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Abstract 6 

Dental caries is one of the most prevalent chronic oral diseases worldwide, affecting populations 7 

of all ages and posing significant socioeconomic and healthcare challenges. Early detection of 8 

carious lesions is critical for implementing preventive strategies and minimally invasive 9 

treatment approaches, thereby preserving tooth structure and improving oral health outcomes. 10 

Traditional diagnostic methods, including visual-tactile examination and radiography, are limited 11 

in their sensitivity for early enamel lesions and are influenced by examiner subjectivity. Over the 12 

past decade, significant advancements in diagnostic technologies have emerged, including 13 

laser and quantitative light-induced fluorescence, fiber-optic and near-infrared transillumination, 14 

optical coherence tomography (OCT), electrical conductance and impedance methods, 15 

photothermal radiometry, salivary biomarker analysis, and artificial intelligence (AI)-assisted 16 

detection. OCT allows high-resolution imaging of subsurface enamel and dentin lesions, while 17 

salivary biomarkers provide a non-invasive assessment of caries risk and biological activity. AI 18 

integration improves diagnostic accuracy and reproducibility while reducing operator 19 

dependency. Despite these advancements, barriers such as high costs, lack of standardized 20 

protocols, limited clinical adoption, and ethical considerations remain. This narrative review 21 

provides a detailed analysis of current and emerging technologies for dental caries detection, 22 

critically evaluates their diagnostic performance, and explores future directions emphasizing 23 

multimodal and personalized approaches. 24 
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Introduction 30 

Dental caries is a dynamic, multifactorial disease characterized by the demineralization of 31 

enamel and dentin due to the interaction between cariogenic biofilm, fermentable 32 

carbohydrates, and host susceptibility factors.¹,² Despite advancements in preventive measures, 33 



 

 

caries remains one of the most common chronic oral diseases globally³. Early-stage lesions, 34 

particularly subsurface enamel demineralization, are often undetectable by conventional clinical 35 

examination, emphasizing the need for advanced diagnostic tools.³,⁴ 36 

Conventional methods, including visual-tactile assessment and radiography, are limited by 37 

subjectivity, poor sensitivity for early lesions, and inadequate lesion depth estimation.²,⁵ 38 

Operator variability and two-dimensional imaging constraints restrict their efficacy, particularly 39 

for proximal and occlusal surfaces.³ Consequently, the development and clinical integration of 40 

more sensitive, objective, and non-invasive diagnostic technologies have become a priority in 41 

contemporary dentistry. 42 

 43 

Conventional Diagnostic Methods and Limitations 44 

Visual-Tactile Examination 45 

Visual-tactile examination, often guided by the International Caries Detection and Assessment 46 

System (ICDAS), remains the cornerstone of clinical diagnosis. ICDAS improves lesion 47 

classification and standardization; however, early enamel lesions are subtle and prone to 48 

misclassification.³,⁵ The historical use of sharp explorers is discouraged due to the potential to 49 

disrupt remineralizable enamel, accelerating lesion progression.⁶ 50 

Radiographic Techniques 51 

Bitewing radiography is widely used for proximal caries detection but has notable limitations. 52 

Detection is typically only possible after substantial mineral loss (~30–40%), and lesion depth is 53 

often underestimated.²,⁴ Two-dimensional imaging fails to capture the three-dimensional 54 

complexity of carious lesions. Digital radiography improves image quality and reduces radiation 55 

exposure but does not overcome fundamental sensitivity limitations.⁵,⁶ 56 

 57 

Advanced and Emerging Technologies 58 

Fluorescence-Based Methods 59 

Fluorescence technologies exploit differences in light emission between sound and 60 

demineralized enamel or bacterial metabolites. 61 

Laser Fluorescence (LF) 62 

LF devices such as DIAGNOdent detect fluorescence emitted by bacterial porphyrins within 63 

carious lesions.⁶,⁷ These devices offer quantitative readings correlating with lesion severity, 64 



 

 

enhancing early occlusal lesion detection. However, specificity is reduced by extrinsic stains, 65 

plaque, and calculus.⁹ 66 

Quantitative Light-Induced Fluorescence (QLF) 67 

QLF uses blue light to excite enamel, producing green fluorescence in sound tissue and 68 

reduced fluorescence in demineralized areas. This allows lesion quantification, monitoring of 69 

progression, and assessment of remineralization efficacy.¹⁰ QLF has shown superior sensitivity 70 

for early lesions compared to LF, making it valuable for preventive and longitudinal patient 71 

management.¹¹ 72 

 73 

Transillumination Techniques 74 

Fiber-optic transillumination (FOTI) and near-infrared transillumination (NIRT) exploit differences 75 

in light scattering between sound and carious enamel.¹² 76 

● FOTI: Effective for detecting occlusal and proximal lesions, yet qualitative and operator-77 

dependent. 78 

● NIRT: Non-ionizing, improved penetration for proximal lesions, and compatible with 79 

digital imaging systems.¹²,¹³ 80 

Despite advantages, both modalities are limited by qualitative output and reduced specificity for 81 

deep dentin lesions.¹³ 82 

Optical Coherence Tomography (OCT) 83 

OCT provides high-resolution, cross-sectional imaging using near-infrared light.¹⁴ Key 84 

advantages include: 85 

● Non-invasive, radiation-free imaging 86 

● Visualization of subsurface demineralization 87 

● Assessment of lesion depth and structural integrity 88 

OCT demonstrates superior diagnostic performance compared to visual and radiographic 89 

methods, with reported sensitivities and specificities exceeding 90%.¹⁴,¹⁵ Limitations include high 90 

cost, limited clinical accessibility, and the need for standardized interpretation protocols. 91 

Electrical Conductance and Impedance Methods 92 

These methods measure changes in enamel porosity and conductivity caused by 93 

demineralization. Increased porosity enhances electrical conductivity, enabling early lesion 94 

detection.¹⁶ Accuracy is affected by moisture, saliva, and surface conditions, making these 95 

techniques highly operator- and environment-dependent.¹⁶,¹⁶ 96 



 

 

Photothermal Radiometry and Luminescence 97 

Photothermal radiometry and modulated luminescence detect thermal and luminescent changes 98 

in enamel and dentin caused by caries. This technique shows promise for early lesion detection 99 

before cavitation, though clinical validation remains limited.¹⁶ 100 

Salivary Biomarkers 101 

Saliva is a rich diagnostic medium reflecting microbial activity, biochemical properties, host 102 

immune response, and genetic predisposition.¹²,¹³,¹⁷ 103 

● Microbial biomarkers: High levels of Streptococcus mutans and Lactobacillus correlate 104 

with caries activity.¹² 105 

● Biochemical markers: Salivary pH, buffering capacity, and mineral content influence 106 

demineralization and remineralization.¹³ 107 

● Proteomic markers: Immunoglobulins, lactoferrin, and matrix metalloproteinases (MMPs) 108 

reflect host defense and tissue breakdown.¹⁷ 109 

● Genetic/molecular markers: MicroRNAs and DNA polymorphisms provide insights into 110 

individual susceptibility.¹³ 111 

Challenges include variability due to circadian rhythms, diet, and systemic health, as well as a 112 

lack of standardized thresholds for clinical use.¹³,¹⁷ 113 

 114 

Artificial Intelligence (AI) in Caries Detection 115 

Artificial intelligence (AI) has emerged as a transformative tool in dental diagnostics, particularly 116 

for the detection of carious lesions.¹⁴-¹⁶ AI algorithms, primarily convolutional neural networks 117 

(CNNs), can analyze digital radiographs, intraoral photographs, and 3D imaging data with 118 

remarkable accuracy. Unlike conventional methods that rely on clinician experience, AI systems 119 

detect subtle structural changes, including early enamel demineralization and microcavitations, 120 

which may be overlooked during visual-tactile assessment.¹⁴,¹⁵ 121 

Recent studies demonstrate that AI-assisted analysis of bitewing radiographs achieves 122 

sensitivities of 88–95% and specificities of 85–92%, outperforming traditional radiographic 123 

interpretation by general dentists.¹⁵,¹⁶ Beyond detection, AI models are being developed for 124 

predictive caries risk assessment, integrating patient age, oral hygiene behaviors, dietary 125 

patterns, and salivary biomarker profiles.¹⁶,¹⁶ 126 

However, challenges remain in clinical implementation. AI models require large, annotated 127 

datasets for training, and their performance can be biased if the data lacks diversity (e.g., age, 128 

ethnicity, or dental anatomy variations).¹⁴,¹⁶ Moreover, the "black-box" nature of deep learning 129 

systems raises interpretability concerns, making clinicians cautious about relying solely on AI 130 

recommendations.¹⁵,¹⁶ Integration into existing dental workflows, standardization of algorithms, 131 

and adherence to regulatory guidelines are ongoing areas of research and debate.¹⁶,¹⁷ 132 



 

 

Despite these limitations, AI holds promise as a complementary tool that enhances human 133 

judgment, reduces inter-operator variability, and supports early intervention, which is critical for 134 

minimally invasive dentistry.¹⁴-¹⁶ (Fig.1.) 135 

 136 

 137 
Fig.1 AI-Integrated Multimodal Diagnostic Pathway for Dental Caries Detection 138 

Comparative Analysis of Diagnostic Technologies 139 

A detailed comparison of caries detection modalities highlights the trade-offs between 140 

sensitivity, specificity, invasiveness, and practicality. 141 

● Visual-tactile examination: Widely used and cost-effective, but highly dependent on 142 

clinician experience and unable to detect subsurface lesions reliably.³,⁵ 143 

● Radiography: Effective for proximal and advanced lesions but requires substantial 144 

mineral loss for detection and involves ionizing radiation exposure.⁴,⁶ 145 

● Fluorescence-based methods: Laser fluorescence (LF) and quantitative light-induced 146 

fluorescence (QLF) provide a quantitative assessment of early enamel demineralization. 147 



 

 

LF devices are limited by plaque, stains, and calculus interference, while QLF offers 148 

superior sensitivity and is useful for monitoring remineralization.⁶,⁷,¹⁰ 149 

● Transillumination (FOTI/NIRT): Non-invasive and radiation-free, suitable for occlusal and 150 

proximal lesion detection. NIRT improves visualization of deeper lesions compared to 151 

FOTI but remains qualitative and operator-dependent.¹²,¹³ 152 

● Optical coherence tomography (OCT): Provides high-resolution, subsurface imaging, 153 

enabling early detection of enamel and dentin lesions. Sensitivity and specificity exceed 154 

90%, though clinical adoption is limited by cost and interpretative complexity.¹⁴,¹⁵ 155 

● Electrical conductance and impedance methods: Sensitive to early porosity changes but 156 

affected by moisture and surface conditions.¹⁶ 157 

● Salivary biomarkers: Offer non-invasive biological insights, complementing imaging-158 

based diagnostics, though variability and lack of standardized thresholds limit routine 159 

clinical use.¹²,¹³,¹⁷ 160 

● Artificial intelligence: Enhances diagnostic performance across imaging modalities, 161 

reduces inter-operator variability, and facilitates predictive modeling.14-16 162 

A multimodal approach, combining imaging, biochemical assessment, and AI analysis, has 163 

emerged as the most promising strategy for personalized caries management, optimizing early 164 

detection, treatment planning, and outcome monitoring.¹⁴-¹⁷ 165 

 166 

 167 

Future Perspectives 168 

The future of dental caries detection is likely to be shaped by integrated, multimodal, and 169 

personalized approaches¹⁶-¹⁹. Key areas include: 170 

1. Multimodal Diagnostics: Combining OCT, fluorescence, transillumination, and salivary 171 

biomarker analysis to capture structural, biochemical, and biological data 172 

simultaneously, improving diagnostic accuracy and patient-specific risk profiling.¹⁴,¹⁶ 173 

2. Point-of-Care Devices: Development of portable, chairside diagnostic tools allows real-174 

time, non-invasive monitoring of caries progression and remineralization, particularly in 175 

pediatric and underserved populations.¹⁷ 176 

3. Artificial Intelligence Integration: AI-driven analysis of multimodal datasets can provide 177 

predictive insights, highlight early lesions, and propose individualized preventive 178 

strategies¹⁵,¹⁶. 179 

4. Tele-dentistry and Remote Monitoring: Remote caries screening via digital imaging and 180 

AI analysis could improve access to care, reduce disparities, and enable longitudinal 181 

monitoring of at-risk populations.¹⁹,²⁰. 182 

5. Personalized Preventive Strategies: Integration of biological markers (saliva, genetics, 183 

microbiome) with imaging and AI analytics supports precision dentistry, tailoring 184 

preventive and remineralization interventions to individual patient profiles.¹³,¹⁶,¹⁹ 185 



 

 

Future research should focus on longitudinal clinical validation, standardization of diagnostic 186 

thresholds, cost-effectiveness studies, and ethical considerations related to AI adoption and 187 

patient data privacy.¹⁶,¹⁹,²⁰ 188 

 189 

 190 

Challenges and Research Gaps 191 

Despite technological advances, several barriers hinder widespread clinical adoption: 192 

● Standardization: There is a lack of universally accepted diagnostic criteria across 193 

imaging modalities and biomarker assays.¹⁶,¹⁶ 194 

● Clinical Validation: Many novel technologies have been validated in small cohorts or 195 

laboratory settings, with limited longitudinal and multicenter studies.¹⁶,¹⁹ 196 

● Cost and Accessibility: High acquisition and maintenance costs of OCT and AI-enabled 197 

devices restrict use in general dental practice, particularly in low-resource settings.¹⁶,¹⁷ 198 

● Salivary Biomarker Variability: Saliva composition is influenced by circadian rhythms, 199 

diet, hydration, and systemic health, complicating interpretation and clinical 200 

application.¹³,¹⁷ 201 

● AI and Ethical Considerations: Algorithm transparency, liability, data privacy, and 202 

potential bias in AI models are ongoing concerns that require regulatory oversight.¹⁵,²⁰ 203 

● Integration Challenges: Combining multimodal diagnostics into routine workflow requires 204 

clinician training, software-hardware interoperability, and streamlined clinical 205 

protocols.¹⁶,¹⁷ 206 

Addressing these gaps is critical for the translation of research innovations into clinical practice, 207 

ensuring that technological advances improve patient outcomes without introducing inequities or 208 

unintended harm. 209 

 210 

 211 

Conclusion 212 

Advances in dental caries detection have substantially improved early diagnosis and preventive 213 

care. OCT, fluorescence-based systems, salivary biomarkers, and AI represent transformative 214 

innovations with the potential to reduce disease progression and enhance patient-centered 215 

outcomes¹²-²⁰. Multimodal integration, standardization, and cost-effective implementation will 216 

define the next era of precision dentistry, enabling personalized, minimally invasive 217 

interventions and improved global oral health. 218 

 219 
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