Theory of X-ray microcomputed tomography in dental research: application for the caries research
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Abstract
Caries remains prevalent throughout modern society and is the main disease in the field of dentistry. Although studies of this disease have used diverse methodology, recently, X-ray microtomography has gained popularity as a non-destructive, 3-dimensional (3D) analytical technique, and has several advantages over the conventional methods. According to X-ray source, it is classified as monochromatic or polychromatic with the latter being more widely used due to the high cost of the monochromatic source despite some advantages. The determination of mineral density profiles based on changes in X-ray attenuation is the principle of this method and calibration and image processing procedures are needed for the better image and reproducible measurements. Using this tool, 3D reconstruction is also possible and it enables to visualize the internal structures of dental caries. With the advances in the computer technology, more diverse applications are being studied, such automated caries assessment algorithms.
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INTRODUCTION
Dental caries, a chronic infectious disease, affects more than 90 percent of all adults in the United States1,2 and over 80 percent of all adults in Korea.3 Historically, caries have been prevalent since the time of pre-Neolithic humans (10,000 BC) with a reported prevalence between 1.4% and 12.1% carious teeth, but it was not until the fourteenth and fifteenth century when a sharp increase in caries prevalence was noted.4 This increase is often ascribed to a sucrose-civilization-caries trinity, with caries prevalence rising above 25%. Interestingly, as sucrose consumption increased, so did the life expectancy.5
An understanding of the dental caries process and management strategies have been advanced through numerous studies.6 Modern evidence reveals that there is a continuum of disease states ranging from subclinical, subsurface changes to more advanced, clinically detectable subsurface caries, to various stages of more advanced lesions with microscopic and later macroscopic cavitations of the enamel and significant involvement of dentin.7,8 Therefore, dental caries is more of a "cavity" than a disease process.9 From a microscopic perspective, the process of caries in dental hard tissues is complex and dynamic, involving a balance between demineralization and remineralization, influenced by the nature of the biofilm environment coating these surfaces.10 Our understanding of these processes has thus far been limited by the alteration of specimens that results from the techniques used to examine them. Such techniques have included complicated, often destructive methods such as chemical analyses, cross-sectional microhardness determinations (nano-indentation), polarized light microscopy, microprobe analysis, iodine absorptiometry, electrical conductivity studies, and X-ray microtomography.11
Computed tomography (CT), invented by Hounsfield in 1973, is a well-known medical technique for the nondestructive examination of internal structures.12 X-ray microtomography (XMT) is a miniaturized version of CT that has a resolution of microns as opposed to millimeters.13 Although Elliott and Dover are known to be the inventors of the first XMT in 1982,14-16 some authors reported that the simplest prototype of the microtomographic scanner emerged in the 1970s and comprised a pinhole collimator and a single detector.17 For this first generation microtomographic scanner, energy discriminating detection can easily be used, and the attenuation coefficient can be measured using monochromatic radiation, so the mass density of the material the X-rays have penetrated can be determined. However, the data acquisition time for a single slice can take as long as several hours, which limits its use.
The linear-array system is the second generation of microtomographic scanners and has a linear detector array to collect one whole projection at a time. This makes data collection much faster than the single detector system. In this type of system, the X-rays fan out from the source to the detector and as a result, it is called "fan-beam projection". Due to the use of a polychromatic X-ray resource, artifacts such as beam hardening can influence its accuracy in quantitative measurements and 3D reconstruction. Therefore, beam hardening correction is an important issue that needs to be considered.
The third generation of microtomographic scanners is an area-array system with a two-dimensional detector array. The X-rays form a cone that produces projections that can be used to reconstruct a 3D image of the specimen. This system is also known as a cone-beam microtomographic scanner. It has the shortest data collection time, but its 3D reconstruction is more complicated than the fan-beam system.18
Microcomputed tomography allows for images of internal features to be constructed entirely upon their X-ray attenuation coefficients and enables the investigation of small samples at a resolution of a few micrometers. Nowadays, XMT has emerged as one of the non-destructive 3D analytical techniques in hard tissue research and has been used in various fields of dentistry including caries research.19-22
This paper builds on the findings of several recent articles related to caries research using microcomputed tomography, and seeks to outline the current research status and future trends of advanced applications.
Comprisons with conventional methodologies
Among various experimental methods, the conventional gold-standard in in vitro caries studies is histological assessment by expert examiners of either hemi- or serial sections cut from the tooth, and transverse micro-radiography (TMR), where thin slices of the tooth are X-rayed to determine their mineral density. The latter has been a widely accepted method for determining mineral loss or gain in experimentally induced incipient carious lesions17 and has been used for the comparison and validation of other newly developed caries detection techiniques.23-25 Both of these methods require the tooth to be sectioned as thin as 100 µm, which introduces a variation in the results and prevents the longitudinal analysis or assessment of teeth by an examiner. Furthermore, the location of the original surface of a dentinal lesion may be hard to determine because air drying dentinal lesions can result in characteristic surface shrinkage.26
Polarized light microscopy (PLM), another widely used method, is a very laborious procedure, but is less expensive than TMR and can give an accurate measurement of lesion depth even though it is usually used as a qualitative method.27 Conventional microscopy methods such as contact microradiography and scanning microscopy (e.g., confocal microscopy and back-scattered scanning electron microscopy) are usually 2-dimensional (2D) and also involve destruction of the sample. These methods are only able to examine lesions at one point in time, either before or after experimental procedures are carried out on the samples.
As a nondestructive method, XMT can offer a potential solution to the problem that the previously mentioned methodologies have.28 Since there is no physical sectioning using XMT, there is no loss of information between sections, and repeated scans that allow for the comparison of the same sample before or after experiments are possible.18,29 The scarcity of suitable sample is no longer a major burden when this method is used instead of other destructive methods.30
In addition, XMT aims to create a 3D dataset representing the radiopacity at every point within a sample, and the analysis of this 3D dataset allows for reconstruction of the volumetric data.31 The creation of this type of dataset is impossible with the conventional methods. Since XMT produces a full 3D X-ray attenuation map of the scanned object, there is no compression of 3D information into two dimensions, i.e., the resultant image is a true representation with no superimposition, as in intraoral radiographs. These advantages have made XMT more popular as a means of measuring demineralization in vitro.32,33 Since radiopacity corresponds well to mineral density in teeth, XMT is well-suited in detecting demineralization characteristics of caries lesions.34 Furthermore, the nature of the data obtained in XMT lends itself to automated analysis.28

Two types of microcomputed tomography and artifacts
Different types of XMT systems are used for caries research.35 The difference between these types of XMT systems is based on the different X-ray sources, e.g., monochromatic or polychromatic, different target materials, synchrotron with a single crystal monochromator36, or in the different ways of shadow image detection, such as selective photon counting or using a Charge Couple Device (CCD) camera with a scintillator.16,37 In the case of polychromatic set-ups, the relationship between the attenuation and material thickness is nonlinear. Indeed, lower-energy X-rays in the beam are more strongly absorbed than higher-energy X-rays, and as a result, the energy distribution spectrum of the beam changes as it passes through the object. The outgoing beam contains a higher proportion of high energy (or "hard") X-rays. In other words, the beam becomes harder, and this phenomenon is called beam hardening. The beam hardening effect can result in severe artifacts that can degrade the quality of the CT images.38,39 Polychromatic systems have already been used in caries research,37 but the assessments of the qualitydegrading effect of beam hardening and its possible correction is still being studied.
Monochromatic (synchrotron) radiation has successfully been used as an X-ray source in XMT studies to volumetrically determine the mineral concentration in sound and carious enamel/dentin.38,39 However, the high cost and low availability of these synchrotron sources still impairs its widespread use. There have been several reports, including Dowker et al., that utilize a synchrotron XMT.39-41
Today, commercially available desktop XMT systems make use of polychromatic X-ray sources, which unfortunately introduce scanning artifacts such as beam hardening and loss of information due to energy averaging (Figure 1).42,43 Beam-hardening artifacts arise from polychromatic sources because the attenuation of the incident X-ray beam is not exponentially related to the thickness of the object, as predicted by Beer's law.44,45 The lower X-ray energies of the polychromatic spectrum are thus easily absorbed, while the higher energies are less attenuated. This results in a higher brightness rim around the edge of the cross-sectioned image of the object, possibly combined with scattering of the background in the projection area ("cupping" artifacts).46 Therefore, the resulting intensities produced in the X-ray projection images are not necessarily proportional to the object thickness if this artifact is not corrected. When studying caries, this artifact may impair the quantitative analysis of mineral concentration and compromise the segmentation of structures with different gray-value peaks in the histogram.
[image: Figure 1]
Figure 1 Example of desktop polychromatic X-ray microtomography, Skyscan 1172 (Skyscan, Kontich, Belgium).

Scattering is another important source of artifacts in CT images, especially when cone-beam geometry is applied, as in the case of XMT. Scattering, like beam hardening, induces nonlinear errors in the measurement of attenuation values, which can lead to "cupping" in homogeneous objects or dark streaks between image regions of high attenuation.42,44 The scattering effect can be a more significant source of error for large objects, and it was shown that the artifact propensity is a direct function of the scatterto-primary radiation ratio.47,48

Measurements and calibrations
Generally, the most frequently defined parameter which we would like to acquire in caries research is the mineral density of the tooth structure or its change from a specific site.35 The determination of mineral density profiles is based on changes in X-ray attenuation. It has been shown that a linear relationship between the X-ray attenuation coefficient and mineral density exists, and the grey levels of the reconstructed XMT slices correspond directly to a map of the attenuation coefficients within a sample.49,50 Using the linear attenuation coefficient (LAC) obtained from an XMT scan as the parameter that represents the mineral density of the dental hard tissues makes the measurement process and handling of data simpler. The LAC describes the extent to which the intensity of an energy beam is reduced as it passes through a specific material.17 A small LAC value indicates that the material to be tested is relatively transparent, while larger values indicate greater degrees of opacity. Generally, the higher the energy of the radiation and the less dense the material, the lower the corresponding LAC will be. Since the minerals in dental tissues (mainly hydroxyapatite) are responsible for most of the X-ray attenuation observed in caries studies, and normal variations in the chemical composition of enamel minerals have little effect on the LAC, a variation in the LAC for enamel is proportional to its mineral density.16,19,40,41,49,51 Dentin is composed of approximately 35% organic substances by weight, mainly collagen. Collagen's contribution to the total X-ray attenuation coefficient in dentin is around 5% at an energy of 25 keV. Thus, a variation in the dentin LAC can be considered proportional to dentin mineral density,34 although there are controversies about this assumption as discussed below.37 The mineral content of teeth can be measured with an accuracy better than 1% with a resolution between 5 and 30 µm using monochromatized XMT.35
It is important that some form of calibration is used with XMT systems to validate the quantitative information obtained from different machines.10 A number of researchers have looked at the issue of creating calibration standards, also known as "phantoms", for application when studying dental hard tissues. Commercially produced phantoms are available, but are relatively expensive. Phantoms may be fabricated from various materials such as pure aluminium wire or post with diverse dimensions17,35, but ideally, phantoms should be composed of materials that relate to the examined tissues.
Since the main mineral component present in dental enamel and dentin is hydroxyapatite (HAP), pure crystalline HAP approximates the composition of enamel and thus can be used as a representation of enamel. Pure powdered HAP, when sintered, forms spatially homogeneous solid crystalline structures32,52,53, but their manufacture is limited to densities above about 1.4 g/cm3 in practical applications.53 Difficulties are encountered when the creation of robust, dimensionally stable and reliable HAP phantoms with very low mineral concentrations is attempted. HAP is relatively hydrophobic and poorly soluble, and as a result, this has led some researchers to investigate other more stable materials such as dipotassium hydrogen phosphate (K2HPO4)54-57 and lithium tetraborate (Li2B4O7).52 Unfortunately, these materials pose a disadvantage in that they are not found naturally in dental hard tissues, and designs of phantoms using these materials ignore the organic phase and water present in hard tissues.
In contrast to enamel, calibrating a laboratory XMT system for mineral density determination of dentin remains a major challenge.54 The reported densities of sound enamel range between 2.65 and 2.89 g/cm3.16,32,40,41,58-60 The densities of dentin have been estimated to be between 1.46 g/cm3 for incisors and 1.62 g/cm3 for molars,18,58 with circumpulpal dentin having a lower density (1.3 g/cm3) than peripheral dentin (1.5 g/cm3). The average mineral concentration of sound human dentin has been measured at 1.29 g/cm3, with demineralized dentin being only 0.55 g/cm3.34 Remineralized dentin exhibits a significantly higher mineral concentration (2.25 g/cm3) when measured using synchrotron-generated X-radiation.34
Demineralized bone has been studied for creating phantoms to mimic the non-crystalline organic component of bone.61 However, bone is a complicated material that is composed of HAP, collagen, and marrow tissue crystalline and organic fractions. Some researchers assume that X-ray absorption in the demineralized portion of bone is constant.62 Similar assumptions can be made about the demineralized portion of dentin. Resin has been used by several authors as a soft tissue equivalent for the fabrication of radiographic phantoms,55,63-65 but the non-uniform distribution of powder during the mixing and resin curing processes66 has resulted in grainy radiographic images. Recently, Schwass et al. introduced the mixture of unfilled resin and hydroxyapatite as a phantom that mimics dentin. Currently, there seems to be no consensus or standard in calibration methods.

Data processing and 3-dimensionsal reconstruction
The data acquired from XMT studies cannot be used as raw data; pre- or post-processing procedures are usually required. These kinds of processing make it impossible to compare or correlate the results of XMT studies because of the methodological differences in measuring the mineral-density values.67 Aside from the calibration or phantoms mentioned above, when using XMT in longitudinal or case-control studies, it is of primary importance to standardize the scanning and reconstruction parameters for each tooth and to adequately correct for polychromatic artifacts.
Some correction methods for beam-hardening artifacts have been recommended during either the acquisition or the reconstruction phase. The classical approach to pre-processed XMT slices of structures deeply affected by beam-hardening or "cupping" artifacts is to first apply an initial conservative threshold. This would segment both the desired structure and the background. Access to the synchrotron sources of monochromatic radiation to avoid this effect is not really practical. Their accuracy is better when higher-energy X-rays are used. The noise increases with decreased energy since low-energy soft X-rays scatter and penetrate less efficiently than hard X-rays.66 The inadequate filtration of soft radiation leads to a non-linear photon count versus object thickness detector responses. By placing a filter (e.g., aluminum) between the X-ray source and the object during the acquisition phase, the low-energy X-rays can be attenuated as a consequence of the photoelectric effect. This is necessary to limit the spectral bandwidth of X-rays and increase the accuracy of the beam-hardening correction. However, since this method results only in the reduction of the beam-hardening effect, it is commonly used in conjunction with other correction schemes.68 During the reconstruction phase, the measured nonlinear relationship between the attenuation and the material thickness
can be linearized based on a calibration curve. Using this complimentary methodology, beam-hardening artifacts can be corrected if the specimen is made of either one phase or several phases with attenuation coefficients that differ by a near-constant factor across the energy spectrum used.45,69,70 These beam-hardening correction schemes that are applied during the reconstruction phase can lead to a noise increase in the cross-section slices.69,70
Energy-based beam hardening correction was used to convert the polychromatic energy data into monochromatic data,69,70 but this process introduced some noise. The presence of noise is also inversely related to the resolution used during the scanning procedure. Resolution is directly related to the scanning time and the computer resources needed, and is inversely related to the size of the scanned field.45 In fact, noise will be inherently present in any XMT slices, especially if reasonably short scanning times are used (less than 1 hour).71,72
Flat-field correction was used to reduce the ring artifact effects.69,73 Flat-field correction is a commonly used approach for the problem to remove artifacts from 2D images that are caused by variations in the pixel-to-pixel sensitivity of the detector or by distortions in the optical path. The ring artifacts are caused by imperfect detector elements, which throughout the scan process significantly under- or overestimate attenuation values. It is noted in the reconstructed image as concentric ring-like shape. Frame averaging was used to reduce the noise of each projection, increasing the signal-to-noise ratio, but the trade-off was that scan times were increased.54 A Gaussian filter was applied to reduce the background noise, thereby reducing the signalto-noise ratio while leaving the mineral density information intact.32
Most commercial XMT systems have analytic reconstruction software based on the Feldkamp algorithm. Despite important progress in exact reconstruction algorithms,74 the approximate methods remain practically important, and among them, the Feldkamp algorithm is the most popular.75 The main advantages of this reconstruction algorithm are the possibility of using incomplete scanning loci, partial detection coverage, and their high computational efficiency. From a technical point of view, the single-circular scan path, in which the X-ray source rotates in a plane around the subject, is often the only feasible path with isocentric rotational machines. In situations like these, Feldkamp algorithm reconstruction methods are preferred. However, iterative reconstruction formulas such as the maximum likelihood algorithm are better able to reduce noise according to Chueh et al.65

Problems to be solved
Because XMT enables 3D imaging of internal structures, several recent papers have dealt with the 3D quantitative evaluation of dental caries.29,37,60 Qualitative volume rendering based on XMT slices of a primary carious tooth has been previously described.13 Later, the volume of carious and sound dentin removed by a conventional carbide bur was quantitatively determined,37 confirming the applicability of XMT in volumetric measurement of caries excavation. However, such studies still involved time-consuming scanning and reconstruction procedures, and some methodological aspects were not clearly described.67 These kinds of studies used the radiopacity threshold to identify lesions. The working principle of the radiopacity threshold is based on a mathematical reconstruction of the LAC of each spot into a cross-sectional slice through an object (which is a function of its elemental composition and density/concentration) measured by a series of X-ray projections.15 Traditionally, thresholding is accomplished by defining a range of brightness values in the original image, selecting the pixels within this range as belonging to the foreground, and rejecting all of the other pixels as belonging to the background. Such an approach has been successful when previously applied for sound enamel and dentin.76 In more difficult cases, however, the brightness levels of individual pixels are not uniquely related to the desired structure,72 as is the case for carious enamel and dentin. Earlier works on 3D rendering of a carious tooth mentioned that beyond the difficulties in distinguishing carious enamel and dentin, no adequate threshold for the boundary between sound and carious dentin has yet been defined.13 The pilot study performed by the authors confirmed these difficulties (Figure 2).
[image: Figure 2]
Figure 2 3-dimensinal rendering of carious tooth (the results of pilot study of the authors).

Inconsistent mineral density in the individual tooth structures of enamel and dentin is another difficulty in establishing reliable boundaries. The partial volume effects that would arise when a single pixel or voxel contains both the structure of interest and the background77,78 must be considered because its effect directly increases with pixel size (reduction in spatial resolution).
Recently, an automated algorithm for caries research was reported.28 Adequate segmentation of structures with overlapping gray values may require cluster-threshold algorithms in the near future (as computer power continues to increase). Such techniques are supposed to be based not only on gray values or voxel connectivity, but are also supposed to take into account differences in texture or distance maps between candidate regions of sound and carious dentin.


CONCLUSIONS
In this article, the general features of XMT and its usage in caries research was widely reviewed. As a nondestructive analytical tool, XMT has been widely used in various fields of dentistry. The difference or change in mineral density is the basis of hard tissue research, and the more practical and accurate approach with XMT compared to conventional methods has allowed for its greater usage in the field of caries research.
The ability to render 3D images enabled unprecedented analysis; however, the standardization of the research protocol is imperative for this method. It is expected that a more expanded application of XMT is possible through further study with rapid advances in 3D technologies such as CAD-CAM in parallel.
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