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Abstract


Background: The aim of this clinical study was to compare the occlusal caries detection (OCD) performance of the intraoral scanners (IOSs) Trios 4 (TIO, 3Shape) and Emerald S (EME, Planmeca) and the Diagnocam (DIA, KaVo) with the established visual (WHO) examination (VIS, reference method). Methods: Between 08/2022 and 02/2023, 60 children (mean age 9.6 ± 2.5 years) were examined as part of their regular dental checkups. OCD was performed at the tooth level, separately for primary and permanent unrestored teeth. Furthermore, two thresholds were analyzed: sound versus overall caries (pooled data of enamel and dentin caries, TH1) and pooled data of sound and enamel caries versus dentin caries (TH2). Results: The best agreement with the reference method (reliability) in both dentitions was obtained for DIA (ĸ = 0.829/ĸ = 0.846; primary/permanent teeth), followed by EME (ĸ = 0.827/ĸ = 0.837) and TIO (ĸ = 0.714/ĸ = 0.680). Similar results were shown for the diagnostic quality (sensitivity, specificity and area under the curve of the receiver operating characteristic curve), with higher values for TH1 than for TH2. Both IOSs and the DIA showed worse results than the reference method VIS. Conclusions: Currently, IOS should be used as an additional caries detection tool, especially for visualization, and cannot be recommended as a basic tool for diagnosis or invasive/noninvasive therapy decisions in OCD.
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1. Introduction


The use of intraoral scanners (IOSs) beyond impression taking is a growing field in dentistry. Colored intraoral scans might be used for shade selection [1] or plaque monitoring [2], and monitoring software allows detection of tooth movement or wear at the micrometer level [3]. In addition to these applications, some IOSs offer a caries detection tool based on near-infrared light transillumination or fluorescence technology that could enable the possible detection of proximal and/or occlusal carious lesions in unrestored teeth [1,4,5]. Therefore, in pediatric dentistry in particular, this method might be very promising as an additional caries detection tool in routine dental checkups or dental screening in kindergartens or schools, especially regarding the visualization of carious lesions. The advantage of an IOS is that the findings can be displayed visually on a screen and easily stored for later comparison with older intraoral scans. Therefore, it could be hypothesized that carious lesions would be easier to visualize and document in daily patient care.



Visual examination is the primary caries detection method in daily dental practice. Nevertheless, it also underestimates the caries burden on occlusal surfaces [6,7], and there is a consensus that the dentist needs to use additional caries detection methods [8]. It is important to distinguish between enamel and dentinal caries lesions in order to differentiate between preventive and invasive treatment options [9]. For this reason, more studies are evaluating innovative methods of caries detection and quantification to help dentists to detect caries and demineralization at an early stage [10,11]. Regarding occlusal caries, visual examination is the preferred method [12]. Nevertheless studies have shown that near-infrared transillumination, as used in the Diagnocam (KaVo, Bieberach, Germany), can be effective in detecting hidden occlusal caries in primary and permanent teeth without previous treatment such as fillings or other restorations [13,14,15]. By using a wavelength of 780 nm, light scattering is reduced, allowing deeper penetration into the tissue. As a result, in both dentitions, sufficient contrast between a carious lesion and the surrounding sound hard tissue is recorded. Increased pore volume in demineralized enamel leads to changes in its optical properties. Therefore, more fluorophores are detected showing fluorescence of the lesion, the porphyrins produced by microbial metabolism [16,17]. In addition, the fluorescence method has been recommended for use only as an adjunct to visual examination, as it has been reported to yield more false-positive results than visual and radiographic methods [18]. Although it appears to be able to detect caries lesions at an earlier stage, it seems to have high rates of misclassifying sound tooth surfaces as carious [19]. In combination with visual inspection, the method is mainly used as a valuable adjunct to a second opinion [20]. Caries detection in primary teeth with additional tools might be made easier due to tooth morphology of thin enamel and dentine where the tooth morphology already presents the challenges of thin enamel and dentine and relatively large pulp chambers [21].



Little is known about the clinical performance of intraoral-scanner-based caries detection, particularly with regard to differentiating between enamel and dentinal caries lesions. A limitation of the IOS as a light-optical system is that it cannot detect subgingival carious lesions and teeth with restorations and sealants with secondary caries. Moreover, detecting of cracks is not possible. A previous in vitro study on extracted unrestored primary and permanent teeth systematically investigated the three commercially available IOSs with caries detection tools—iTero Element 5D (Align Technology, San José, CA, USA) and Emerald S (Planmeca, Helsinki, Finland), which use near-infrared light transillumination for caries detection, and Trios 4 (3Shape, Copenhagen, Denmark), which uses fluorescence technology for caries detection—as well as the established methods—Diagnocam, which uses near-infrared light transillumination for caries detection, bitewing radiography and visual examination. The results were compared with microcomputed tomography (µ-CT) images of the extracted teeth. Although no single method could be generally recommended for the detection of proximal and occlusal carious lesions in both dentitions, IOSs showed in vitro in some cases even better results than established caries detection methods [5]. However, to the best of the authors’ knowledge, only one clinical study of proximal caries detection comparing bitewing radiography and iTero Element 5D has been described [22]. The difficulty with clinical caries assessment is that µ-CT images or histological sections of teeth cannot be obtained without tooth extraction. Therefore, only bitewing radiography or visual examination of teeth can be used as a reference method, depending on whether proximal or occlusal caries detection is being assessed.



The aim of this clinical study was to evaluate the new intraoral-scanner-based caries detection tools of the IOSs Trios 4 and Emerald S and also using the established Diagnocam, with respect to occlusal caries detection in posterior teeth without sealants or restorations in both dentitions. The results were compared with the gold standard visual examination as a reference. The null hypothesis was formulated that there would be no significant difference between visual examination and Diagnocam, Trios 4 or Emerald S in terms of reliability, sensitivity and specificity for the detection of enamel and dentinal caries lesions.




2. Materials and Methods


2.1. Study Design


This comparative clinical study evaluated four different methods of occlusal caries detection in children as part of the regular dental checkup. First, the established visual examination was performed as a reference method for later analysis. Then, a Diagnocam (version 2.4.2.6944, KaVo, Biberach, Germany) and the new intraoral-scanner-based methods Trios 4 (version 20.1.4, 3Shape, Copenhagen, Denmark) and Emerald S (version 6.0.1.812, Planmeca, Helsinki, Finland) were used.



The evaluation of occlusal caries detection was performed at the tooth level. Only primary molars and permanent premolars and molars of the upper and lower jaw were included, while incisors and canines or teeth treated with silver diamine fluoride, sealants, fillings or crowns were excluded. The results are presented separately for the primary and the permanent teeth. A flowchart of the clinical study is shown in Figure 1.




2.2. Study Group


All children between the ages of 5 and 14 (mean age 9.6 ± 2.5 years) who attended a regular dental checkup at the Department of Pediatric Dentistry of the Justus Liebig University Giessen (JLU, Germany) between August 2022 and February 2023 were invited to participate in this clinical study. However, children with serious general illnesses and those whose parents objected to dental screening were not included. In addition to a detailed verbal explanation of the study procedure, written informed consent was obtained from all parents/primary caregivers (PGs). The children and their accompanying PGs were informed about the dental findings, and if necessary, all appropriate therapeutic options were enumerated and offered.



This study was conducted according to the guidelines of the Declaration of Helsinki, approved by the Ethics Committee of the Medical Faculty of the JLU (ref. no. 46/20) and registered in the German Clinical Trial Register (DRKS00029333).




2.3. Standardization, Calibration and Blinding


To ensure comparable test conditions and to obtain reproducible data according to predefined criteria, two experienced operators (N.S.-W. and C.F.U.) performed the visual examination for the occlusal caries detection, which was defined as the reference method for later analysis [23]. Subsequently, a third operator (M.G.) performed the examination with the Diagnocam, Trios 4 and Emerald S.



Prior to this study, the three operators conducting the examination were thoroughly trained by experts in each field. The training included a theoretical part in which the criteria for caries detection were explained. A practical exercise was carried out on a test model with extracted primary and permanent teeth with sound and enamel and dentinal caries lesions. A specialist in pediatric dentistry (N.S.-W.) with 20 years of clinical experience calibrated the two established caries detection methods (visual examination and Diagnocam). For the intraoral scanner-based caries detection, an expert in intraoral scanning (M.A.S.) gave instructions. This allowed the determination of intra-rater reliability (agreement between the findings of each examiner) and inter-rater reliability (agreement between the diagnoses of different examiners) [8]. According to Landis and Koch [24], the level of agreement between operators and trainers was almost perfect (Cohen’s kappa coefficient (κ) > 0.81). The IOSs were calibrated prior to scanning according to the manufacturer’s instructions.



After six weeks, all images from the Diagnocam, Trios 4 and Emerald S were randomly examined for carious lesions by the same operator (M.G.), who waited one week between each method. Statistical analysis and pooling of the results of the caries detection methods was performed by another operator (M.A.S.) who was not involved in the clinical data collection.




2.4. Caries Detection Methods


For comparison, standardized measurement was implemented. For this, the occlusal surface of each tooth was divided into six areas: mesiobuccal (MB), distobuccal (DB), mesiocentral (MC), distocentral (DC), mesiooral (MO) and distooral (DO, Figure 2). Evaluation was carried out separately for primary and permanent teeth.



2.4.1. Visual Examination


For visual examination, a standardized illumination (25,000 lx) was ensured and a dental mirror and an air syringe according to World Health Organization (WHO) criteria along with the decayed-, missing-, filled-teeth (DMF-T/dmf-t) index were used. The surfaces were graded according to the modified classification of Schaefer et al. [8]. In addition, for comparison with the other caries detection methods, sound teeth without visually detectable carious lesions were scored as 0, surfaces with enamel caries lesions were scored as 1 and surfaces with dentinal caries lesions were scored as 2.




2.4.2. Diagnocam


In addition to visual examinations, caries detection was performed using a Diagnocam (software version 2.4.2.8000). This device uses near-infrared light transillumination and operates at a wavelength of 780 nm [25]. Similar to the visual examination, sound surfaces without visible carious lesions in the Diagnocam images were scored as 0, whereas enamel caries lesions were scored as 1 and surfaces with dentinal caries lesions were scored as 2.




2.4.3. Trios 4


The IOS Trios 4 was studied as one of the two intraoral-scanner-based caries detection tools. In contrast to the Emerald S, the same scanning tip can be used for 3D scanning and caries detection. Thus, a full-arch scan was performed following a standardized scan path that included the occlusal surface, oral surfaces and buccal surfaces. The Trios 4 uses fluorescence technology for caries detection at a wavelength of 415 nm. The fluorescence excitation of porphyrin derivatives, which are not present in normal healthy tooth substance, may be a useful marker for bacteria associated with dental caries [26,27].



In the caries detection mode, the IOS software (version 20.1.4) displays the carious lesions on a separate IOS scan, highlighting the initial carious lesions in yellow, while moderate to extensive lesions are displayed in red. Therefore, caries detection is not based on the color intraoral scans but on the fluorescence images. To compare the color scale with the other caries detection methods, sound surfaces without any color were scored as 0, yellow areas showing enamel caries lesions were scored as 1 and red areas showing dentinal caries lesions were scored as 2.




2.4.4. Emerald S


The IOS Emerald S (software version 6.0.1.812) requires a separate “cariosity tip” for detection of carious lesions. The caries detection tool is based on the same technology as the Diagnocam, in particular near-infrared light transillumination, but with a shorter wavelength of 727 nm. This near-infrared light penetrates the more transparent enamel and is strongly scattered by enamel lesions as well as dentine. The backscattered light makes these areas appear to be whiter than sound enamel. The reflection of the infrared light is higher, and the lower the translucency, the brighter the structure [28,29].



Images of the near-infrared light transillumination are displayed on the IOS screen as additional information to the three-dimensional data set of the entire arch. Therefore, caries detection is not based on the color intraoral scans but on the near-infrared transillumination images.



The IOS software does not describe or highlight a classification for carious lesions. Therefore, carious lesions without a translucent spot were scored as 0, carious lesions limited to enamel were scored as 1 and dentinal caries lesions were scored as 2.





2.5. Statistical Analysis


IBM SPSS Statistics (version 28, IBM, Armonk, NY, USA) was used for the statistical analysis. Due to the study design of an examination at the tooth level, data were further analyzed separately for primary and permanent teeth.



2.5.1. Reliability


For each caries detection method, agreement was calculated using Gwet’s AC1 (ĸ) [30]. Kappa values were categorized as poor (<0.00), slight (0.00–0.20), fair (0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.80) and almost perfect agreement (0.81–1.00) [14]. The values of sound (0), enamel lesion (1) and dentinal lesion (2) were assumed to be nominally scaled categorical variables.




2.5.2. Sensitivity and Specificity


To analyze the diagnostic quality of each method, the sensitivity, specificity and area-under-curve (AUC) values were determined using receiver-operating-characteristic(ROC) curve analysis, conducting multiple comparisons between the ROC from the different methods and thresholds. The threshold values were determined as follows:




	-

	
Threshold I: sound (0) versus overall caries (pooled data of enamel (1) and dentin caries (2)).




	-

	
Threshold II: pooled data of sound (0) and enamel caries (1) versus dentin caries (2).









The higher the AUC values, the better the diagnostic quality [31].






3. Results


A total of 717 teeth were observed, resulting in 4302 areas (717 teeth × 6 areas) to be examined, distributed to 276 primary teeth and 441 permanent teeth.



3.1. Reliability


For occlusal caries detection in primary teeth, the Diagnocam showed an almost perfect agreement with the reference method visual examination (ĸ = 0.829), followed by the Emerald S (ĸ = 0.827) and the Trios 4 (ĸ = 0.714). These findings were confirmed for the occlusal caries detection in permanent teeth, with the Diagnocam achieving the best agreement with visual examination (ĸ = 0.846). The Emerald S also displayed almost perfect agreement (ĸ = 0.837), followed by the Trios 4 with substantial agreement (ĸ = 0.680, Figure 3).




3.2. Sensitivity and Specificity


For threshold I (sound (0) versus overall caries (pooled data of enamel (1) and dentin caries (2))), the sensitivity, specificity and AUC values of near-infrared transillumination (Diagnocam and Emerald S) showed higher values than the fluorescence technology of the Trios 4 in primary and permanent teeth.



For threshold II (pooled data of sound (0) and enamel caries (1) versus dentin caries (2)), the Emerald S showed the highest sensitivity and AUC value and the Diagnocam the highest specificity in primary teeth. In contrast, the Trios 4 showed poorer results in all measured areas. This was also seen in permanent teeth, where the Diagnocam and Emerald S were superior to the Trios 4.



AUC values for IOS caries detection methods for threshold 1 ranged between 0.8 and >0.94, presenting excellent classification according to Hosmer et al. [19]. Comparable findings could be shown for threshold 2, with AUC values between >0.7 and >0.8/0.9.



Overall, except for specificity, the Trios 4 again showed the lowest values for all other parameters (Table 1, Figure 4 and Figure 5).





4. Discussion


The null hypothesis that there is no significant difference between visual examination and Diagnocam, Trios 4 or Emerald S in terms of reliability, sensitivity and specificity for the detection of enamel and dentinal caries lesions had to be rejected. Nevertheless, the Diagnocam showed in this clinical study the highest agreement with the reference standard visual examination in both primary and permanent teeth. Moreover, both IOSs also showed high agreement, with the Emerald S performing better than the Trios 4 in both dentitions.



Recent studies have described a wide range of methods for detecting occlusal caries [9,10]. Visual or visual–tactile inspection are common conventional methods for caries detection and classification in daily clinical practice and are still considered the gold standard for occlusal caries diagnosis. In addition, due to the described underestimation, the combination with the Diagnocam is suggested [8,13]. Regarding IOSs, there is no generally recognized IOS that is suitable for the detection of both occlusal and proximal caries to date [32]. A previous in vitro study showed that the IOS Emerald S is superior to the established gold standard of visual examination regarding the detection of occlusal caries lesions in permanent teeth. However, different results were found for primary teeth, where the IOS Trios 4 showed superior results compared to the Emerald S [5]. For this reason, the present study included primary molars in addition to permanent premolars and molars.



However, the use of IOSs also have disadvantages, such as the high error rate in the detection of enamel caries [33]. In the current study, the AUC of both evaluated methods was higher for more extensive caries lesions than initial lesions, which means that the IOS cannot be used as a tool to help decide whether to monitor and/or to proceed invasively. This aspect is also shown by other studies, which demonstrate that no absolute limit values can be defined for optical caries detection with fluorescence. Thus, the defined thresholds should only be seen as an indication of the relative caries lesion [32,34].



Regarding the limitations of this study, it should be noted that it was only possible to compare each method (Diagnocam, Trios 4 and Emerald S) with visual examination, i.e., it was only possible to show whether each occlusal caries detection method was better, worse or comparable to the reference method. Moreover, factors known to influence the accuracy of scanners in other applications, such as the choice of technology, ambient lighting, operator experience and the presence of existing restorations, were not considered [35]. Moreover, besides these aspects, assessment is very subjective, since it is primarily based on the experience of the clinician [34]. This diagnostic variability between clinicians leads to different decisions for the management of carious lesions, and several of them might be in the wrong direction [32,33].



Visual examination was carried out using the DMF-T/dmf-t index because this is the standard procedure in daily pediatric patient care. Therefore, the severity and caries activity could not be determined, which must be also considered a limitation of the present study. In new studies, the ICDAS would be preferred because it can track changes and progression of carious lesions [36].



Another limitation of the technologies used is the inability to determine the volume and depth of the carious lesion.



However, the potential of the Emerald S and Trios 4 in occlusal caries detection was proven in this clinical study, showing similar results as the Diagnocam and almost perfect agreement with the reference standard visual examination. This study points out the better performance of caries detection through near-infrared transillumination used in the Diagnocam and Emerald S than the fluorescence technology used in the Trios 4. This might be explained because porphyrins may be a useful marker for bacteria associated with dental caries but are not always linked to bacteria associated with dental caries [27]. In addition, other elements may also fluoresce at a wavelength of 415 nm. Therefore, further studies should analyze the influence of blood or saliva.



Although the Emerald S and Diagnocam are based on the same operating principle, near-infrared transillumination, the Emerald S uses the lowest wavelength (727 nm), followed by Diagnocam (780 nm), which seems to be advantageous for caries detection.



Therefore, IOSs, and in particular the Emerald S, appear to be a good alternative to the Diagnocam for the additional detection of occlusal lesions if they have no restorations. For clinical situations, the purchase of a Diagnocam could therefore be avoided if an IOS is already available.



It has to be discussed that both near-infrared transillumination and fluorescence technology display false-positive results of fillings or restorations. Therefore, the application of occlusal caries detection with IOSs is limited to natural teeth without any sealants or restorations. The present study only investigated occlusal caries lesions. However, clinical studies on proximal carious lesions in primary and permanent dentitions should be conducted as well.



The findings of this study are more likely to support the use of intraoral scanning to screen patients for caries, as part of serial examinations in kindergartens/schools or for visualization and/or teledentistry as previously suggested by Kopycka-Kedzierawski et al. [37]. Here, the role of the IOS could be an additional tool, which could certainly be helpful for this application. Today, IOSs do not allow the measurement of the depth or volume of carious lesions, which is already possible with the Canary system [38]. Therefore, further development of the caries detection tool in IOS is desirable as a perspective, perhaps using technologies other than near-infrared transillumination or fluorescence.




5. Conclusions


Within the limitations of this clinical study, it can be concluded that the IOS, at its current stage of development, has not yet reached the level of the gold standard, visual examination. However, in terms of technology, near-infrared transillumination seems to be superior to fluorescence.



At present, the IOS should be used as an additional detection tool and cannot be recommended as a basic tool for invasive/noninvasive therapy decisions in occlusal caries detection.







Author Contributions


Conceptualization, M.A.S. and N.S.-W.; methodology, M.A.S. and N.S.-W.; software, M.A.S.; validation, M.A.S.; formal analysis, M.A.S.; investigation, M.G., C.F.U. and N.S.-W.; resources, N.K. und B.W.; data curation, M.G., M.A.S. and N.S.-W.; writing—original draft preparation, N.S.-W. and M.A.S.; writing—review and editing, M.G., C.F.U., N.K. and B.W.; visualization, M.A.S.; supervision, M.A.S. and N.S.-W.; project administration, M.A.S. and N.S.-W. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the Medical Faculty of the Justus Liebig University Giessen, Germany (ref. no. 46/20; approval date 02/07/2020).




Informed Consent Statement


Written informed consent was obtained from caregivers prior to the study.




Data Availability Statement


The data sets in this article are available from the corresponding author upon reasonable request.




Acknowledgments


The authors would like to thank the dental company Planmeca for providing the intraoral scanner Planmeca Emerald S. Furthermore, we gratefully acknowledge the support of our biostatistician, Johannes Herrmann, for the statistical analysis.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Tabatabaian, F.; Namdari, M.; Mahshid, M.; Vora, S.R.; Mirabbasi, S. Accuracy and precision of intraoral scanners for shade matching: A systematic review. J. Prosthet. Dent. 2022. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jung, K.; Giese-Kraft, K.; Fischer, M.; Schulze, K.; Schlueter, N.; Ganss, C. Visualization of dental plaque with a 3D-intraoral-scanner-A tool for whole mouth planimetry. PLoS ONE 2022, 17, e0276686. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yun, D.; Choi, D.S.; Jang, I.; Cha, B.K. Clinical application of an intraoral scanner for serial evaluation of orthodontic tooth movement: A preliminary study. Korean J. Orthod. 2018, 48, 262–267. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Angelone, F.; Ponsiglione, A.M.; Ricciardi, C.; Cesarelli, G.; Sansone, M.; Amato, F. Diagnostic Applications of Intraoral Scanners: A Systematic Review. J. Imaging 2023, 9, 134. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Schlenz, M.A.; Schupp, B.; Schmidt, A.; Wöstmann, B.; Baresel, I.; Krämer, N.; Schulz-Weidner, N. New Caries Diagnostic Tools in Intraoral Scanners: A Comparative In Vitro Study to Established Methods in Permanent and Primary Teeth. Sensors 2022, 22, 2156. [Google Scholar] [CrossRef] [Scilit]

	



Poorterman, J.H.; Aartman, I.H.; Kalsbeek, H. Underestimation of the prevalence of approximal caries and inadequate restorations in a clinical epidemiological study. Community Dent. Oral Epidemiol. 1999, 27, 331–337. [Google Scholar] [CrossRef] [Scilit]

	



Poorterman, J.H.; Aartman, I.H.; Kieft, J.A.; Kalsbeek, H. Value of bite-wing radiographs in a clinical epidemiological study and their effect on the DMFS index. Caries Res. 2000, 34, 159–163. [Google Scholar] [CrossRef] [Scilit]

	



Schaefer, G.; Pitchika, V.; Litzenburger, F.; Hickel, R.; Kühnisch, J. Evaluation of occlusal caries detection and assessment by visual inspection, digital bitewing radiography and near-infrared light transillumination. Clin. Oral Investig. 2018, 22, 2431–2438. [Google Scholar] [CrossRef] [Scilit]

	



Schwendicke, F.; Splieth, C.; Breschi, L.; Banerjee, A.; Fontana, M.; Paris, S.; Burrow, M.F.; Crombie, F.; Page, L.F.; Gatón-Hernández, P.; et al. When to intervene in the caries process? An expert Delphi consensus statement. Clin. Oral Investig. 2019, 23, 3691–3703. [Google Scholar] [CrossRef] [Scilit]

	



Kühnisch, J.; Ekstrand, K.R.; Pretty, I.; Twetman, S.; van Loveren, C.; Gizani, S.; Spyridonos Loizidou, M. Best clinical practice guidance for management of early caries lesions in children and young adults: An EAPD policy document. Eur. Arch. Paediatr. Dent. 2016, 17, 3–12. [Google Scholar] [CrossRef] [Scilit]

	



Atena, G.; Daniela, J.; Aurora Doris, F. Caries Management Aided by Fluorescence-Based Devices. In Dental Caries; IntechOpen: Rijeka, Croatia, 2022. [Google Scholar]

	



Kühnisch, J.; Bücher, K.; Henschel, V.; Albrecht, A.; Garcia-Godoy, F.; Mansmann, U.; Hickel, R.; Heinrich-Weltzien, R. Diagnostic performance of the universal visual scoring system (UniViSS) on occlusal surfaces. Clin. Oral Investig. 2011, 15, 215–223. [Google Scholar] [CrossRef] [Scilit]

	



Söchtig, F.; Hickel, R.; Kühnisch, J. Caries detection and diagnostics with near-infrared light transillumination: Clinical experiences. Quintessence Int. 2014, 45, 531–538. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sürme, K.; Kara, N.B.; Yilmaz, Y. In Vitro Evaluation of Occlusal Caries Detection Methods in Primary and Permanent Teeth: A Comparison of CarieScan PRO, DIAGNOdent Pen, and DIAGNOcam Methods. Photobiomodul. Photomed. Laser Surg. 2020, 38, 105–111. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kapor, S.; Rankovic, M.J.; Khazaei, Y.; Crispin, A.; Schüler, I.; Krause, F.; Lussi, A.; Neuhaus, K.; Eggmann, F.; Michou, S.; et al. Systematic review and meta-analysis of diagnostic methods for occlusal surface caries. Clin. Oral Investig. 2021, 25, 4801–4815. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lennon, Á.M.; Brune, L.; Techert, S.; Buchalla, W. Fluorescence Spectroscopy Shows Porphyrins Produced by Cultured Oral Bacteria Differ Depending on Composition of Growth Media. Caries Res. 2023, 57, 74–86. [Google Scholar] [CrossRef] [Scilit]

	



Braga, M.M.; de Benedetto, M.S.; Imparato, J.C.; Mendes, F.M. New methodology to assess activity status of occlusal caries in primary teeth using laser fluorescence device. J. Biomed. Opt. 2010, 15, 047005. [Google Scholar] [CrossRef] [Scilit]

	



Matos, R.; Novaes, T.F.; Braga, M.M.; Siqueira, W.L.; Duarte, D.A.; Mendes, F.M. Clinical performance of two fluorescence-based methods in detecting occlusal caries lesions in primary teeth. Caries Res. 2011, 45, 294–302. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tassoker, M.; Ozcan, S.; Karabekiroglu, S. Occlusal Caries Detection and Diagnosis Using Visual ICDAS Criteria, Laser Fluorescence Measurements, and Near-Infrared Light Transillumination Images. Med. Princ. Pract. 2019, 29, 25–31. [Google Scholar] [CrossRef] [Scilit]

	



Lussi, A.; Megert, B.; Longbottom, C.; Reich, E.; Francescut, P. Clinical performance of a laser fluorescence device for detection of occlusal caries lesions. Eur. J. Oral Sci. 2001, 109, 14–19. [Google Scholar] [CrossRef] [Scilit]

	



BaniHani, A.; Santamaría, R.M.; Hu, S.; Maden, M.; Albadri, S. Minimal intervention dentistry for managing carious lesions into dentine in primary teeth: An umbrella review. Eur. Arch. Paediatr. Dent. 2022, 23, 667–693. [Google Scholar] [CrossRef] [Scilit]

	



Metzger, Z.; Colson, D.G.; Bown, P.; Weihard, T.; Baresel, I.; Nolting, T. Reflected near-infrared light versus bite-wing radiography for the detection of proximal caries: A multicenter prospective clinical study conducted in private practices. J. Dent. 2022, 116, 103861. [Google Scholar] [CrossRef] [Scilit]

	



Pieper, K.; Blumenstein, A. Die Zahnmedizinische Untersuchung Im Rahmen Der Gruppenprophylaxe: Ein Leitfaden Für Die Edv-Gestützte Erfolgskontrolle; Druckhaus Marburg: Marburg, Germany, 1993. [Google Scholar]

	



Landis, J.R.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 1977, 33, 159–174. [Google Scholar] [CrossRef] [Scilit]

	



Abogazalah, N.; Ando, M. Alternative methods to visual and radiographic examinations for approximal caries detection. J. Oral. Sci. 2017, 59, 315–322. [Google Scholar] [CrossRef] [Scilit]

	



Michou, S.; Lambach, M.S.; Ntovas, P.; Benetti, A.R.; Bakhshandeh, A.; Rahiotis, C.; Ekstrand, K.R.; Vannahme, C. Author Correction: Automated caries detection in vivo using a 3D intraoral scanner. Sci. Rep. 2022, 12, 13240. [Google Scholar] [CrossRef] [Scilit]

	



Walsh, L. Caries Diagnosis Aided by Fluorescence. In Dental Caries; IntechOpen: Rijeka, Croatia, 2018. [Google Scholar]

	



Karlsson, L. Caries Detection Methods Based on Changes in Optical Properties between Healthy and Carious Tissue. Int. J. Dent. 2010, 2010, 270729. [Google Scholar] [CrossRef] [Scilit]

	



Jablonski-Momeni, A.; Jablonski, B.; Lippe, N. Clinical performance of the near-infrared imaging system VistaCam iX Proxi for detection of approximal enamel lesions. BDJ Open 2017, 3, 17012. [Google Scholar] [CrossRef] [Scilit]

	



Gwet, K.L. Computing inter-rater reliability and its variance in the presence of high agreement. Br. J. Math. Stat. Psychol. 2008, 61, 29–48. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hosmer, D.W.; Lemeshow, S. Applied Logistic Regression; Wiley: Hoboken, NJ, USA, 2000. [Google Scholar]

	



Diniz, M.B.; Boldieri, T.; Rodrigues, J.A.; Santos-Pinto, L.; Lussi, A.; Cordeiro, R.C. The performance of conventional and fluorescence-based methods for occlusal caries detection: An in vivo study with histologic validation. J. Am. Dent. Assoc. 2012, 143, 339–350. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lin, W.S.; Alfaraj, A.; Lippert, F.; Yang, C.C. Performance of the caries diagnosis feature of intraoral scanners and near-infrared imaging technology-A narrative review. J. Prosthodont. 2023, 32, 114–124. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Stookey, G.K. Quantitative light fluorescence: A technology for early monitoring of the caries process. Dent. Clin. N. Am. 2005, 49, 753–770. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Qudeimat, M.A.; Alomari, Q.D.; Altarakemah, Y.; Alshawaf, N.; Honkala, E.J. Variables affecting the inter- and intra-examiner reliability of ICDAS for occlusal caries diagnosis in permanent molars. J. Public Health Dent. 2016, 76, 9–16. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kühnisch, J.; Berger, S.; Goddon, I.; Senkel, H.; Pitts, N.; Heinrich-Weltzien, R. Occlusal caries detection in permanent molars according to WHO basic methods, ICDAS II and laser fluorescence measurements. Community Dent. Oral Epidemiol. 2008, 36, 475–484. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kopycka-Kedzierawski, D.T.; McLaren, S.W.; Billings, R.J. Advancement Of Teledentistry At The University Of Rochester’s Eastman Institute For Oral Health. Health Aff. 2018, 37, 1960–1966. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jan, J.; Bakar, W.Z.W.; Mathews, S.; Uzamere, E.; Okoye, L.; Amaechi, B. Clinical Trial of the Canary System for Proximal Caries Detection: A Comparative Study. CJAST 2021, 40, 38–50. [Google Scholar] [CrossRef] [Scilit]








[image: Jcm 13 00925 g001] 





Figure 1. Flow scheme of the clinical study. 
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Figure 2. Example of the occlusal surface of a molar divided into the six areas: mesiobuccal (MB), distobuccal (DB), mesiocentral (MC), distocentral (DC), mesiooral (MO) and distooral (DO). 
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Figure 3. Bar graph of the reliability of the different occlusal caries detection methods distributed to primary and permanent teeth. 
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Figure 4. Receiver-operating-characteristic (ROC) curve analysis for primary teeth (left) and permanent teeth (right) for the investigated caries detection methods with threshold I (pooled data of sound (0) versus overall caries (pooled data of enamel caries (1) and dentin caries (2))). 
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Figure 5. Receiver-operating-characteristic (ROC) curve analysis for primary teeth (left) and permanent teeth (right) for the investigated caries detection methods with threshold II (pooled data of sound (0) and enamel caries (1) versus dentin caries (2)). 






Figure 5. Receiver-operating-characteristic (ROC) curve analysis for primary teeth (left) and permanent teeth (right) for the investigated caries detection methods with threshold II (pooled data of sound (0) and enamel caries (1) versus dentin caries (2)).



[image: Jcm 13 00925 g005]







 





Table 1. Caries detection methods regarding sensitivity, specificity and area-under-curve (AUC) values with receiver-operating-characteristic (ROC) curve analysis for threshold I (sound (0) versus overall caries (pooled data of enamel (1) and dentin caries (2))) and threshold II (pooled data of sound (0) and enamel caries (1) versus dentin caries (2)).
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Primary Teeth

	
Permanent Teeth




	
Threshold

	
Caries Detection Method

	
Sensitivity

	
Specificity

	
AUC

	
Sensitivity

	
Specificity

	
AUC






	
I

	
Diagnocam

	
0.934

	
0.873

	
0.903

	
0.938

	
0.876

	
0.907




	
Trios 4

	
0.840

	
0.804

	
0.822

	
0.887

	
0.765

	
0.826




	
Emerald S

	
0.925

	
0.876

	
0.900

	
0.938

	
0.872

	
0.907




	
II

	
Diagnocam

	
0.691

	
0.979

	
0.835

	
0.836

	
0.974

	
0.905




	
Trios 4

	
0.589

	
0.980

	
0.784

	
0.655

	
0.977

	
0.816




	
Emerald S

	
0.737

	
0.976

	
0.857

	
0.810

	
0.976

	
0.893
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