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Abstract

:

Radiography has long been the standard approach to characterize carious lesions. Spatially resolved X-ray diffraction, specifically small-angle X-ray scattering (SAXS), has recently been applied to caries research. The aims of this combined SAXS and micro computed tomography (µCT) study were to locally characterize and compare the micro- and nanostructures of one natural carious lesion and of one artificially induced enamel lesion; and demonstrate the feasibility of an automated approach to combined SAXS and µCT data in segmenting affected and unaffected enamel. Enamel, demineralized by natural or artificial caries, exhibits a significantly reduced X-ray attenuation compared to sound enamel and gives rise to a drastically increased small-angle scattering signal associated with the presence of nanometer-size pores. In addition, X-ray scattering allows the assessment of the overall orientation and the degree of anisotropy of the nanostructures present. Subsequent to the characterization with µCT, specimens were analyzed using synchrotron radiation-based SAXS in transmission raster mode. The bivariate histogram plot of the projected data combined the local scattering signal intensity with the related X-ray attenuation from µCT measurements. These histograms permitted the segmentation of anatomical features, including the lesions, with micrometer precision. The natural and artificial lesions showed comparable features, but they also exhibited size and shape differences. The clear identification of the affected regions and the characterization of their nanostructure allow the artificially induced lesions to be verified against selected natural carious lesions, offering the potential to optimize artificial demineralization protocols. Analysis of joint SAXS and µCT histograms objectively segmented sound and affected enamel.
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1. Introduction


Tooth enamel, a unique body tissue, presents some distinctive challenges to study. Compared to other human tissues, it is extremely dense and homogenous, comprising almost entirely of elongated hydroxyapatite crystallites. The organization of tooth enamel is particularly complex with orientation and structure at nanometer, micrometer, and millimeter levels, but the remarkably uniform composition obscures structural subtlety to most forms of examination.



Carious dissolution of tooth enamel, the most common disease to afflict mankind, has been studied since the late 19th century [1,2,3]. Caries detection, characterization and diagnosis remain a problematical issue [4]. Diagnosis is the art of identifying a disease through signs and symptoms, but early enamel caries may present few if any symptoms to the patient and few if any signs to the clinician. Hence, much attention has focused upon caries detection, primarily through radiography and optical inspection. In a clinical setting, radiographic appearance alone, specifically the depth of radiolucency, is often used to make a decision as whether to treat or not.



Radiographic sensitivity to early stage subsurface lesions, however, is limited and often even inadequate [5]. Substantial carious dissolution must occur before the lesion is reliably detected in vivo [6]. Attenuation coefficient in projection might therefore be insufficient. Scattering arising from micro/nano-porosity provides a different type of contrast. It is reasonable to hypothesize that the combination of X-ray attenuation and scattering signals allows for a better caries detection.



For in vitro detection, more sensitive X-ray methods can be used, because the X-ray dose is hardly relevant, thus allowing the exploration of alternative methods for caries identification, still a matter of investigation [7,8,9]. Improved objective measures of the early carious lesion would be of inestimable clinical and research utility [10].



Spatially resolved micro-beam small-angle (SAXS) and wide-angle (WAXS) X-ray scattering was first applied to complex hierarchically organized biological structures two decades ago [11]. Such reciprocal-space techniques have been frequently used to analyze calcified tissues ex vivo, often combined with more or less surface sensitive electron and light microscopies. SAXS and WAXS yield information complementary to hard X-ray transmission (radiography) [12,13,14] and similar to that obtained in grating-based X-ray dark-field imaging [15].



Likewise, micro-beam diffraction techniques have been applied to nanostructural and crystallographic investigations of healthy enamel as well as on artificially induced and natural caries [16,17,18,19,20,21,22]. The degree of co-alignment of hydroxyapatite crystallites within unaffected and carious enamel has been quantified using WAXS [17,19]. Crystallite loss, measured using WAXS, has been related to void formation, measured using SAXS, in subsurface lesions [22]. In such studies, information from complementary techniques was compared, but classification of enamel as being either carious or unaffected was performed using one selected standard alone. We propose combining X-ray imaging, i.e., radiography and micro computed tomography (µCT) with spatially resolved SAXS to segment the carious enamel on about 0.5 mm-thick crown slices. Here, we use radiographic projections obtained by forward-projecting µCT data to enhance the segmentation of the two-dimensional SAXS data. The three-dimensional data is ultimately not necessary, but useful for validation purposes. Data from spatially resolved SAXS and µCT have not previously been combined with a (semi-)automated histogram analysis approach to segment affected and unaffected tissues. Both techniques have previously been used independently for the in vitro characterization of carious lesions [23,24,25,26].



Micro-beam diffraction was proposed as an analytic tool, e.g., in bone [27], or for breast [28] and brain cancer [29] characterization. Our approach could extend these methods for the segmentation of normal and diseased, or normal and repaired tissues.



Hence, we comparatively study one artificial lesion prepared within days and one selected natural carious lesion formed over a comparatively much longer period of time in the order of months or even years by means of the complementary experimental techniques SAXS and radiography/µCT using specifically developed software for their combined analysis. The goal of the investigation is to demonstrate the feasibility of the (semi-)automated analysis of the joint SAXS and forward-projected µCT histogram to localize normal and affected enamel within a crown slice of clinically relevant thickness. This approach also extends the scope of application for both characterization techniques to an artificially induced lesion and the additional benefit resulting from dedicated data analysis of their combination. The questions of whether and how far quickly generated artificial lesions correspond to natural lesions is, thus, directly addressed for the first time using the combination of multiple parameters.




2. Materials and Methods


2.1. Ethical Approval


A naturally occurring surface carious lesion, a white spot, and an artificially induced carious lesion, obtained from second and third molars, were studied. All procedures were conducted in accordance with the Declaration of Helsinki and according to the ethical guidelines of the Canton of Basel, Switzerland. The responsible Ethical Committee approved the study with the number 290/13. The teeth were previously scheduled for extraction for clinical reasons unrelated to this study. Patients gave written consent for the use of their extracted teeth in the registration form of the Volkszahnklinik in Basel, Switzerland. The donated teeth were anonymized.




2.2. Sample Preparation


Immediately after extraction, the teeth were immersed in a 0.1% thymol solution. Soft tissue, calculus, and alveolar bone remaining on the extracted teeth were removed using a scalpel. The artificial lesion was defined by painting the tooth with a layer of nail varnish, leaving a window about 2 mm × 2 mm in size, see reference [29]. Subsequently, the tooth was incubated for three days in an acidic demineralization buffer (50 mM acetic acid, 2.2 mM CaCl2, 2.2 mM NaH2PO4, titrated with 1 M KOH to pH 4.4) [30]. All chemicals were supplied by Sigma-Aldrich Co. LLC (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). Tooth slices were cut using a band saw (Exakt Apparatebau GmbH, Norderstedt, Germany). The slices, 1300 and 500 µm thin, were stored in water before and during measurements to prevent drying. The schemes in Figure 1a,b show the sample preparation steps for the teeth with artificial and natural lesion, respectively.




2.3. Micro Computed Tomography


The tooth slices were individually transferred into a deionized water-filled Eppendorf tube to maintain a wet environment and prevent drying. This Eppendorf tube was glued onto the holder of the manipulator in the μCT-system. Micro computed tomography data sets were acquired using a nanotom® m (phoenix|X-ray, GE Sensing and Inspection Technologies GmbH, Wunstorf, Germany) [31]. The voxel length corresponded to 7.0 μm. A 0.2 mm-thick copper filter was placed into the beam path to increase the mean photon energy and reduce beam hardening. For all specimens, the acceleration voltage was set to 90 kV with a tungsten-on-diamond target.



The acquired data were reconstructed using phoenix datos|x 2.0 reconstruction software (phoenix|X-ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). Segmentation through thresholding was performed in MATLAB (2014a, MathWorks, Natick, MA, USA) in order to extract information about the magnitude of the local attenuation coefficients, directly related to density, within the selected parts of the teeth. The performance of the advanced laboratory µCT system for the analysis of crown of human teeth is comparable to synchrotron radiation-based setups [32].




2.4. Small-Angle X-ray Scattering Data Acquisition


Spatially resolved small-angle X-ray scattering measurements (SAXS) were performed at the cSAXS beamline of the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland) [33]. The specimens were stored in polyimide sachets to keep the specimens hydrated, and raster-scanned in 30 μm × 10 μm steps in x- and y-directions (cf. Figure 1) through a monochromatic X-ray beam, with a photon energy of 18.6 keV, focused to 30 μm × 10 μm full-width-at-half-maximum spot size at the specimen location. The specimen to detector distance Dsd of 7.1 m (cf. Figure 1c) was determined with the first-order scattering ring of silver-behenate powder. With this setup, q-ranges corresponding to real-space periodicities (d-spacing) from 4 to 180 nm were investigated. To reduce the air scattering, an evacuated flight tube was placed between specimen and detector. A diode on the beam stop in front of the detector recorded the transmitted intensity of the X-ray beam during data acquisition. SAXS data treatment was performed with the cSAXS Matlab package available at https://www.psi.ch/sls/csaxs/software [33]. Additionally, the degree of orientation of the point-symmetric scattering patterns was defined as 1 − (FWHMdeg/180°), where FWHMdeg denotes the full-width-at-half maximum (FWHM) of the azimuthal SAXS intensity [17].




2.5. Segmentation


The carious regions were segmented from the volumetric µCT data of the tooth slices via thresholding. To increase the contrast-to-noise ratio, a 5 × 5 × 5 median filter was applied to the data prior to thresholding.



In addition, bivariate histogram plots of the total scattered intensity from the SAXS measurements and the X-ray attenuation within the tooth slices were generated. For this purpose, the local X-ray attenuation values of the reconstructed µCT data of the slices were integrated along the direction perpendicular to the slice (z-direction, cf. Figure 1). The bivariate histogram plots were segmented using the k-means clustering algorithm [34] implemented in the MATLAB statistics and machine learning toolbox. For this purpose, scattering intensities and X-ray attenuation data were rescaled to an arbitrary scale so that they presented the same minimum and maximum values, i.e., 1 and 200. This bin size was chosen to allow for a reasonable representation of the data, allowing the distinction of clusters without compromising segmentability through excessive noise. The k-means algorithm assigned each count in the bivariate histogram plot to one of three clusters. For each cluster, we defined an ellipse aligned along the eigenvectors of the covariance matrix and the length of the ellipse axes by three times the square root of the eigenvalues. The three ellipses were associated with the unaffected enamel, the dentin, and the lesion.





3. Results


Selected slices through the three-dimensional data from µCT, obtained from crowns with a natural and an artificial lesion, are illustrated in Figure 2a,b, respectively. The slices show the microstructure of lesions owing to the reduced mineral content. The mineralized, micrometer-thick outer shell encloses the body of the lesion. The natural lesion is about 250 µm deep, whereas the artificial lesion only extends about 50 µm.



Attenuation histograms of the entire µCT-datasets from the crown specimens with the natural and the artificial caries lesions are shown in the diagrams of Figure 2c,d, respectively. Enamel and dentin can be clearly discriminated; both exhibit the characteristic Gaussian distribution [35]. The enamel lesions exhibit attenuation values between those of dentin and enamel.



Subsequent to the characterization using µCT, the tooth slices were investigated by means of synchrotron radiation-based spatially resolved small-angle X-ray scattering in transmission mode to evaluate the anisotropy and the orientation of the nanostructures, foremost hydroxyapatite crystallites, within carious and unaffected enamel. Figure 3 shows the integrated scattered intensity at selected q-ranges corresponding to the real-space periodicities between 10 and 20 nm (a) and (d), 70 and 80 nm (b) and (e), and 140 and 150 nm (c) and (f). The images contain distinctive anatomical features, which allow correlating both datasets, as they are similar to those of the μCT-data. Both the natural and the artificially induced lesions exhibit an increased scattering intensity. These bright regions of higher scattering intensity correspond to the less mineralized and therefore darker regions in the µCT data (cf. Figure 2).



The main orientation of the scattering signal at each pixel position is displayed in Figure 4, according to the color-wheel. Since the scattering signal is related to the Fourier transform of the electron density of the specimen, the scattering signal orientation is perpendicular to the long extension of the nanoscale scatterers in the plane perpendicular to the X-ray beam, cf. x-y-plane in Figure 1c. The nanostructures in the enamel have an orientation that is radial to the dentin-enamel junction. The lesions that were prominently seen in the scattering intensity plots, cf. Figure 3, cannot be discerned from sound enamel in the orientation plots, see Figure 4. This indicates that the main orientation of the scatterers is preserved in both lesions.



The degree of anisotropy describes the co-alignment of the nanoscale structures, on average, over the area illuminated by the X rays, i.e., over several square-micrometers. A band of low anisotropy at the location of the dentin–enamel junction (DEJ) clearly delineates dentin and enamel. At larger scattering angles, corresponding to 10–20 nm real-space periodicities, the natural lesion and the sound enamel show similar values of degree of orientation, as represented in Figure 5a. For smaller scattering angles, i.e., larger periodicities, the differences between unaffected and carious enamel become distinct, see Figure 5b,c for 70–80 nm and 140–150 nm. The degree of anisotropy of carious enamel is around 0.7 for the q-ranges investigated, whereas the one of sound enamel decreases from 0.7 to 0.6 with decreasing q. In addition, one finds bands of alternating degree of orientation extend from the DEJ to the tooth surface, associated with the Hunter–Schreger bands. The artificial lesion is hardly identifiable at some investigated q-ranges, presenting regions of higher and lower anisotropy compared to the unaffected enamel, Figure 5d–f.



The local attenuation values integrated along the beam for the natural (a) and artificial (d) lesions and the related spatially resolved X-ray scattering intensities are shown in Figure 6b,e, respectively. The natural lesion appears as a dark region in the image of Figure 6a and bright in the image of Figure 6b. The artificially induced demineralization results in strongly enhanced SAXS intensity, see image in Figure 6e, (red-colored arrow). However, the artificial lesion was barely visible in the X-ray attenuation signal, represented in the image of Figure 6d. Only some spotted regions with reduced attenuation are present near the enamel surface of the artificial lesion. The images in Figure 6c,f show the thickness of the specimens’ unaffected hard tissues in yellow color and the thickness of the lesions in blue color as obtained from the volumetric µCT data. The image in Figure 6f reveals several regions of reduced thickness within the enamel, which present reduced attenuation (blue-colored arrow). The thickness of the hard tissue histological section or slices from the crown directly affects the scattered X-ray intensity and the X-ray attenuation. In contrast to the scattering signal, without the additional 3D information from µCT, it is impossible to determine whether the reduced attenuation within the enamel is caused by demineralization or by variations in the slice thickness.



The bivariate histogram plots for the two slices of the crowns are represented in Figure 7. First, the X-ray attenuation obtained from the µCT measurements was integrated along the beam direction (z-direction, cf. Figure 1), yielding a two-dimensional image akin to radiography. Then, it was plotted for each pixel position against the related scattered intensities, where the q-range corresponds to real-space periodicities between 5 and 150 nm. The frequency of counts is displayed by the brightness (see gray-scale bars). Since both attenuation and SAXS intensity are dependent on specimen thickness, scaling of the abscissa and ordinate are adapted accordingly. For the natural lesion, cf. Figure 7a, one can easily discriminate between the three clusters. For the artificially induced lesion such discrimination is more complex, cf. Figure 7b. Nevertheless, the bivariate histogram plots offer a better approach for segmenting the lesions than the individual histograms given by integration along abscissae or ordinates; see the related diagrams at the borders of Figure 7.



Next, each bivariate histogram plot was divided into three regions using the k-means algorithm implemented in MATLAB code. For each of the three regions the center of gravity C and moments of inertia were calculated. They define ellipses centered in C with the main axes in the direction of the moments of inertia and a magnitude three times the square root of the eigenvalues of the covariance matrix. All points within each ellipse were assigned to one region within the selected piece of the crown. The results are displayed in Figure 8. The red color marks the enamel affected by caries. The blue color relates to the unaffected enamel. For the crown slice containing the natural lesion, the yellow color corresponds to the dentin and to the intact surface layer. For the specimen containing the artificial lesion, cyan is associated with the enamel regions of reduced thickness. In the slice containing the artificial lesion, dentin is not correctly identified. Rather, thin enamel is identified as separate component. Nevertheless, a distinction is made between caries-affected and unaffected enamel.




4. Discussion


Natural and appropriately prepared artificial carious lesions exhibit a decreased density below intact surfaces, which gives rise to a decrease in X-ray attenuation because of the reduced mineral density. It is frequently observed that the X-ray scattering potential of enamel lesions is significantly higher than that of sound enamel, associated with the increased nanometer-scale porosity within the lesions [17,20,21,36]. It has been a matter of debate whether the SAXS signal originates from the crystallites or the voids in between them. Several studies report that at larger q, the scattering signal is often associated with the voids, since the crystallites are large compared to the corresponding ranges [15,20,21,37]. Yagi et al. also stated that increased SAXS signal depends more on the surface area than on void volume [21]. The setup in this study allowed us to access smaller q-values, down to 0.04 nm−1, corresponding to about 150 nm, well above the putative pore size of 5 nm [15]. We believe that the observed increase in anisotropy towards larger periodicities (cf. Figure 5) is associated with preferential etching of more arbitrarily oriented calcium phosphates within enamel between the rods. There is, however, consensus that the voids between rods are aligned to the rods themselves [20]. Our results support this notion, as we do not observe any change in the orientation of the anisotropic, nanometer-size components between the healthy and the diseased part of the crown, implying that the pores have the same orientation as the mineral crystallites. However, the pores do not have the same size and shape as the crystallites, because the experimental values for the degree of orientation differ between carious and healthy enamel.



Projections, as generated radiographically, do not allow for the discrimination between thickness-dependent and density-dependent phenomena. In Figure 6b, for example, the prominent dark region on the top left of the specimen, caused by reduced specimen thickness, cannot be distinguished from caries-affected regions if the geometry of the slice is unknown. Also, overlapping carious and unaffected enamel might lead to a misinterpretation or underestimation of the local degree of demineralization. Using the µCT data, the thickness is derived with micrometer precision, and the projected densities of overlapping features can be separated.



The segmentation of anatomical features with comparable X-ray attenuation and X-ray scattering potential is challenging. Especially the boundaries between features with gradual density changes, such as those between carious lesions and sound enamel, are difficult to identify. The exact registration of data from different modalities [38,39] or the data from the same modality obtained before and after tissue alteration permits the creation of a bivariate histogram plot for powerful feature segmentation [40]. Here, we have demonstrated that through the combination of X-ray attenuation and SAXS signal over a large q-range one can determine the size and shape of the natural and caries lesions in a (semi-)automated way, not biased by subjective interpretation of experts. This approach could be applied to other biological tissues, such as bone.



In the natural lesion, the presented approach reproduces the intact surface lesion, which is seen in the CT and radiography data, but is not reproduced in the SAXS intensity signal. Conversely, the region presenting reduced X-ray attenuation in the specimen with the artificial lesion was clearly identified as unaffected enamel by the segmentation process. Note that this approach assumed three regions for each specimen, namely sound dentin, sound enamel, and enamel lesion. While it succeeded in discriminating these regions in the specimen containing the natural lesion (cf. Figure 8a), it failed to do so for the specimen with the artificial lesion (Figure 8b). Here, strong variations in specimen thickness led to the dentin being associated with the affected enamel. Nevertheless, carious and sound enamel could be distinguished.



The natural and the artificial lesions of the present study show comparable characteristics, i.e., intact surface layers, reduced X-ray attenuation and increased X-ray scattering intensity within the lesions, but they also exhibit differences in size and shape. Such differences are even found for in vitro tests with artificial lesions and are manifested by inter-lab variability [41,42], implying that the challenging biomimetic in vitro generation of carious lesions. Thus, in situ reproduction of lesions was proposed [43]. Furthermore, the classically described lesion is by no means representative of all observed natural lesions [44]. This means that both in vitro and clinical studies should include a rather large and varied number of subjects before generalizable evidence is reached.




5. Conclusions


The present communication is not only a simple comparison of one artificially induced and one natural carious lesion but also describes a methodological approach combining radiographic data, spatially resolved X-ray scattering data and data treatment for the quantification and segmentation of lesions. The increased porosity within the lesion leads to a reduced X-ray attenuation and increased scattering intensity over the investigated q-ranges. The combination of the two results gives rise to a better differentiation within the projection data. This approach could be applied to other tissues.



Although a position-resolved SAXS setup, as presented in this study, is not well suited for a clinical environment, the future potential of the SAXS signal for caries diagnosis must not be underestimated. Other setup types, which are sensitive to small-angle scattering, as for example the dark-field signal obtained in X-ray Talbot–Lau interferometry measurements [45], might be more easily adapted for the in vivo diagnosis of mineral loss. The dark-field signal originates from scattering from entities smaller than the detector’s pixel size [46]. SAXS signal integrated over a large q-range is similar and related to the dark-field signal obtained from X-ray Talbot–Lau interferometry [47], and thus, similar results can be expected.
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Figure 1. Sample preparation steps to obtain tooth slices with artificial (a) and natural (b) lesions and schematic representation of the spatially resolved SAXS set-up (c). The tooth slice is raster-scanned through the focused X-ray beam. At each position a two-dimensional scattering pattern is acquired. The direct beam transmitted by the sample is measured in intensity and absorbed by the beam stop in front of the detector. 
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Figure 2. Selected slices through the µCT datasets of tooth slices with natural (a) and artificial (b) lesions. Affected regions exhibit X-ray attenuation reduced with respect to the healthy enamel. The related histograms of the three-dimensional data are shown in the diagrams (c,d). The length of the bar corresponds to 1 mm. 
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Figure 3. Integrated scattered intensity for the q-ranges that corresponds to the real-space periodicities between 10 and 20 nm (a,d), 70 and 80 nm (b,e), and 140 and 150 nm (c,f) for the natural (left column) and the artificial (right column) lesions. For all ranges, the lesion appears as bright band in the upper part of the image, corresponding to high scattering intensity. The enamel yields lower scattering intensities compared to dentin and lesion. The intensities are logarithmically scaled with Imin and Imax corresponding to (a) 2.0–53.3, (b) 0.2–10.0, (c) 33.4–26,500.0, (d) 8.4–2,650.0, (e) 66.7–133,000.0, and (f) 21.1–13,000.0 counts per pixel, respectively. The length bar corresponds to 1 mm. 
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Figure 4. The color-coded images show the main azimuthal orientation of the scattering patterns for the q-ranges corresponding to the real-space periodicities between 10 and 20 nm (a,d), 70 and 80 nm (b,e), and 140 and 150 nm (c,f) for the natural (left column) and the artificial (right column) lesions. The direction of the scattered intensity is according to the color wheel in the inset. The carious lesions cannot readily be distinguished from the sound enamel, suggesting that the predominant orientation of the features on the investigated nanometer range is unaffected by the carious lesions generated. The scale bar corresponds to 1 mm. 
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Figure 5. The gray-scale images display the degree of orientation of the scattering patterns for the q-ranges corresponding to the real-space periodicities between 10 and 20 nm (a,d), 70 and 80 nm (b,e), and 140 and 150 nm (c,f) for the natural (left column) and the artificial (right column) lesions. For the natural lesion the degree of orientation at lower scattering angles, images (b,c), is increased (red-colored arrow) compared to the sound enamel (blue-colored arrow), whereas for the artificial lesion regions with higher (red-colored arrow) and lower (blue-colored arrow) anisotropy compared to the sound enamel appear for all length scales investigated. The scale bar corresponds to 1 mm. 
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Figure 6. Images (a,d) show the lateral µCT attenuation values integrated across the slice thickness. The mean scattered intensities for the natural (b) and the artificial lesions (e) for the q-range correspond to the real-space periodicities between 5 and 150 nm. The thicknesses of the lesion in blue color and of sound enamel in yellow color are given in (c,f). Brighter color indicates larger thickness, being black for zero and bright yellow/blue for 1330 µm (c) and 413 µm (f), respectively. Mixed colors indicate regions where unaffected enamel and caries are present along the X-ray beam (z-direction, cf. Figure 1). The scale bar corresponds to 1 mm. 
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Figure 7. The bivariate histogram plots of the scattering signal (ordinate) and the integrated X-ray attenuation (abscissa) are displayed for the natural (a) and the artificial (b) lesions. 
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Figure 8. The bivariate histogram plots allow segmenting some anatomical features and identifying regions that belong to the carious and the unaffected enamel. (a) The red color indicates the lesions, blue color is associated with the unaffected enamel, and the yellow color corresponds to dentin. In the slice containing the artificial lesion (b), dentin is not correctly identified. Rather, it is associated with the lesions, whereas the thinned enamel is assigned to an independent component. 
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