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Introduction

The integration of artificial intelligence into healthcare has 
created unprecedented opportunities for improving diagnostic 
accuracy and treatment outcomes. Dentistry, as a field heav-
ily reliant on visual and radiographic examination, stands to 
benefit substantially from AI-powered image analysis. Dental 
imaging modalities including periapical radiographs, panoramic 
radiographs, Cone-Beam Computed Tomography (CBCT), and 
intraoral photographs generate vast amounts of data that re-
quire expert interpretation. However, human interpretation is 
subject to variability, fatigue, and cognitive biases, potentially 
leading to diagnostic errors or inconsistencies [1-15].

AI algorithms, particularly those based on deep learning, ex-
cel at pattern recognition in complex visual data. These systems 
can be trained to identify pathological conditions, anatomical 

landmarks, and treatment outcomes with accuracy that often 
matches or exceeds that of experienced clinicians. The purpose 
of this article is to provide a comprehensive overview of AI ap-
plications in dental imaging, discuss current challenges, and ex-
plore future directions in this rapidly evolving field [16-20].

Fundamentals of AI in medical image analysis

Machine learning and deep learning

Artificial intelligence encompasses various computational 
approaches that enable machines to perform tasks typically re-
quiring human intelligence [21-28]. Machine Learning (ML), a 
subset of AI, involves algorithms that learn patterns from data 
without explicit programming. Deep learning, a more advanced 
subset of machine learning, utilizes artificial neural networks 
with multiple layers to automatically extract hierarchical fea-
tures from raw data [29-35].
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Convolutional Neural Networks (CNNs) have emerged as the 
dominant architecture for image analysis tasks. These networks 
employ convolutional layers that apply filters to input images, 
progressively extracting features from simple edges and tex-
tures to complex anatomical structures and pathological pat-
terns. The hierarchical nature of feature extraction in CNNs mir-
rors the visual processing hierarchy in the human brain, making 
them particularly effective for medical image interpretation 
[36-39].

Types of dental imaging modalities

Dental imaging encompasses several modalities, each with 
specific applications and characteristics:

•	 Intraoral Radiographs: Periapical and bitewing radiographs 
provide high-resolution images of individual teeth and sur-
rounding structures. These are the most common imaging 
modalities in general dental practice and are particularly 
useful for detecting caries, periapical pathology, and assess-
ing periodontal bone levels [40-43].

•	 Panoramic Radiographs: These extraoral images provide 
a broad overview of the maxillofacial region, including all 
teeth, mandible, maxilla, and adjacent structures. While 
offering lower resolution than intraoral images, panoramic 
radiographs are valuable for screening purposes and treat-
ment planning [44-47].

•	 Cone-Beam Computed Tomography (CBCT): This three-di-
mensional imaging modality provides detailed volumetric 
data of maxillofacial structures with lower radiation expo-
sure compared to medical CT. CBCT is essential for implant 
planning, assessment of impacted teeth, and evaluation of 
pathology.

•	 Intraoral Photographs: Digital photographs of the oral cavity 
complement radiographic findings and are increasingly used 
for caries detection, shade matching, and treatment docu-
mentation.

Applications of AI in dental imaging

Caries detection and diagnosis

Dental caries remains one of the most prevalent chronic 
diseases worldwide. Early detection is crucial for minimally in-
vasive treatment and prevention of complications. Traditional 
visual-tactile examination combined with radiographic inter-
pretation has limitations, particularly for early lesions and inter-
proximal caries [48].

AI systems have demonstrated remarkable accuracy in caries 
detection from both radiographs and intraoral images. Studies 
have shown that CNN-based models can achieve sensitivity and 
specificity comparable to or exceeding that of experienced den-
tists. These systems can detect subtle radiolucencies in enamel 
and dentin, classify lesion depth, and even predict caries pro-
gression risk. The ability of AI to provide consistent, objective 
assessments regardless of operator fatigue or experience level 
represents a significant advantage over human interpretation 
[49-53].

Periodontal disease assessment

Periodontal disease diagnosis relies heavily on radiographic 
assessment of alveolar bone levels and clinical measurements 
of pocket depth and attachment loss. AI algorithms can auto-
matically measure crestal bone levels on periapical and pan-

oramic radiographs, calculate bone loss percentages, and clas-
sify periodontitis severity according to established classification 
systems.

Advanced AI systems integrate radiographic findings with 
clinical parameters to provide comprehensive periodontal risk 
assessments. By analyzing sequential radiographs, these sys-
tems can detect disease progression or response to therapy 
with high precision, enabling more personalized treatment 
planning and monitoring [54-57].

Periapical pathology detection

Periapical radiolucencies may indicate various pathological 
conditions including apical periodontitis, radicular cysts, or peri-
apical granulomas. Differentiating between these entities based 
solely on radiographic appearance is challenging, even for expe-
rienced endodontists.

AI models trained on large datasets of histologically con-
firmed cases can classify periapical lesions with accuracy ap-
proaching that of expert consensus. These systems consider 
features such as lesion margins, shape, density, and relation-
ship to anatomical structures to provide diagnostic probabili-
ties. Such tools could assist clinicians in making more informed 
decisions about treatment necessity and urgency.

Maxillofacial pathology and tumor detection

The detection and characterization of maxillofacial patholo-
gies, including odontogenic cysts, tumors, and malignant le-
sions, is a critical application of AI in dental imaging. These con-
ditions often present with subtle radiographic signs that may be 
missed on routine examination.

Deep learning models can identify suspicious lesions on pan-
oramic radiographs and CBCT scans, classify them as benign 
or potentially malignant, and provide differential diagnoses 
based on imaging characteristics. For malignant lesions such as 
oral squamous cell carcinoma involving bone, early detection 
through imaging analysis could significantly impact patient out-
comes through timely referral and intervention [58].

Anatomical landmark identification and cephalometric 
analysis

Cephalometric analysis is fundamental to orthodontic di-
agnosis and treatment planning. Traditional manual landmark 
identification is time-consuming and subject to inter- and intra-
operator variability. AI-powered cephalometric systems can 
automatically identify anatomical landmarks on lateral cepha-
lograms with accuracy comparable to human experts, while re-
ducing analysis time from minutes to seconds [59].

Beyond landmark identification, AI systems can generate 
complete cephalometric analyses, including angular and linear 
measurements, growth predictions, and treatment simulations. 
These capabilities enhance workflow efficiency and enable 
more consistent treatment planning across different clinicians 
[60].

Implant planning and assessment

Dental implant treatment requires precise planning to en-
sure optimal positioning relative to vital structures. AI applica-
tions in implant dentistry include automated measurement of 
available bone height and width, identification of critical struc-
tures such as the inferior alveolar canal and maxillary sinus, and 
virtual implant placement optimization.
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Machine learning models trained on large datasets of suc-
cessfully placed implants can predict implant survival probabil-
ity based on patient factors and treatment variables. Post-op-
eratively, AI analysis of follow-up radiographs can detect early 
signs of peri-implantitis or implant failure, enabling timely in-
tervention [61].

Forensic dentistry and human identification

Forensic odontology plays a crucial role in human identifi-
cation through dental record comparison. AI systems can au-
tomate the comparison of ante-mortem and post-mortem 
dental radiographs, matching teeth based on morphology, res-
torations, and anatomical features. This capability is particularly 
valuable in mass disaster scenarios where rapid identification of 
multiple individuals is required.

Technical considerations and methodologies

Dataset requirements and annotation

The performance of AI models is fundamentally dependent 
on the quality and quantity of training data. Dental imaging da-
tasets for AI development require careful curation and expert 
annotation. Ideal datasets should include diverse cases repre-
senting the full spectrum of normal anatomy and pathology, 
acquired using various imaging equipment and protocols [62].

Annotation of dental images presents unique challenges due 
to the complexity of anatomical structures and the subtlety of 
pathological changes. Establishing ground truth often requires 
consensus among multiple expert observers or confirmation 
through histopathological examination. Standardized annota-
tion protocols and quality control measures are essential for 
creating reliable training datasets [63].

Model architectures and transfer learning

While custom CNN architectures can be developed for spe-
cific dental imaging tasks, transfer learning has emerged as an 
efficient approach. Pre-trained models such as ResNet, VGG, 
and Inception, originally developed on large natural image da-
tasets like ImageNet, can be fine-tuned on dental imaging data 
with relatively modest dataset sizes. This approach leverages 
features learned from general images and adapts them to the 
specific characteristics of dental radiographs [64].

For three-dimensional imaging modalities like CBCT, 3D CNN 
architectures or approaches combining 2D analysis across mul-
tiple planes are typically employed. Attention mechanisms and 
transformer architectures are increasingly being incorporated 
to improve model performance by focusing on clinically rele-
vant regions.

Validation and performance metrics

Rigorous validation of AI models is essential before clinical 
implementation. Common validation approaches include:

•	 Cross-validation: Partitioning data into training, validation, 
and test sets to assess model performance on unseen data

•	 External validation: Testing models on data from different 
institutions or imaging equipment to assess generalizability

•	 Clinical validation: Comparing AI performance against expert 
clinicians in realistic clinical scenarios

Performance metrics for dental imaging AI include accuracy, 
sensitivity, specificity, positive and negative predictive values, 
and Area Under the Receiver Operating Characteristic Curve 
(AUC-ROC). For detection tasks, metrics such as Intersection 
Over Union (IoU) for segmentation and F1 score for classifica-
tion are commonly reported.

Interpretability and explainable AI

The “black box” nature of deep learning models has raised 
concerns about their clinical applicability. Explainable AI tech-
niques aim to make model decisions transparent and inter-
pretable to clinicians. Saliency maps, gradient-weighted class 
activation mapping (Grad-CAM), and attention visualization 
highlight image regions most influential in model decisions, pro-
viding insights into the reasoning behind AI predictions.

Interpretability is particularly important in dental imaging, 
where understanding the basis for a diagnosis can influence 
treatment decisions and medicolegal considerations. Transpar-
ent AI systems that explain their findings in terms familiar to 
clinicians are more likely to gain acceptance in clinical practice 
[65].

Clinical implementation and integration

Workflow integration

Successful integration of AI into dental practice requires 
seamless incorporation into existing clinical workflows. This 
typically involves integration with practice management soft-
ware and image viewing systems. Cloud-based AI services can 
process images uploaded from dental offices and return results 
within seconds, while on-premise solutions offer advantages in 
data privacy and offline availability [66].

The ideal AI implementation should enhance rather than 
disrupt clinical workflow, providing results at the point of care 
without requiring additional steps from the clinician. User inter-
faces should present AI findings in an intuitive manner, allowing 
rapid review and clinical correlation.

Regulatory and ethical considerations

AI systems intended for clinical use must undergo regula-
tory approval processes that vary by jurisdiction. In the United 
States, the Food and Drug Administration (FDA) has cleared 
several dental AI applications through the De Novo pathway 
or 510(k) clearance. Regulatory requirements typically include 
demonstration of safety and effectiveness through rigorous 
clinical validation studies.

Ethical considerations in dental AI implementation include:

•	 Data privacy: Ensuring patient data used for AI development 
and deployment is protected according to applicable regula-
tions

•	 Algorithmic bias: Validating that AI performance is consistent 
across diverse patient populations to avoid disparities in care

•	 Clinical responsibility: Clarifying the respective roles and re-
sponsibilities of AI systems and clinicians in diagnosis and 
treatment decisions

•	 Informed consent: Ensuring patients understand the role of 
AI in their care
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Economic implications

The economic impact of AI adoption in dental practice in-
volves both costs and potential benefits. Implementation costs 
include software licensing, hardware infrastructure, training, 
and workflow modifications. Potential benefits include in-
creased diagnostic accuracy reducing missed diagnoses, time 
savings through automated analysis, enhanced treatment plan-
ning, and potential practice differentiation through technology 
adoption [67].

For healthcare systems, AI-assisted diagnosis could reduce 
inappropriate referrals, optimize treatment timing, and im-
prove outcomes through earlier intervention. Economic analy-
ses comparing AI-enhanced workflows to traditional approach-
es will be essential for informing adoption decisions.

Challenges and limitations

Technical challenges

Several technical challenges remain in dental imaging AI de-
velopment:

•	 Heterogeneity of imaging data: Variation in equip-
ment, acquisition protocols, and image quality across different 
settings can affect model performance

•	 Limited annotated datasets: Dental imaging datasets 
with expert annotations are relatively small compared to medi-
cal imaging domains, limiting model development

•	 Class imbalance: Pathological conditions are less com-
mon than normal findings, potentially biasing models toward 
normal predictions

•	 Generalizability: Models trained on data from specific 
populations or institutions may not perform equally well in dif-
ferent settings [68].

Clinical adoption barriers

Despite promising performance in research settings, clinical 
adoption of dental AI faces several barriers:

•	 Clinician skepticism: Some practitioners question the 
added value of AI compared to their clinical judgment

•	 Workflow disruption: Integration of AI into established 
workflows requires changes in practice habits

•	 Medicolegal concerns: Uncertainty about liability 
when AI-assisted diagnoses lead to adverse outcomes

•	 Reimbursement issues: Lack of insurance reimburse-
ment for AI-assisted interpretation affects economic viability

Validation and standardization

The lack of standardized benchmarks and validation proto-
cols for dental AI systems complicates comparison between 
different approaches and assessment of clinical readiness. Es-
tablishing common datasets, evaluation metrics, and reporting 
standards would accelerate progress and facilitate regulatory 
approval[69].

Future perspectives

Multimodal integration

The future of dental AI lies in integration of multiple data 
sources beyond imaging. Combining radiographic findings with 

clinical data, genomic information, patient-reported outcomes, 
and treatment history could enable truly personalized treat-
ment planning. AI systems that synthesize information across 
modalities could provide comprehensive patient assessments 
and treatment recommendations.

Longitudinal analysis and predictive modeling

Analysis of sequential imaging over time offers opportunities 
for monitoring disease progression and treatment outcomes. AI 
systems capable of registering and comparing images acquired 
at different time points could detect subtle changes indicative 
of disease activity or healing. Predictive models incorporating 
longitudinal data could forecast treatment outcomes and dis-
ease trajectories, enabling proactive rather than reactive care 
[17].

Real-time image guidance

Integration of AI with augmented reality and navigation 
systems could provide real-time guidance during dental proce-
dures. For surgical procedures such as implant placement or tu-
mor resection, AI-enhanced visualization could highlight critical 
structures and optimal margins, potentially improving precision 
and reducing complications.

Democratization of expertise

AI has the potential to extend specialized diagnostic exper-
tise to underserved areas with limited access to specialists. 
Cloud-based AI services could provide general practitioners 
with specialist-level diagnostic support, improving care quality 
in rural and low-resource settings. This democratization of ex-
pertise could significantly impact global oral health disparities 
[23].

Conclusion

Artificial intelligence is transforming dental imaging, offering 
unprecedented capabilities in automated analysis, pattern rec-
ognition, and clinical decision support. From caries detection to 
implant planning and pathology identification, AI systems have 
demonstrated performance that complements and sometimes 
exceeds human expertise. The consistent, objective nature of AI 
analysis addresses limitations of human interpretation includ-
ing variability and fatigue.

However, realizing the full potential of AI in dental imaging 
requires addressing significant challenges. Technical hurdles 
related to data quality, model generalizability, and interpret-
ability must be overcome. Clinical adoption requires seamless 
workflow integration, regulatory approval, and demonstration 
of economic value. Perhaps most importantly, the dental com-
munity must develop frameworks for appropriate AI use that 
enhance rather than replace clinical judgment.

As these challenges are addressed, AI will increasingly be-
come an integral component of dental practice, supporting cli-
nicians in providing more accurate, efficient, and personalized 
care. The future of dental imaging lies not in AI replacing clini-
cians, but in synergistic collaboration where technology ampli-
fies human expertise for the benefit of patient care.
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