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Abstract

:

Featured Application


To date, the remineralizing processes on dental enamel have been studied ex vivo and/or in vitro, but the present paper has proven the feasibility of in vivo reflectance confocal microscopy (RCM) to visualize, at microscopic resolution, these processes in vivo, thus encouraging its clinical application in monitoring responsiveness to enamel therapies.




Abstract


Enamel defects (EDs) are qualitative and/or quantitative disturbances of the dental surface. To date, the responsiveness to remineralizing treatments has been studied ex vivo, on dental sections from extracted teeth. The present research aims to establish if in vivo reflectance confocal laser scanning microscopy is able to visualize the changes in the enamel architecture on living teeth, before, during and after remineralizing treatments by casein phosphopeptide-amorphous calcium phosphate (CPP-ACP). As proof-of-concept study, 17 consecutive children affected by EDs were enrolled and 38 EDs were considered. A CPP-ACP mousse was applied twice a week for 6 weeks and clinical and microscopic images were collected before, during and after the treatment for evaluating the changes occurred. For in vivo microscopic imaging, a reflectance confocal laser scanning microscope (RCM) for in vivo use was adopted. In this study RCM was proven to be able to visualize in vivo and at microscopic resolution the changes occurred during the remineralizing processes without needing for dental extractions and histopathological procedures. This in vivo RCM capability could encourage its clinical application in monitoring responsiveness to enamel therapies.
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1. Introduction


“Enamel defects” (EDs) are a series of developmental disturbances, frequently encountered in clinical practice [1] and involving dental enamel during its formation processes and whose clinical aspect may vary in intensity according to the duration and the timing in which the disturbance had occurred [2]. The Commission on Oral Health Research & Epidemiology classification considers two main types of EDs: hypoplasia and opacities. Hypoplasia is a quantitative defect, characterized by a reduction in thickness of the enamel, while opacity is a qualitative defect due to enamel hypomineralization and characterized by demarcated or diffuse discoloured areas [3], clinically appearing whitish, yellow or brown [4].



Teeth affected by EDs are associated with a significantly higher risk of developing caries and/or dental sensitivity proportional to the loss of enamel substance and caused by the exposure of the dentine [5], and can be also considered an aesthetic problem that can compromise the patient’s social life [6]. The conventional treatment of EDs consists in the microabrasion of the enamel with pumice associated with bleaching and topical fluoride application [7], but, during last years, further treatments have been proposed and applied to clinically reduce EDs, such as the combined tin-containing fluoride solution and CO2 laser treatment [8], the use of calcium sodium phosphosilicate agents [9], amelogenin-based peptides [10] and/or mouth rinses containing tricalcium phosphate [11]. Recent literature reports the promising use of “infiltrating agents” with biomimetic and bioactive properties, able not only to act on the surface of the enamel, but also to penetrate through the enamel layers, thus promoting a deeper remineralization. Among these agents, the so-called amorphous calcium phosphate complexes (ACP), added with fluoride (ACFP) [11] and/or with milk-derived proteins (casein phosphopeptide, CPP) [12], are able to inhibit enamel demineralization and promote its remineralization by binding to the calcium and phosphate ions and stabilizing them as ACP [13,14,15].



To date, all these processes and the dental microscopic architecture before, during and after the use of these biomimetic compounds, have been studied in vitro, mainly by transverse microradiography, scanning electron microscopy and confocal microscopy on dental sections of specimens from extracted teeth [16,17,18,19,20,21].



By this way, however, the approach to intraoral clinical conditions in vivo is difficult to completely simulate, given the complex interactions among products, dental surface, oral ecosystem, biofilm, saliva and salivary proteins that characterize the real scenario.



To overcome these limitations, the in vivo reflectance confocal microscopy (RCM) should be used. RCM is an in vivo microscopic imaging technique widely applied in dermatology for over 20 years [22], to non-invasively image the vital tissues at microscopic resolution, in the living context in which they are, not requiring for ex vivo sampling, or staining, and which is free of adverse reactions and not dangerous for both the patient and the operator [23]. RCM is a laser scanning confocal microscopy based on the mechanism of backscattering of light through tissues, which are constitutively composed by substances of different refractive indexes. These differences allow the detector probe and the computer integrated software to image on a monitor horizontal optical slices of the tissue images in a greyscale, at microscopic resolution in real time and without pain or adverse reactions [24,25]. Recently, RCM has been already applied in oral pathology [26], where, after pilot studies to validate the method [27,28], further researches have focused on highlighting the peculiarities of various pathologies affecting the oral mucosa [29], such as oral lichen planus [30,31], pigmented lesions of the lips [32], erosive-ulcerative oral lesions [33] and the main preneoplastic alterations and tumors [34]. Recently, this method has pioneered the in vivo study of dental surfaces, giving encouraging results both in the definition of the characteristics of healthy enamel of deciduous and permanent teeth [35,36], and in the visualization of EDs of various nature and entity [37] up to a depth of approximately 300 µm, which is the limit of penetration of the laser beam of this device.



Therefore, the present study aims to establish if in vivo RCM is also able to detect any changes occurred after remineralizing processes, performed in vivo on a series of permanent teeth in children affected by EDs of various degree.




2. Patients, Materials and Methods


2.1. Patients


A series of consecutive children, with one or more ED, referring at the Dental Clinic of the University of Campania “Luigi Vanvitelli”, Naples, Italy were considered. The exclusion criteria were allergies to milk proteins and/or lactose intolerance. The Internal Ethics Committee has approved this study (#541/2019). All parents legally responsible for each child gave the written consent, after they were informed, to the non-invasive imaging analysis and the CPP-ACP topical applications. Anamnestic data collection, clinical evaluation and EDs classification were performed by two well-trained clinicians with a match of diagnosis over 98%.



EDs were clinically classified according to Ghanim et al. [38], as follows:




	
Opacity, defined as a variation of the normal enamel translucence, clinically expressed by a white/creamy or yellow/brown discoloration, whose distribution may be linear, patchy or diffuse and with indistinct boundaries with the adjacent normal enamel.



	
Hypoplasia, defined as a quantitative defect of the enamel, clinically expressed by areas of partial/total lack of enamel, rounded by smooth boundaries; the degree of enamel missing may correlate with the several clinical appearances: pits (tiny areas, single or multiple, shallow or deep, scattered or in rows); grooves/lines (single or multiple, narrow or wide until 2 mm in diameter/size); diffuse patch (wide areas, more than 2 mm in diameter/size, of partial/complete lack of enamel).









2.2. CPP-ACP Topical Application: Protocol


All children were treated with a CPP-ACP mineralizing agent (Recaldent® Tooth Mousse, GC Europe). A customized oral tray was rinsed thoroughly under running water and then a generous layer of the product was applied, partly in the tray and partly on the affected teeth. After three minutes of contact, the tray was removed and the patient was instructed to distribute the remaining mousse with the tongue for another two minutes, avoiding spitting and swallowing it. Therefore, each individual treatment lasted five minutes. Thereafter, patients had the only recommendation to avoid drinking and eating for at least 30 min.



The same treatment was repeated 2 times per week for a period of 6 weeks. To standardize the procedure, the application of the CPP-ACP mousse has always been performed at the Dental Clinic, under our supervision; while, in order to avoid failures in the remineralizing process, children and their parents were asked to avoid carbonated and/or acid drinks. Their compliance was verified by a daily written report of the beverage intake.



At the beginning (T0) and at the end (T2) of the treatment, clinical pictures were taken by a Canon PowerShot a2000 (Canon Italia) and in vivo imaging was performed by RCM, in order to detect and compare any clinical changes with the respective microscopic features. In detail, the final clinical outcomes (T2) were classified by two independent observers as ED “disappearance”, “reduction”, “invariability” or “worsening”, according to their comparison with their respective (T0) starting point. All the microscopic features have been noted and associated with the respective clinical outcomes. In addition, a further RCM in vivo imaging was performed immediately after the first CPP-ACP application (T1) to define the refractivity of the mousse and its appearance at RCM.




2.3. In Vivo Reflectance Confocal Laser Scanning Microscopy


In order to microscopically evaluate the initial EDs and their changes (disappearance, reduction, invariability or worsening) at the end of the CPP-ACP treatment, a series of in vivo confocal images were collected. For the purpose, a commercially available reflectance confocal microscope (RCM) was used (Vivascope3000®, first version, Lucid, Rochester, NY, USA) to image in vivo the enamel surface, at microscopic resolution, with no pain or discomfort for the patients. Each picture corresponds to a horizontal 500 × 500 µm optical section of the dental enamel, 5 µm in thickness and with a 0.5–1 µm lateral resolution with correspondence to standard histology [26,28]. RCM allows to vertically scan the enamel layers until a maximum depth of 300 µm from the surface. The system operates with a diode laser class 3A (European version) at 830 nm wavelength and with a 309 water immersion objective lens and a 0.9 numerical aperture. The laser power varies from 5 to 10 mW according to the layer to evaluate, and it causes neither tissue damage nor dental heating [28,35].



In order to obtain confocal images of the tissue from the plans parallel to the RCM lens (confocality), the device needs to work in close contact to the dental surface. Ultrasound gel is interposed between the lens and the window, and the window and the tooth, to optimize the incident and the refracted lights transmission. Hence, only vestibular surfaces of front teeth (incisors and canines) could be imaged, because both the size of the RCM sensor and the encumbrance of the handpiece impede to reach the back teeth and lingual dental surfaces.





3. Results


Seventeen consecutive children—7 males and 10 females—aged between 6 and 12 years (8.52 ± 2.00 years) showing one or more EDs were enrolled. Totally, 38 permanent teeth affected by EDs were analyzed: 23 white/creamy opacities and 11 yellow/brown ones; among them, 8 were linear, 16 appeared as small patches and 10 as diffuse areas (Figure 1 and Figure 2). Hypoplasia was found in 4 teeth, with a degree of severity from low-medium (pit, groove and/or lines) in 2 teeth, to severe, in the remaining 2 teeth showing diffuse hypoplastic areas with serious reduction or lack of enamel thickness (Figure 3 and Figure 4).



With regard to the clinical responsiveness to treatment, ED “disappearance” was found in 7 teeth (in 6 linear and 1 patchy opacities); ED “reduction” was reported in 18 teeth (in 2 linear, 10 patchy and 5 diffuse opacities and in 1 low-medium grade hypoplasia); ED “invariability” was found in 13 teeth (in 5 patchy and 5 diffuse opacities, in 1 low-medium grade hypoplasia and in 2 severe hypoplasia); no ED “worsening” was reported.



Before the CPP-ACP treatment (T0), RCM highlighted microscopic differences among the various degrees of ED severity, similarly to what found in our previous studies on in vivo RCM features of healthy enamel [35], the in vivo RCM differences between deciduous and permanent enamel [36] and the main in vivo RCM findings in EDs, both in permanent and deciduous teeth [37]. On RCM imaging, the 34 opacities without severe structural macroscopic defects (Figure 1 and Figure 2), showed a fairly preserved enamel architecture, identifiable at the boundaries of the lesion and along the whole visible layers, 300 µm beneath the surface (Figure 1b,c and Figure 2b,c), while, at the center of the defect, the enamel pattern was replaced by scattered deposits of bright organic substance (Figure 1d,e; Figure 2d).



The T0 RCM pictures of the 2 teeth with low-medium degree of hypoplasia revealed disturbances in enamel arrangement (Figure 3), only occasionally resembling the classical enamel architecture and mainly shown as hyporefractive dark areas with lack of the normal crystalline enamel architecture (Figure 3b) or as hyperrefractive organic matrix accumulation within the whole imaged layers (Figure 3c).



In the remaining 2 severe hypoplastic EDs, T0 RCM imaged wide irregular areas where the prismatic/interprismatic enamel architecture totally lacks along the several depths of view, thus allowing to highlight the presence of some roundish holes, corresponding to dentinal tubules (Figure 4d).



When RCM was performed immediately after CPP-ACP application (T1), the molecular complex could be seen and identified for its high brightness and refractivity as a dotted granular compound (Figure 2e), covering the holes and the lack of tissue both in hypoplasia and in opacities (Figure 2f2,g2).



At the end of the treatment (T2), qualitative defects such as opacities and demineralization of various degrees showed a variable responsiveness to treatment both at clinical examination (Figure 2h and Figure 4e) and on RCM imaging. While they appeared clinically reduced in size and discoloration, the confocal reports showed a higher content of organic substances, expressed by a higher refractivity respect to the ones observed at the starting point (Figure 1f, Figure 2i–m, and Figure 3f).



Hypoplasia showed less responsiveness to treatment: in those two cases with severe lack of enamel, CPP-ACP appeared not to be able to replace the absent enamel, but a partial improvement and re-coloring was possible at the boundaries of the defect in one case of low-medium grade severity (Figure 4f,h).




4. Discussion


The present study aimed to establish the feasibility of in vivo RCM to image the changes in enamel microscopic appearance after CPP-ACP treatments in vivo, on permanent teeth of children affected by EDs of various degree.



As expected, CPP-ACP worked better on demineralized teeth than on hypoplastic ones because of the impossibility, to date, to re-create the enamel prisms where they lack. Indeed, the clinical responsiveness to treatment was higher in opacities than in hypoplastic EDs. The clinical results correlated with RCM imaging confirmed that CPP-ACP mineralization does not re-establish ex novo the normal prismatic enamel architecture where it was initially absent, because of the lack of prismatic formation during the normal amelogenesis. Therefore, according to the RCM in vivo images, the reported clinical improvement (and in some cases the disappearance) of the EDs after CPP-ACP treatment could be justified by the CPP-ACP compounds that stably fulfilled and deposited within the organic compounds of the demineralized enamel. These evidences are in line with what Ferrazzano et al. reported in 2011 on the remineralizing effects of CPP-ACP mousse, revealing that the surfaces were covered with an amorphous deposit, completely obscuring the underlying prismatic structure [21]. Nevertheless, unlike Ferrazzano et al., where the mineralizing CPP-ACP effects were evaluated ex vivo with Scanning Electron Microscopy (SEM) [21], in the present work the entire procedure was performed in vivo, on living teeth. In detail, in vivo RCM demonstrated that CPP-ACP complex mainly allows the organic proteins to adhere to the enamel layers, and to reduce the areas of lack of minerals, by recruiting minerals where initially absent, as previously proven and with similar microscopic pictures reported by further ex vivo studies with confocal laser scanning microscopy (CLSM) and SEM from the works of Llena et al. [18] and Moura-Netto et al. [39].



Moreover, in a case of severe hypoplasia, thanks to the total absence of enamel, dentinal tubules have been imaged in vivo for the first time, with their characteristic shape, similarly to what was depicted ex vivo by Lucchese et al. [16], Moura-Netto et al. [39] and Marzuki et al. [40], thus overcoming the limited depth of penetration on healthy enamel, which impeded, in previous living studies [35,36,37], the imaging of the dentinal tissue.



Although these results are merely qualitative and very preliminary, and a quantitative analysis of the improvements has been excluded due to the low number of subjects enrolled, they confirmed the RCM capability to highlight in vivo microscopic differences of EDs before, during and after remineralizing therapy.



Furthermore, the imaging procedures revealed to be well tolerated by the children and the possibility to watch on the monitor the state of their “teeth” at microscopic resolution has intrigued and motivated children to be more compliant.



In addition, the bad compliance of the patients as bias has been excluded by the feedback from their daily report of drink intake, which strongly motivated the patients to be collaborative.



In conclusion, this novel approach to the study of enamel in vivo, could be applied to evaluate the responsiveness to remineralizing infiltrating agents, as well as to image in vivo the dental restoration interface, the margins of infiltrations, the duration and the deterioration of the compounds, and/or for longitudinal evaluation of non-invasive methods for white spot lesions arrestment, without the need for working on extracted and processed teeth, supporting and supported by the previous evidence of in vitro studies [18,19,20,21].
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Figure 1. (a) Initial clinical presentation and T0 (b–e) and T2 (f) confocal images of a white/cream opacity without structural defects of the two-third of the vestibular surface of the upper right central incisor in an 8-year-old female. (b,c) At T0, at the boundaries of the defect, marked «B» in (a), enamel architecture was preserved and identifiable both at the superficial layers, 10 µm beneath the surface (b), and at the deepest visible layers, 300 µm beneath the surface (c). The diffuse bright points corresponded to the lack of mineral compounds, replaced by scattered deposits of bright organic substance. (d,e) At T0, at the center of the defect, marked as «D» in (a), bright organic matrix was not arranged in the classical interprismatic regular net, neither at the superficial layers, 10 µm beneath the surface (d), nor at the deepest visible layers, 300 µm beneath the surface (e). (f) At T2, enamel prisms still lack at the center of the defect, but the site appeared fulfilled by inhomogeneous and irregular accumulation of bright material, presumably organic casein phosphopeptide (CPP). Scale bars: 100 µm. 
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Figure 2. Diffuse white opacities without structural defects of both upper central incisors in an 8-year-old male before and after the casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) treatment. (a) At T0, both teeth showed linear (arrows) and patchy (dotted circle) white opacities. (b,c) T0 reflectance confocal microscopy (RCM) of the linear opacities marked, respectively, as «B» and «C» in (a): the enamel architecture was well preserved few layers below the surface (10 µm below) while sparse dark areas (hyporefractive) expressed the slight disarrangement of the organic interprismatic substance, usually highly refractive. (d) T0 RCM of the small patched opacity marked as «D» in (a): evident deposits of organic substance (hyper-refractive) and inhomogeneous mineralization. (e) T1 RCM of a dental surface, immediately after the CPP-ACP application: the mousse appeared dispersed in the ultrasound gel used to perform RCM imaging, revealing to be a highly refractive granular compound, reflecting the CPP composition. (f,g) RCM before (T0) (f1,g1) and immediately after (T1) (f2,g2) CPP-ACP application at the patchy area of the upper right central incisor, showing the evident differences in organic accumulation within the dark areas. (h) At T2, the patchy opacity of the upper right central incisor seems to have clinically totally disappeared. (i–m) The related T2 RCM images showed a more refractive enamel arrangement through the layers: 10 µm (i), 150 µm (l) and 300 µm (m). Scale bars: 100 µm. 
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Figure 3. (a) Clinical presentation of a patchy white opacity with low severe hypoplasia of the vestibular one/half of the upper left central incisor in an 11-year-old male. (b,c) At T0, RCM revealed disturbances in enamel arrangement shown as hyporefractive dark areas with lack of the normal crystalline enamel architecture (white arrows) alternated with partially preserved prismatic/interprismatic architecture (white square) or hyperrefractive organic matrix accumulation (dotted circle) within the whole imaged layers. (d–f) At T2, the areas previously dark and low refractive, appeared fulfilled by bright refractive material scattered along the entire field of view and within the whole visible layers: 10 µm (d), 150 µm (e) and 300 µm (f). Scale bars: 100 µm. 
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Figure 4. (a) T0 clinical picture of a yellow/brown patchy opacity with severe hypoplasia affecting the vestibular one/half of upper right central incisor and multiple, linear and patchy white/creamy opacities of the vestibular one/half of the upper left central incisor in a 9-year-old female. (b,c) T0 RCM of the opacity marked as “B,C” in (a), revealed a partially preserved prismatic/interprismatic architecture, brighter than usual due to the higher organic/inorganic compounds ratio (asterisks) alternated with irregular areas in which the prismatic/interprismatic architecture lacks (dotted areas) at 10 µm (b) and 300 µm (c), respectively, from the surface, corresponding to severe lack of enamel. (d) When the enamel is constitutionally absent, as in “D” marked in (a), the T0 RCM revealed some roundish holes, corresponding to dentinal tubules. (e) At T2, the boundaries of the yellow/brown opacity of the upper right central incisor turned into a white/cream less severe defect, and the opacity of the upper left central incisor was strongly reduced (dotted black circle), and disappeared in some linear areas (black arrow). (f,g) T2 RCM of the “D” area showed a persistent lack of prismatic/interprismatic architecture, but also the improvement in bright/dark contrast, due to the organic compounds fulfilling the interprismatic areas instead of the mineral inorganic part, most strongly visible at the periphery (white arrows) (f) and still with deficiencies in some areas of the center (g). (h) T2 RCM of “B,C” revealed a more homogeneous enamel prisms arrangement. Scale bars: 100 µm. 
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