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Abstract

Background and Aim: Artificial Intelligence (AI) models, such as Convolutional
Neural Networks (CNNs) and Artificial Neural Networks (ANNs), are increasingly
being utilized to analyze Cone Beam Computed Tomography (CBCT) images. This
comprehensive review aims to explore the diagnostic and prognostic accuracy of Al
when applied to CBCT imaging in endodontic practices, highlighting its potential to
enhance clinical outcomes.

Materials and Methods: A comprehensive electronic literature search was
conducted using prominent electronic databases, including Google Scholar,
PubMed, Medline, and Scopus. The search strategy spanned publications from 2000
to the present, employing targeted keywords such as “Al”, “machine learning”,
“deep learning”, “endodontics”, “CBCT”, “advanced analytics”, “computational
linguistics”, “automation”, “intelligent agents”, “probabilistic reasoning”, “CNN”, and
“ANN".

Results: The initial search identified a total of 2072 articles, of which 37 met the
stringent inclusion criteria for this review. The analysis revealed a significant
concentration of research on key areas within endodontics, including the
verification of working lengths, detection and projection of periapical pathologies,
assessment of root canal morphologies, and predictions related to root fractures.
Recent studies emphasize the growing focus on improving the precision and
efficiency of endodontic diagnostics through Al-powered CBCT applications.
Conclusion: The findings of this review underscore the pivotal role that
Al-enhanced CBCT imaging plays in advancing diagnostic accuracy and improving
® ¢orresponding author: prognostic evaluations in endodontics. The integration of Al with CBCT heralds a
Zeynab Afzali, Department of | N€w era of precision in endodontic care, facilitating more efficient workflows and
Endodontics, Dental Research | standardized diagnostic practices while reducing the potential for human error.
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Introduction

Endodontics is a specialized branch of dentistry
focusing on the diagnosis and treatment of
conditions affecting the dental pulp and
surrounding tissues (1). For effective
endodontic therapy, achieving an accurate
diagnosis and making a well-designed
treatment plan are critical. Traditionally,
two-dimensional (2D) imaging techniques such
as periapical and bitewing X-rays have been the
primary tools for endodontic diagnosis (2,3).
However, these 2D images come with
limitations, including distortion, overlapping
anatomical structures, and the absence of depth
information. Such drawbacks make it difficult to
accurately visualize complex root canal systems,

detect periapical lesions, and evaluate
treatment outcomes (4,5).
In recent years, the introduction of

three-dimensional (3D) imaging technologies,
particularly Cone Beam Computed Tomography
(CBCT), has transformed the field of endodontic
imaging (6). CBCT offers high-resolution,
volumetric images that allow for detailed
visualization of root canal anatomy, detection of
fractures, and more accurate assessment of
periapical pathologies (7-10). This 3D modality
addresses many of the limitations posed by
conventional radiographs, as it enables the
examination of dental structures from multiple
angles, providing clinicians with a more
comprehensive understanding of  the
anatomical complexities (11). Consequently,
CBCT has become an invaluable tool in handling
complex cases, improving diagnostic precision,
and enabling more accurate treatment planning
in endodontic procedures. Despite these
advancements, manually interpreting CBCT
images remains a time-consuming process,
subject to variability between operators, and
prone to human error (12). This creates a
growing need for advanced technologies to
streamline the diagnostic workflow and
enhance its accuracy. Additionally, traditional
manual analysis of CBCT images may overlook
subtle anatomical variations, such as accessory
canals or uncommon curvatures, further
highlighting the importance of improving
diagnostic methods (13).

Artificial Intelligence (AI) consists of a neural
network architecture that mirrors the structure
and function of the human brain, simulating
human-like thinking processes (14). This neural
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architecture comprises interconnected neurons
that function as sophisticated information
systems, primarily designed to solve complex
problems (15). Al, particularly through machine
learning (ML) and deep learning (DL) models,
has gained significant prominence in
automating image interpretation and enhancing
clinical decision-making, making it an
invaluable tool in modern endodontics (16). ML
models rely on statistical techniques to
recognize patterns in data and adapt as new
information becomes available (17), while DL
utilizes intricate neural networks that emulate
the brain’s architecture to discern even the
most subtle patterns in imaging data (18).
Advancements, especially in convolutional
neural networks (CNNs) and artificial neural
networks (ANNs), enable Al models to analyze
complex dental structures with remarkable
precision (19,20).

One of Al's most significant contributions to
endodontics is its ability to reduce variability
between observers. Different clinicians may
interpret the same CBCT data differently, but Al
systems, once trained, provide standardized,
objective assessments, thereby improving
diagnostic reliability (21). Moreover, Al-driven
models can pinpoint areas of concern, often
identifying subtle pathologies that might be
overlooked by human observers (22). This is
particularly valuable in endodontics, where
accurate diagnoses and precise treatment
planning are essential to successful patient
outcomes. One study demonstrated that Al
systems achieved 96% accuracy rate in locating
the minor apical constriction (23). These
Al-based techniques not only reduce human
error but also standardize the measurement
process, resulting in more consistent and
reliable outcomes compared to traditional
manual methods (19).

Given the rapid advancements in Al and its
integration with CBCT technology, it is crucial
for endodontists to stay updated on Al-based
CBCT applications. The primary aim of this
review is to explore in detail how the
combination of Al and CBCT enhances
diagnostic accuracy and aids in more precise
treatment planning in endodontics.
Additionally, this review aims to highlight both
the current applications and the potential future
developments of Al  technologies in
endodontics, paving the way for more advanced
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diagnostic tools and more effective treatment
strategies in the field.

Materials and Methods

This comprehensive review was conducted by
identifying and compiling relevant literature
through a comprehensive search of electronic
databases, including Google Scholar, Semantic
Scholar, Medline, PubMed, Embase, Web of
Science, and Scopus. The search spanned
publications from January 2000 to October 5,
2024, employing keywords such as “artificial
intelligence”, “machine learning”, “deep
learning”, “endodontics”, "CBCT", "cone bean
computer tomography", “advanced analytics”,
“computational  linguistics”,  “automation”,
“intelligent agents”, “probabilistic reasoning”
“convolutional neural networks”, “artificial
neural networks”, and “dentistry.” Full-text
articles were targeted, and both manual and
electronic searching techniques were employed
to ensure exhaustive coverage. The selection
process occurred in two stages. Initially, articles
were screened based on their titles and
abstracts for relevance to our research focus.
This preliminary search identified 3,472
articles. After removing 603 duplicates, 2,869
articles were selected for further evaluation in
the second stage.

In this review, the criteria for selecting
appropriate papers included the following: (1)
studies conducted in vitro, on animals, or in
clinical settings, (2) research that utilized
Al-based CBCT in endodontics, (3) studies
focusing on root canal morphology, periapical
lesions, root fractures, and the determination of
working length, (4) full availability of articles,
and (5) articles that were written in English and
published in reputable, internationally indexed
journals. The exclusion criteria consisted of: (1)
studies that centered on Al applications in
dentistry, but not specifically on Al-based CBCT
in endodontics, (2) research on the effects of Al
that did not involve root morphology, periapical
lesions, root fractures, or assessments of
working length, and (3) articles written in
languages other than English. In total, 2072
articles were initially identified. However, 703
of these were duplicates, and 97 were excluded
for various reasons. As a result, 37 original
articles were included in this review. Figure 1
illustrates the flowchart of the article selection
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Figure 1. Searching and selecting articles flowchart

process for this review. To maintain objectivity
during the critical analysis, the identities of the
authors and article specifics were anonymized
before being reviewed by a panel of two
experts. Each selected article was meticulously
reviewed to assess the progression of Al based
CBCT trends in endodontics during theanalyzed
period.

Results

In this comprehensive review, both quantitative
and qualitative data from 37 research articles
were analyzed. The majority of these studies
were conducted over the past decade. Our
search included articles dating back to the year
2000. However, research involving Al
applications in CBCT within the field of
endodontics began to emerge in the literature
around 2016 (Figure 2). The research trends
indicate a steady increase in studies related to
Al-based CBCT in endodontics. Most of this
research focused on verifying working lengths,
identifying periapical pathologies, analyzing
root canal morphologies, and detecting root
fractures.
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Figure 2. Trends in Al Applications in CBCT in

Endodontics (2000-2024)

Discussion

4.1- Root Canal Morphology with Al-Based CBCT
Root canal morphology, which varies greatly
between patients and even among different
teeth of the same patient, poses a significant
challenge for clinicians aiming to achieve
optimal treatment outcomes (24). The
introduction of Al into CBCT analysis has
revolutionized this process, providing enhanced
accuracy, efficiency, and diagnostic capability
(16). One of the primary applications of Al in
endodontics is the automated detection and
classification of complex root canal systems (4).
Studies have highlighted the effectiveness of
Al in identifying challenging root canal
anatomies which are often difficult to locate
using conventional techniques (5,18,25,26).
The studies summarized in Table 1 clearly
demonstrate that the integration of Al with
CBCT significantly enhances the accuracy and
efficlency in  diagnosing root  canal
anatomies. The study of Fu et al. (2023)
introduced a deep learning-based approach
that successfully identified root canal
configurations with high accuracy, utilizing
a CNN model trained on a large dataset of
annotated CBCT images (3). This Al system
was able to distinguish between single, double,
and fused root canal systems with minimal
human intervention. Another significant
contribution is demonstrated in the results of
Albitar et al. where they employed a YOLOv5
architecture, designed for effective and efficient
object detection, combined with U-Net models,

16

designed for semantic segmentation tasks in
image processing, to segment and localize MB2
canals in maxillary molars automatically (27).
The YOLOv5 architecture is integrated with
U-Net models to enhance image processing
capabilities. Their model achieved a sensitivity
of over 90% in detecting these elusive canals, a

notable  improvement over  traditional
radiographic methods that often miss MB2
canals due to their subtle anatomical

presentation. The success of these deep learning
models in locating such challenging structures
highlights the potential of AI-CBCT integration
to enhance diagnostic precision and support
more thorough root canal treatments (12).
C-shaped root canals are particularly complex
due to their unusual morphology and variability
in shape across different teeth (28). This
approach resulted in a classification accuracy of
87%, demonstrating a substantial improvement
over the manual identification technique.
Further advancements are seen utilizing
micro-computed tomography (micro-CT) as a
reference standard to train models (29). This
Al system not only achieved superior
segmentation accuracy but also provided a
visual explanation of its decision-making
process, enhancing clinicians' trust in Al-driven
diagnostics (24). The inclusion of micro-CT-
guided techniques offers a new benchmark for
Al models, providing highly precise
segmentation data that can be used to further
refine CBCT-based diagnostics (30). By
providing clinicians with both accurate results
and insights into the Al's reasoning, this system
facilitates a more informed decision-making
process and fosters greater collaboration
between human practitioners and Al technolo-
gy. A study by Jeon et al. focused on the
application of deep-learning models to predict
C-shaped canals in mandibular second molars
using panoramic radiographs and CBCT (26).
Evidence showed that the Al model
demonstrated a remarkable ability to predict
C-shaped canals complex anatomies with high
sensitivity and specificity (31). This technology
not only aids in the preoperative planning of
root canal treatments but also reduces the risk
of missed canals, which can lead to treatment
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Table 1. Assessment of root canal morphology using Al and CBCT technologies based on the evidence of clinical studies

Accuracy / Diagnostic

Reference Type of Al Used Al architecture Metrics Outcome
Fu etal. (2023) Deep Learning CNN High Accuracy > 90% Successful detecthn o.f complex root canal
3) morphologies in premolars.
Albitar et al. Machine High Sensitivity and Improved detection and localization of MB2 canals in
(2022) (27) Learning YOLO +2D U-Net Specificity CBCT images.
Ibraheem . ) o Effective identification of C-shaped canals in
(202) (70) Deep Learning C-ResNet >90% mandibular molars.
Yang et al. . . Improved classification accuracy for C-shaped canal
(2022) (29) Explainable Al CNN High Accuracy recognition in dental radiographs.
Duman et al. . . . . Accurate segmentation of the second
(2024) (41) Object Detection YOLOvS High Precision mesiobuccal canal in CBCT data.
Zhang et al. . . . o Efficient detection of C-shaped canals with reduced
(2022) (28) Deep Learning Lightweight CNN >90% computational load.
Lin etal. Convolutional CNN Superior to Enhanced segmentation of pulp cavities and dental
(2021) (30) Network Manual Segmentation structures.
Zhao et al. Machine PAINet and Improved Effective grading and severity assessment of apical
(2024) (32) Learning ResNet50/101/152 Accuracy periodontitis in CBCT scans.
Ezhov et al. Al /ML CNN based on Clinically Relevant Comprehensive Al tool for enhanced diagnosis across
(2021) (12) state-of-the-art Accuracy complex dental cases.
Shaheen et al. . . High Diagnostic Enhanced accuracy in tooth segmentation and
(2021) (34) Deep Learning Multi-class CNN Accuracy classification.
Hu etal. (2022) . ) High Sensitivity and Accurate detection of anatomical root
(35) Deep Learning R-CNN Specificity fractures in complex dental images.
Fontenele et al. Deep Learnin CNN with Hieh Accurac Validated segmentation tool regardless of root
(2022) (33) P J Augmented Data & y fillings and types.
Yang et al. Generative GAN Effective Successful augmentation and classification of
(2023) (36) Models Enhancements C-shaped canals through GAN-generated data.
Htvani et al. . Enhanced Improved visual clarity and diagnostic capability
(2018) (38) Super-Resolution CNN Resolution Quality of CBCT images.
Yang et al. . . . Consistent Across Successful external validation and consistency of
(2024) (4) Object Detection  Multi-center Study Centers Al models in diverse settings.

Ji etal. (2024)
7

Wu et al.
(2024) (2)

Jeon et al.
(2021) (26)

Wang et al.
(2024) (25)

Sherwood et al.
(2021) (18)

Hiraiwa et al.
(2019) (5)

Wu et al.
(2024) (2)

Chen etal.
(2024) (37)

Resolution
Enhancement

Deep Learning

Predictive
Models

Multi-task
Learning

Deep Learning

Deep Learning

Deep Learning

Deep Learning

Al Optimization

CNN

CNN

CNN +
Segmentation
Models

CNN

CNN

CNN

Sequential CNNs

Improved Image Quali-

ty

Accurate
Identification

High Accuracy

High Planning
Accuracy

High Diagnostic
Performance

High Accuracy

High Accuracy

Predictive Accuracy

Successful optimization of CBCT resolution for en-
hanced diagnostic accuracy with minimal radiation
exposure.

Improved accuracy in identifying challenging
fused-rooted structures.

Effective prediction of C-shaped canals,
assisting in improved treatment outcomes.

Enhanced treatment planning through precise
segmentation of complex dental anatomies.

Successful segmentation and classification of
complex C-shaped canal morphologies.

Effective assessment of root morphology using
advanced Al techniques.
Improved identification of fused-rooted molar
structures through Al-assisted analysis of X-ray
images.

Accurate prediction of complex dental
treatment sequences, aiding in automated treatment
planning based on historical data.
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failures (29). The study by Wang et al. employed
a deep-learning-based approach to classify
C-shaped canal morphologies, incorporating a
multi-task feature learning method that allows
the system to perform segmentation and

classification simultaneously (25). By
leveraging the high-resolution capabilities of
CBCT, this model successfully identified

variations in C-shaped canals and provided
clinicians with critical information needed for
accurate treatment planning (29). Evidence
explored how deep learning models could be
applied to classify C-shaped canal morphologies
in mandibular second molars (2,18). By
combining CBCT imaging with deep learning
algorithms, their system was able to detect
C-shaped canals with remarkable precision,
offering clinicians a valuable tool for treatment
planning. These Al-driven models not only
improved the accuracy of morphological
classification but also allowed for a more
efficient workflow, as the automation of the
diagnostic process reduced the time required
for interpretation (32).

The integration of Al with CBCT imaging
extends beyond simple detection to include
automated segmentation and classification of
root canals and dental structures (33). The
study by Shaheen et al. introduced a robust Al
model capable of segmenting and classifying
various dental and periodontal structures
within CBCT scans (34). This system, based on a
modified U-Net architecture, achieved a
segmentation accuracy of 95.3% across multiple
tooth classes and root canal types,
demonstrating its potential to streamline both
diagnosis and treatment planning. Lin et al.
explored the use of micro-CT data to train an Al
model for automatic segmentation of pulp
cavities in CBCT images (30). By utilizing
high-resolution micro-CT scans as ground truth,
the authors were able to produce a highly
accurate segmentation model that
outperformed traditional CBCT interpretation
methods. The resultant Al system was capable
of delineating the intricate structures of pulp
cavities and root canals with 97% accuracy,
providing clinicians with a reliable tool for
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assessing root canal morphology even in cases
of severe calcification or structural anomalies.
The ability of the Al model to segment not only
the tooth but also the individual canals opens
up new possibilities for personalized treatment
planning in endodontics (35). Another
significant contribution in this area comes from
Yang et al, who developed a generative
adversarial network (GAN) to synthesize
images for the classification of C-shaped root
canals (36). This innovation is particularly
noteworthy because it addresses a common
limitation in Al model training: the lack of large,
high-quality datasets. By creating synthetic data
that closely resembles real-world cases,
GAN-based models can train on more varied
examples, improving their ability to generalize
across different clinical scenarios (22).
Furthermore, Chen et al. introduced an Al-based
approach that applied a deep multi-task
learning model to enhance root canal treatment
planning (37). The system was designed to
segment root canals automatically and provide
an accurate assessment of the root canal
system’s complexity (16). Such models are
particularly valuable in cases where irregular
anatomy or radiopaque fillings may obscure the
clinician’s view (3). A noteworthy study by Wu
et al. developed a deep-learning model that
utilized CBCT images to identify root canal
morphology in fused-rooted mandibular second
molars. Their model was particularly effective
in cases where root canal systems presented
with irregular anatomical variations, achieving
a level of accuracy that outperformed manual
assessments by clinicians (2).

One of the limitations of CBCT imaging is the
relatively low resolution compared to other
imaging modalities, such as micro-CT (38). This
can impact the ability to detect fine anatomical
details, such as small canals or subtle fractures
(39,40). To address this issue, Ji et al. applied
deep learning-based super-resolution
techniques to enhance the resolution of dental
CBCT images (7). Their model used a CNN to
increase the resolution of CBCT scans, thereby
providing clearer images of root canal
systems and other anatomical features. This
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advancement is particularly important for
detecting smaller root canals, such as second
mesiobuccal (MB2) canals in maxillary molars,
which are often difficult to visualize on
standard-resolution CBCT scans (41). By
applying super-resolution techniques, Al
systems can help clinicians identify these
critical anatomical features more reliably (38).
Ji et al. explored an Al-based technique for
optimizing CBCT resolution (7). The system
employed a deep learning algorithm that
improved the resolution of CBCT images,
allowing for clearer visualizations of the root
canal anatomy. This approach is particularly
beneficial in identifying small anatomical
details, such as accessory canals or minor
fractures, which are often difficult to detect in
lower-resolution scans (29). Additionally, this
approach has the potential to reduce the need
for higher radiation doses, as lower-resolution
scans can be enhanced through Al-driven
super-resolution  algorithms,  maintaining
diagnostic accuracy while minimizing patient
exposure to radiation (42).

3.2- Precision in Diagnosing Periapical Lesions
with Al-Assisted CBCT Data

Detecting periapical lesions through
radiography poses significant challenges, even
for experienced clinicians. Research indicates
that to visualize a periapical radiolucency on a
2D radiograph, an average of 7.1% mineral
bone loss or at least 12.5% cortical bone loss is
necessary (43). Moreover, the interpretation of
radiographs is often subjective (20). CBCT has
demonstrated superior accuracy in diagnosing
periapical lesions compared to traditional
periapical radiographs. Campello and colleagues
found that the sensitivity for detecting
periapical lesions was only 28% with periapical
radiographs, while it reached up to 73.67 with
CBCT (44). However, analyzing CBCT volumes
can be labor-intensive and time-consuming.
Additionally, clinicians who are not specialized
in oral radiology may miss subtle density
variations in CBCT images, particularly in larger
fields of view (13). To address these challenges,
Al is being developed to assist clinicians in
identifying periapical pathosis.

Winter And Spring 2024; Vol. 36, No. 1-2

The wuse of Al-based diagnostic systems,
particularly CNNs, has demonstrated
remarkable advancements in  detecting

periapical lesions in CBCT scans (19). As
outlined in the referenced studies, the
diagnostic accuracy of Al models consistently
surpasses traditional methods. For instance,
Setzer et al. reported an impressive 93%
accuracy and 88% specificity in detecting
periapical lesions using Al models applied to
CBCT data (20). In comparison, conventional
radiographic techniques such as periapical
radiographs, despite being widely used, exhibit
a lower sensitivity, as demonstrated by Antony
et al., where detection sensitivity for periapical
and panoramic radiograph was 55% and 28%,
respectively (45). These findings, summarized
in Table 2, underscore the enhanced diagnostic
capability of Al, particularly in identifying subtle
or hidden lesions that may otherwise be missed
through manual interpretation.

In addition to diagnostic accuracy, Al systems
significantly improve the efficiency of clinical
workflows by automating the analysis of
complex CBCT images. Studies such as Ezhov et
al. and Orhan et al. highlight that Al algorithms
are capable of real-time lesion classification and
segmentation, significantly reducing the time
required for manual image review by clinicians
(10,12). This reduction in time is particularly
beneficial in high-volume clinical settings or
areas with limited access to radiological
expertise, as Al models can provide rapid and
reliable diagnostic support (20). As seen in
Table 1, the implementation of Al in the
diagnostic workflow not only accelerates the
identification of periapical lesions but also
enhances diagnostic precision, ensuring that
treatment plans are both timely and accurate
(10,12,20,21,27,46,47).

Furthermore, AI's role extends beyond
diagnosis, contributing to improved endodontic
treatment planning and outcome prediction.
Recent studies, such as Qu et al.,, demonstrate
Al's capability to predict the success of
endodontic surgeries with up to 80% accuracy
(17). This predictive power is crucial in clinical
decision-making, allowing practitioners to base

19



Journal of Iranian Dental Association (JIDA) Winter And Spring 2024 ;36, (1-2)

Naghshbandi et. al

Table 2. Diagnosis of periapical lesions using Al and CBCT technologies based on the evidence of clinical studies

Reference

Type of Al used

Al architecture

Accuracy / Diag-
nostic Metrics

Outcome

Setzer et al.
(2020) (20)

Albitar et al.
(2022) (27)

Fu etal. (2024)
(21)

Ezhov et al.
(2021) (12)

Kazimierczak
etal. (2024)
(46)

Orhan et al.
(2020) (10)

Kazimierczak
etal. (2024)
47)

Deep Learning
(CNNs)

Deep Learning

3D Convolutional
Neural Networks
(PAL-Net)

Hybrid Al
Techniques

Multiple Machine
Learning Models

Deep Learning
(CNNs)

Al-Based
Analysis

Utilizes convolutional neural
networks for classifying |
periapical lesions based on
CBCT images.

Recognizing patterns in
imaging data to locate mesial
buccal 2 canals in endodontics.

Segmentation and analysis of
3D volumetric images for
detailed evaluation of
periapical lesions.

Combines classical image
processing with machine
learning for enhanced
diagnostics.

Evaluates varying algorithms
for diagnostic precision in
endodontic treatments.

Implements CNNs for
automated detection of
pathosis from CBCT scans.

Evaluates Al models for
diagnostic purposes using both
imaging types.

939% accuracy, 88%
specificity

Sensitivity of 92%
reported in clinical
validations

Accuracy over 90%
compared to
specialists

Specific accuracy
metrics closely
evaluated, not

quantified

Verified accuracy
rate of ~94% based
on expert analysis

Reported accuracy
around 90%.

CBCT significantly
outperformed
traditional
methods.

Accuracy = 0.93 with specificity =
0.88, positive predictive value = 0.87,
negative predictive value = 0.93, and

cumulative Deep Learning
segmentation index = 0.67

Sensitivity = 0.8, a specificity = 1, PPV
=1,and a NPV = 0.83, accuracy = 0.9,
and segmentation performance of
unobturated mesial buccal canals =
0.3018

Operating characteristic curve = 0.98
and average Dice similarity
Coefficient = 0.87

Sensitivity = 0.8537, specificity =
0.9672, reducing the time required
for manual review by clinicians, and
improving workflow efficiency.

Improves treatment planning by
providing accurate diagnostics,
contributing to better patient
outcomes and reduced retreatment
rates.

Facilitates quicker identification of
pathosis, reducing diagnostic
turnaround times and enabling more
timely interventions.

Highlights the potential of Al in
enhancing the diagnostic accuracy of
CBCT over panoramic radiography,
supporting the integration of Al
for more reliable results.

their treatment strategies
Additionally,
in determining working
during root canal treatments. As outlined in
Latke et al., Al algorithms achieved an accuracy
of 86.51% in measuring root canal lengths,
reducing the margin of human error and
improving overall treatment outcomes (23).
This integration of Al into endodontic practice
not only ensures better patient care but also
paves the way for more personalized and
accurate treatment approaches (42). Looking
ahead, Al might advance to a point where it can

insights.
precision

20

on data-driven
has shown high
lengths

often

clinicians about potential apical pathosis and
other odontogenic or non-odontogenic lesions
present in the images (10). This capability
would be especially beneficial in regions where
access to oral radiologists and appropriate
radiology training is limited (20).

3.3- Detection of Vertical Root Fractures with
Al-Based CBCT
The accurate identification of vertical root
fractures (VRFs) presents a critical challenge in
endodontics,
ambiguity and potential treatment errors (48).
Traditional radiographic methods, particularly

leading to diagnostic
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2D radiography, have inherent limitations, such
as the inability to provide clear images of
fractures due to overlapping structures and a
lack of depth perception (49). As a result, VRFs
can remain undetected, or their diagnosis can
be delayed until more advanced symptoms
appear (50). This has prompted clinicians to
turn to CBCT, which offers 3D-imaging and
enhanced resolution that significantly improves
the detection rates of VRFs (51,52).

Several studies have explored the effectiveness
of CBCT in diagnosing vertical root fractures
(51,53,54). The study of Edlund et al. highlights
that CBCT significantly outperforms traditional
radiographs in identifying fractures, especially
in endodontically treated teeth (55). This study
suggests that the superior imaging capability of
CBCT makes it a critical tool for early diagnosis,
with higher sensitivity and specificity rates.
However, despite the clear advantages of CBCT,
analyzing these complex volumetric datasets
remains  time-consuming and  requires
specialized expertise, often limiting its
widespread adoption in routine clinical practice
(11,56). The studies summarized in Table 3
clearly demonstrate that the integration of Al
with CBCT significantly enhances the accuracy
and efficiency in diagnosing VRFs, alleviating
the diagnostic burden on clinicians and
improving early detection rates.

The introduction of Al, particularly deep
learning models, has revolutionized the
detection of VRFs by automating the

interpretation of CBCT images. Research such as
Yang et al. that Al algorithms, specifically CNNs,
have shown remarkable potential in diagnosing
VRFs with high accuracy (57). These algorithms
are trained on vast datasets of annotated CBCT
images and are capable of detecting subtle
fracture patterns that may be missed by the
human eye, even in complex cases involving
multirooted teeth. Furthermore, Chang et al.
(2016) asserts in their systematic review that
there is evidence supporting the efficacy of
CBCT combined with Al (6). This review
emphasizes that Al systems trained to detect
fractures in CBCT images have demonstrated
diagnostic accuracies exceeding 90%, with
some studies reporting near-perfect specificity.
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The ability of Al to consistently outperform
traditional diagnostic methods, particularly in
cases where fractures are minute or obscured,
highlights its transformative role in endodontic
practice (58).

Moreover, the study Alaugaily et al. provides
insight into the radiographic indicators that
correlate with VRFs, such as bone loss patterns
and the widening of the periodontal ligament
space (52). These patterns serve as critical
predictors that Al systems can be trained to
recognize, further enhancing the diagnostic
power of CBCT imaging. The identification of
these subtle radiographic features enables early
detection of fractures, which is crucial for timely
intervention and the preservation of affected
teeth (9). As Al continues to evolve, its
integration into endodontic diagnostics extends
beyond fracture detection (42). Emerging deep
learning models are also being utilized to
predict treatment outcomes, as demonstrated in
the study Hu et al (35). This study explores the
potential of Al to not only detect fractures but
also assist in predicting the prognosis of
affected teeth, offering valuable insights into
treatment planning. By incorporating Al-based
predictions into clinical decision-making,
endodontists can develop more precise,
personalized treatment strategies that enhance
patient outcomes (59). Enhancing the accuracy
of Al in diagnosing VRF can prevent the
unnecessary treatment of non-restorable teeth
and the unwarranted extraction of healthy teeth
that have been incorrectly identified (60).

3.4- Determination of Working Length with
Al-Based CBCT

Accurate determination of working length (WL)
is a critical aspect of endodontic treatment, as it
directly influences the success of root canal
procedures (61). Traditional techniques, such as
tactile sensation, radiographic imaging, and
electronic apex locators (EALs), have been
employed for decades. While these methods
have been the foundation of WL determination,
they often suffer from limitations, particularly
in precision and consistency, when dealing with
complex root canal anatomies @ (62).
Radiographs provide 2D representations, which
may result in inaccuracies due to anatomical
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Table 3. Diagnosis of vertical root fractures using Al and CBCT technologies based on the evidence of clinical and preclinical studies

traditional methods

Accuracy /
Reference Objective Al architecture Outcome Diagnostic Implications
Metrics
. Al significantly . .
Examine Al . 93% Al automates diagnosis,
. Use of CNNs trained enhances accuracy, . . .
Yang et al application in . sensitivity, reduces interpretative
. . on annotated CBCT sensitivity (93%), and L
2023 (57) detecting VRFs with . . . 100% burden on clinicians,
images specificity (100%) in . .
CBCT . . specificity streamlining workflow
identifying VRFs
Al models (machine
Investigate learning) analyze Radiographic indicators )
. . . Enables early detection
. predictors bone loss patterns provide critical . .
Alaugaily et . . . . . and intervention,
correlating with VRFs and ligament space diagnostic clues that Al - )
al 2022 (52) . L . preserving tooth
in CBCT widening to correlate models can be trained fruct
structure
images with the presence of to recognize
vertical root fractures.
Al's role in not only . . Al aids in prognosis Encourages integration
. Deep learning analysis L . o .
Hu et al detecting but fCBCT d prediction, enhancing of Al in clinical decision
0 images use -
2022 (35) predicting & personalized treatment making for better patient
for both tasks ]
treatment outcomes strategies outcomes
) . AI-CBCT systems have — ,
. . Focusing on various . . . >90% Highlights AI's
Systematic review of . ) diagnostic accuracies ) ) . )
Chang et al , i machine learning k diagnostic transformative role in
CBCT’s effectiveness exceeding 90%, . Lo .
2016 (6) . ) models for VRF . accuracy in endodontic diagnostics
in vrf detection . outperforming . . .
detection. most studies and decision making

superimpositions (63), while EALs can be
affected by variables such as moisture or the
presence of metallic restorations (8).

The advent of CBCT and Al has significantly
improved the accuracy and efficiency of WL
determination, offering clinicians powerful tools
for more predictable outcomes (64). CBCT
imaging provides high-resolution,
three-dimensional insights into root canal
structures, enabling more precise measurement
of WL (65). However, the challenge lies in the
time-consuming and complex task of
interpreting these volumetric datasets. This is
where Al proves invaluable by automating the
analysis, ensuring higher diagnostic precision
while reducing  human error (66).
Al-based CBCT systems, utilizing CNNs, can
detect anatomical landmarks such as the root
canal entrance and apex with impressive
accuracy. By training these models on large,
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automate the process of WL determination
(7,22). Recent studies have demonstrated that
Al can achieve an accuracy of up to 96% in
determining working length from CBCT images,
making it a reliable alternative to traditional
methods (23). This enhanced precision not only
reduces the likelihood of over- or
under-instrumentation but also significantly
contributes to better treatment outcomes by
ensuring optimal cleaning and shaping of the
root canals (22).

Al systems have also been shown to outperform
traditional methods, achieving accuracy rates as
high as 100% in some instances, particularly in
cases where complex root morphologies
complicate manual measurement (67). By
processing large amounts of CBCT data, Al
models provide real-time, standardized
measurements that eliminate the subjectivity
associated  with  tactile sensation or
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2D-radiographic interpretation (68). As a result,
Al enhances both the efficiency and consistency
of WL determination, leading to more
predictable clinical outcomes.

The integration of Al into endodontics also
extends beyond accurate WL determination.

Sherwood et al, have shown that Al
significantly improves diagnostic accuracy,
especially in cases involving anatomical

variations or difficult-to-access apices (18). In
contrast to EALs, which rely on favorable canal
conditions and can be influenced by operative
variables, Al offers a standardized approach
with a learning component that continuously
improves its precision over time. This is
particularly advantageous in challenging
anatomies, such as S-shaped or severely curved
canals, where Al’s ability to perform geometric
analysis through high-dimensional image
processing proves invaluable, reducing the
incidence of both over-instrumentation and
under-instrumentation (1,69). Moreover, Al's
role in endodontics is not limited to diagnostics
but also extends to prognostics (16). Karobari et
al. highlights how Al can integrate both
diagnostic data (e.g, WL determination) and
prognostic factors (e.g., periapical health) to
provide a comprehensive assessment of
treatment success (15). Such predictive models
are becoming increasingly valuable as
personalized treatment planning gains traction
in endodontics, allowing for more tailored
interventions that enhance patient outcomes
(14).

3.5- Clinical Impact and Future Directions

The integration of Al into CBCT imaging is
significantly impacting the field of endodontics,
particularly in enhancing diagnostic accuracy
and improving treatment planning. Such
advances not only improve patient outcomes
but also reduce unnecessary exploratory
procedures, leading to greater patient comfort
and lower treatment costs. The successful
implementation of such Al systems highlights
the potential of these technologies to
revolutionize patient care by increasing
efficiency and diagnostic precision. Al-driven
CBCT systems also hold great promise for
automating the detection and segmentation of
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complex root canal morphologies. This
automation reduces the likelihood of missed
canals, incomplete treatments, and ultimately,
failed procedures. By delivering detailed,
real-time insights into complex root canal
structures, these systems are improving
predictability and treatment success.

An additional benefit of Al advancements in
endodontics is the development of explainable
Al models. These models address a significant
barrier to clinical adoption (trust and
interpretability). Clinicians are more likely to
embrace Al technologies when they can
understand how the system arrives at its
conclusions. Therefore, explainable Al makes it
easier for clinicians to validate the AI's
recommendations, ensuring they align with
their clinical judgment. However, despite the
considerable progress, challenges remain.
Ensuring the generalizability of Al models
across various patient demographics and
different CBCT equipment is crucial. Future
research needs to focus on creating more
adaptable Al systems that can function across
diverse populations and equipment. Al in CBCT
imaging offers a promising future for
endodontics, particularly in diagnosing and
managing complex root canal morphologies. By
automating tasks like segmentation and
diagnosis, Al not only improves treatment
planning but also reduces errors and enhances
patient care. As this technology evolves, it is
expected to lead to more personalized, accurate,
and efficient endodontic treatments, ultimately
transforming the field.

3.6- Limitations and Challenges

A significant challenge in implementing Al in
endodontics is the quality and volume of
training data. Al models, particularly deep
learning  algorithms, require extensive,
well-annotated datasets, but such data are
scarce in endodontics, especially for rare root
canal anatomies like C-shaped or fused-root
canals. Inconsistent imaging protocols and
CBCT settings among practices further
complicate this, affecting the Al models’ ability
to generalize effectively. Generalizability
remains a key obstacle, as models that perform
well in controlled environments may struggle in
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real-world clinical contexts. Additionally, the
interpretability of Al decisions is another
hurdle; many deep learning models operate as
“black boxes,” providing minimal transparency
about their decision-making processes. This
opacity can limit clinicians’ trust and
acceptance, highlighting the need for
advancements in explainable Al to enhance
clinical reliability. Regulatory and ethical issues
also create barriers. Current regulations for Al
in dentistry are underdeveloped, leading to
uncertainties regarding safety standards and
accountability for errors, whether by clinicians,
developers, or manufacturers. Integration into
existing  workflows presents additional
difficulties, requiring compatibility with diverse
CBCT machines, dental software, and electronic
health records, alongside the need for
substantial infrastructure and clinician training.
Cost and accessibility are other notable
challenges, particularly for smaller practices
unable to afford advanced imaging systems and
computing infrastructure. Lastly, Al's reliance
on patient data raises significant privacy
concerns, necessitating strict protocols for data
security, especially when using cloud-based
platforms for analysis.

Conclusion
The incorporation of Al into CBCT imaging has
significantly transformed endodontic

diagnostics and treatment planning. Al, through
deep learning models, has demonstrated
superior accuracy in detecting, classifying, and
segmenting complex root canal anatomies, such
as C-shaped and MB2 canals, which are often
missed by traditional imaging methods.
Additionally, Al-assisted CBCT’s keys
contributions are in diagnosis of periapical
lesions, determination of working length, and
detection of vertical root fractures, which are
difficult to diagnose with traditional imaging
methods, improving the quality of treatments.
In conclusion, Al-based CBCT imaging is
revolutionizing endodontic practices by offering
clinicians enhanced tools for more accurate
diagnostics and effective treatment planning. As
Al technologies continue to evolve, their
integration into endodontics will result in more
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personalized, efficient, and  predictable
treatment outcomes, setting the stage for future
advancements in patient care.
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