protocols, and parameters (e.g.,
FOV, voxel size) across studies may also contribute to
inconsistent diagnostic outcomes and high heterogeneity in
the meta-analysis. While a funnel plot could theoretically
assess publication bias, the limited number of studies
restricts its reliability. This limitation underscores the need
for standardized study protocols in future research.

Modality and Study  Simulated_lesions

CT

Zain & Alsadhan, 2012 Erosion
Honda et al, 2006 Erosion
Zain & Alsadhan, 2012 Flattening
Zain & Alsadhan, 2012 Osteophyte
Honda et al, 2006 Osteophyte

Subgroup, IV (F = 66.0%, p = 0.019)

CBCT

Zain & Alsadhan, 2012 Erosion
Honda et al, 2006 Erosion
Zain & Alsadhan, 2012 Flattening
Zain & Alsadhan, 2012 Osteophyte
Honda et al, 2006 Osteophyte

Subgroup, IV (I2 =75.0%, p =0.003)

Heterogeneity between groups: p = 0.802
Overall, IV (f = 67.7%, p = 0.001)

Future research should address several key areas to
improve the diagnostic accuracy and generalizability of
CBCT. For example, conducting studies with larger sample
sizes could provide more robust conclusions regarding
the diagnostic accuracy of CBCT. This would help ensure
the findings are generalizable to a broader population and
clinical settings. While smaller FOV (field of view) and
smaller voxel sizes are known to produce good scans,
future research with similar voltage, FOV, and voxel size on
different sample populations can minimize the heterogeneity
of outcomes.

Conclusions

Based on the findings of the current review, the following
conclusions were drawn:

1. Cone-beam computed tomography is more accurate in
ruling out false positives, but there is a significant risk

Effect %
(95% Cl) Weight
specificity
— 0.87 (0.76,0.94) 8.94
— 1.00 (0.85, 1.00) 12.87
— 0.87 (0.76,0.94) 8.94
—.-; 0.87 (0.76,0.94) 8.94
— 1.00 (0.85, 1.00) 12.87
’ 0.93 (0.90, 0.97) 52.55
|
i
— 0.84(0.72,0.92) 7.24
—é—o 1.00 (0.85, 1.00) 12.87
—o— 0.84 (0.72,0.92) 7.24
— 0.84 (0.72,0.92) 7.24
—E—o 1.00 (0.85, 1.00) 12.87
¢ 0.93(0.89, 0.97) 47.45
’ 0.93 (0.90, 0.96) 100.00

Fig.4 Forest plot for specificity assessment, categorized by the type of imaging modalities and simulated lesion
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of missing true positive cases of bony change of the
mandibular condyle.

2. Cone-beam computed tomography is comparatively
more accurate than computed tomography, panoramic,
and tomogram in detecting condylar bony changes.

3. The smaller field of view and smaller voxel sizes can
provide greater accuracy.
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