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Abstract

:

Early detection of caries is an urgent problem in the dental clinic. Current caries detection methods do not detect early enamel caries accurately, and do not show microstructural changes in the teeth. Optical coherence tomography (OCT) can provide imaging of tiny, demineralized regions of teeth in real time and noninvasively detect dynamic changes in lesions with high resolution and high sensitivity. Over the last 20 years, researchers have investigated different methods for quantitative assessment of early caries using OCT. This review provides an overview of the principles of enamel caries detection with OCT, the methods of characterizing caries lesion severity, and correlations between OCT results and measurements from multiple histological detection techniques. Studies have shown the feasibility of OCT in quantitative assessment of early enamel lesions but they vary widely in approaches. Only integrated reflectivity and refractive index measured by OCT have proven to have strong correlations with mineral loss calculated by digital microradiography or transverse microradiography. OCT has great potential to be a standard inspection method for enamel lesions, but a consensus on quantitative methods and indicators is an important prerequisite. Our review provides a basis for future discussions.
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1. Introduction


Dental caries is one of the most common chronic diseases in people worldwide because of its high incidence and the wide range of the affected population [1]. Caries is a disease of dental hard tissue caused by oral microorganisms. Normally the teeth are in a dynamic balance of alternating demineralization and remineralization, in which demineralization is the dissolution of dental minerals in the presence of acid, from which inorganic ions such as calcium and phosphate are removed, and remineralization refers to the reprecipitation and crystallization of minerals in tissues that have been demineralized [2]. If demineralization continues, caries will occur. Early enamel caries involves the demineralization of the tooth surface, and does not show substantial defects. There is no significant difference between sound enamel and early enamel caries by visual observation. At this time, it is possible to promote the repair of carious tissues through non-destructive treatment of remineralization and interrupt caries progression. However, further irreversible dental hard tissue loss will occur without interventional treatment, and then only traumatic treatment can be performed [3]. Therefore, the detection of early caries is of great importance.



Common clinical diagnostic methods mainly include visual inspection and X-ray radiography. Visual inspection lacks objectivity and has limited accuracy, while X-ray radiography can only detect severe caries lesions [4,5]. These conventional methods cannot detect early caries, which makes the early diagnosis of caries difficult and delays the best time for treatment [6]. In recent years, optical-based caries detection methods, such as Raman spectroscopy [7,8], quantitative light-induced fluorescence (QLF) [9,10] and fiber-optic transillumination [11,12], have overcome some disadvantages of traditional methods, but they do not show the internal microstructural features of teeth and cannot quantify dynamic changes in early stages of enamel lesions [13].



Optical Coherence Tomography (OCT) is a noninvasive imaging method with high resolution and high sensitivity, regarded as an “optical biopsy” [14,15]. It has a wide range of medical applications, including ophthalmology [16,17], dentistry [18,19], dermatology [20,21], and gastroenterology [22,23]. For dental caries, OCT can detect tiny, demineralized areas on the tooth surface and inside, overcoming the disadvantages of other optical detection methods [24]. In dentistry, much research has demonstrated that OCT can image dental tissue clearly and be applied to the quantitative assessment of early enamel caries [25,26,27,28]. Mineral loss is the gold standard in cariology research that determines the degree of demineralization of the lesion. Only when the quantitative index of enamel caries obtained by OCT has a definite correlation with the enamel mineral loss, the severity of early enamel caries can be quantified more objectively and accurately.



To advance the application of OCT for early caries detection, a standardized and validated method to achieve quantitative detection of early caries is required. The purpose of this paper is to present an overview of the principles, methods and applications for the quantitative evaluation of early enamel caries by OCT and to provide a basis for the establishment of a uniform clinical standard in the future. This paper first discusses the optical properties of teeth and their changes with tooth demineralization, secondly introduces methods of artificial caries preparation, and then summarizes current research advances in evaluation of early enamel lesions using different quantitative indicators and discusses the limitations of the methods.




2. Optical Properties of Teeth


Biological tissues’ optical properties have important theoretical significance and application value for the diagnosis of diseases. The variation in optical properties of tooth tissue during demineralization are the basis of OCT caries detection [29].




	(1)

	
Refractive Index









Refractive index describes the reflection and refraction of light as well as the temporal properties of light transmission within a tissue. The refractive index of tooth enamel is 1.62 to 1.65 [30,31]. Demineralization in caries lesions alters the refractive index of enamel [32], and can be considered as an index of its scattering properties [33].



Since hydroxyapatite in tooth enamel is an anisotropic crystal, tooth enamel has birefringent properties [18]. When polarized light propagates through biological tissues, its polarization state is altered by the scattering properties of the tissue. By detecting changes in the polarization state of backscattered light from dental tissue, microstructural information of the tissue can be obtained, and caries lesions can be detected.




	(2)

	
Scattering Properties









Dependent on the structure of hard dental tissue, two types of scattering occur when light is transmitted inside the tooth. Dental enamel is an ordered array of hydroxyapatite crystals surrounded by a protein/lipid/water matrix. The diameter of hydroxyapatite crystals is about   30 ∼ 40   nm  , and the crystals are clustered together into enamel rods with a diameter of 4    μ m    [34]. In the near-IR (NIR), the crystal diameter is much smaller than the source wavelength, so it is in accordance with the Rayleigh scattering law. The diameter of the enamel rods is comparable to the source wavelength, so it obeys the Mie scattering law.



Enamel has the greatest transparency in the NIR close to 1310 nm. The attenuation coefficients of sound enamel at 1310 nm and 1550 nm are 3.1     cm   − 1     and 3.8     cm   − 1     [35], respectively, which are much lower than in the visible region. Thus, the NIR spectrum is suited for tooth imaging to identify lesions [36]. Micropores form in the lesion as the mineral crystals are partially dissolved during the demineralization process, and behave as scattering centers. During initial lesion development, the scattering coefficient has an exponential increase with increasing mineral loss. As the severity of the lesion increases, the scattering gradually increases [29].




	(3)

	
Absorption Properties









The absorption of enamel is quite weak in NIR. The absorption coefficient   (  μ a  )   of enamel at 1310 nm is around 0.12     cm   − 1     [36], which is much smaller than the scattering coefficient. Therefore, scattering plays a major role in light transmission through the tooth.




3. Preparation of Artificial Carious Lesions


The study of early caries using OCT requires tracking of the caries process, but natural early caries takes 6–18 months, and there are many influencing factors. Therefore, the preparation of artificial caries using isolated teeth is the main way to study early caries. The key to preparing artificial caries is to simulate the chemical and microbial environment of natural caries formation. There are two main methods to prepare artificial caries: chemical and biofilm methods. Chemical methods can be used for enamel surface demineralization by adjusting the chemical state and pH of a using a partially saturated acidic buffer [37,38] or an acid gel [39]. This method is easy and the most widely used, while a biofilm method is performed by placing a cariogenic suspension on the surface of the tooth, altering the metabolic environment of the bacteria and creating a carious sample that more closely resembles natural caries [40,41]. However, the biofilm method is generally used for studies related to the pathogenesis of dental caries because it is difficult to control the experimental conditions.




4. Quantitative Assessment Methods of Early Enamel Caries with OCT


Most of the current caries detection studies based on OCT use frequency domain OCT, which eliminates axial scanning of the reference arm and overcomes the disadvantage of slow scanning speed of time-domain OCT (TD-OCT) [42]. Moreover, some functional OCT systems are employed for caries detection due to the birefringent properties of dental hard tissues. Polarization-sensitive OCT (PS-OCT) as a type of functional OCT system can provides additional polarization-sensitive information about the sample compared to conventional OCT systems [43,44,45,46]. In addition, as a new type of PS-OCT, Cross Polarization OCT (CP-OCT) not only reflects the polarization-sensitive structural information of the sample, but also better reveals the superficial microstructure of the sample by attenuating the effect of strong reflected light on the sample surface [47].



4.1. Quantitative Assessment Based on Lesion Depths


During the demineralization process, the OCT image contrast of caries is formed as the mineral content (MC) of the enamel decreases and the optical properties change [48]. Therefore, lesion depths determined by OCT images can be used to quantify early enamel caries. First, the filters are applied to remove speckle noise and enhance contrast for the OCT B-scan image, then the A-scan in the region of interest (ROI) is searched for the first pixel that exceeds the intensity threshold point, and the distance from the enamel surface to this pixel is taken as the lesion depth. The mean lesion depth is obtained by calculating the lesion depth for each A-scan in the ROI. It has been suggested to select    e  − 2     times the peak intensity as the signal intensity threshold. The lesion depth measured by OCT is proportional to the demineralization time [49,50,51,52,53]. Le et al. [49] investigated bovine enamel caries lesions with 1310-nm PS-OCT. Figure 1 shows the PS-OCT B-scan of one of the bovine enamel blocks in the perpendicular axis. It can be seen that the lesion depth increases with the enhancement of the back-scattered intensity around the enamel surface, and the lesion severity increases. The results show the mean lesion depths varies significantly from 10 to 75    μ m    for demineralization over 0–4 days. Moreover, there is strong correlation (r = 0.85) between the mean depth of lesion measured by PS-OCT and polarized light microscopy (PLM). Jones et al. [50] prepared artificial caries on the occlusal surfaces by using a 14-day pH cycle model and detected them with PS-OCT and digital microradiography (DM). It was found that the image contrast between the sound and lesion area in the perpendicular axis was stronger than that in the parallel axis. The mean lesion depth of caries lesions calculated from the perpendicular axis images of the ten teeth was 150 ± 30    μ m   , which was highly correlated with the lesion depths obtained from DM (r = 0.811). Meng [51] and Yao et al. [52] observed an approximately linear relationship between lesion depth and demineralization time using TD-OCT. Park et al. [53] established assessment criteria for OCT using lesion depths, and conducted a concordance study between OCT and light microscopy using ex vivo teeth, which showed moderate concordance (k = 0.54, p ≤ 0.001) with no significant difference (p = 0.25). Then, smooth surface in vitro and in vivo evaluations were performed using OCT and the International Caries Detection and Assessment System (ICDAS). The extent of caries was seen to vary considerably within each ICDAS category using OCT, which could effectively complement the visual assessment with ICDAS. Yavuz et al. [54] utilized 840-nm SD-OCT to assess the remineralization of artificial enamel caries. The results showed there was a significant reduction in the lesion depth after remineralization, 311.80 (344.38), 320.10 (244.36) and 312.70 (203.80)    μ m    for the three remineralization agents, respectively. The measured lesion depth was also compared with a surface microhardness analysis but there was no correlation between the two.



Lesion depth is a common quantitative index used in early caries studies. The main challenge for its calculation is the difficulty in selecting an intensity threshold as the end point of a lesion, as the range of OCT images is relatively high. The method of selecting    e  − 2     times the peak intensity as the signal intensity threshold does not always work effectively [55]. Le et al. [49] used edge-finding algorithms based on this method to measure lesion depth. Other studies designed algorithms to determine the lesion boundary in the image and obtained lesion depth [51,56,57]. A summary of the above research results is shown in Table 1.



Lesion depths of caries can visually indicate the severity of caries to some extent. However, they can only reflect part of the characteristics of the initial stage of enamel lesions, as the amount of mineral loss may be different in a certain depth range [58]. Furthermore, there is a lack of solid criteria for determining the cut-off point to define lesion depth.




4.2. Quantitative Assessment Based on Reflectivity


Many studies have used reflectivity for the quantitative assessment of early caries, since the reflectivity of caries lesions can be obtained directly from OCT signals. A commonly used quantitative index related to reflectivity is the integrated reflectivity for caries detection.



A line profile for each lesion depth is taken from B-scans, and the integrated reflectivity   ( Δ R , dB ×  μ m  )   can be calculated by integrating the reflectivity from the enamel surface to various depths [50]. The observed optical depth should be divided by the enamel refraction index (n = 1.63) to determine the real lesion depth when using the line profile.



Most studies have confirmed that integrated reflectivity increases after demineralization and decreases after remineralization [49,50,57,59,60]. Le et al. [49] utilized a fixed depth algorithm and an edge detection algorithm to calculate integrated reflectivity. In the first algorithm the integration was performed to a fixed depth that needed to be greater than the maximum lesion depth, while the second algorithm could obtain the depth of the lesion. The results showed both algorithms were able to detect the difference in demineralization from 0 to 4 days, except that the fixed depth algorithm yielded a higher integrated reflectivity. Jones et al. [50] calculated the mean integrated reflectivity of artificial caries prepared by applying a 14-day pH cycle model based on the perpendicular axis PS-OCT images, and the result was 450 ± 110 arbitrary units. Meanwhile, it was demonstrated that the integrated reflectivity calculated by PS-OCT was linearly correlated with the relative mineral loss determined by DM (r = 0.755). Nee et al. [59] detected demineralization around adhesive-bound orthodontic brackets in vivo using CP-OCT for a period of 1 year and acquired 2D projection images of   Δ R   with automated algorithms. The results indicated   Δ R   for both adhesives increased remarkably with time, varying in the range from 10.2 (10.5) to 29.7 (9.4)   dB ×  μ m   . PS-OCT was applied to monitor the process of remineralization of caries using an acid remineralization model by Kang et al. [60]. There were significant alterations in the integrated reflectivity of the lesion region after remineralization, from 257 ± 60.2 to 168 ± 58.5   dB ×  μ m   .



Amaechi et al. [61] scanned demineralized bovine teeth using 850-nm OCT and demonstrated that   Δ R   of the enamel reduced with the time of demineralization. They proposed the percentage reflectivity loss (   R %   ) as a quantitative index as follows:


   R %  ( dB × mm ) =   (  R  sound   −  R  d e min e r a l i z e d   )    R  s o u n d     × 100 %  



(1)




where    R  s o u n d     is the reflectivity of sound enamel and    R  d e min e r a l i z e d     is the reflectivity of enamel lesion.



The results showed that    R %    increased from 54.0 ± 11.27 to 86.64 ± 7.57   dB ×  μ m    with demineralization time. In a follow-on study it was demonstrated that    R %    was linearly correlated with both the mineral loss determined by transverse microradiography (TMR) (  r = 1.00  ) [62] and the percentage of fluorescence loss calculated (  Δ Q  ) by QLF (   R %  = 45.56 + Δ Q , r = 0.963  ) [63]. However,    R %    is rarely applied. A summary of the above research results is shown in Table 2.



In addition, other researchers have used the mean relative reflectivity (mRR) proposed in retinal OCT imaging to assess fissure caries by using 1325-nm SS-OCT [64]. The mRR is calculated from the difference between the fissure area signal and sound enamel signal. Although the mRR of demineralized fissures were at least 6 times higher than those of sound fissures at 250, 500 and 1000    μ m    depths beneath the surface, the mRR was unable to accurately describe lesion mineral density (   r s  = − 0.31  ).



In summary, the integrated reflectivity of enamel lesion calculated by OCT is linearly correlated with mineral loss. Most results confirm that the integrated reflectivity of enamel increases after demineralization, but individual studies show the opposite. Researchers often use the integrated reflectivity in combination with lesion depth to evaluate the lesion severity. However, the calculation of the integrated reflectivity suffers from similar problems to the lesion depth calculation.




4.3. Quantitative Assessment Based on Attenuation Coefficient


The attenuation coefficient is the sum of the absorption coefficient and scattering coefficient [35]. The attenuation characteristics of sound and carious enamel are different because of the alteration in optical properties of the teeth after demineralization. Hence, the attenuation coefficient can be used to quantify early enamel caries. Attenuation coefficients can be obtained by fitting the normalized A-scan signal with the Beer-Lambert law equation [65] as follows:


  I ( z ) ∝ exp ( − 2  μ t  z )  



(2)




where  I  is the OCT signal intensity,    μ t    is the attenuation coefficient, and  z  is the depth beneath the tooth surface.



Mandurah et al. [66] reported that attenuation coefficients for sound areas of the samples were the smallest, ranging from 0.08 to 0.29     mm   − 1    , increasing to a range of 1.34 to 3.4     mm   − 1     after demineralization, and decreasing after remineralization with mean values of 0.81 and 0.85     mm   − 1    . Moreover, there was a strong linear regression (r = −0.97) between the    μ t    measured by OCT and integrated nanohardness (INH) measured by a nanoindentation device. Hardness has been recognized as a measure of hard tissue’s mineral density for a long time [67]. Maia et al. [68] studied morphological alterations between sound enamel and artificial white spot lesions in human teeth using OCT and QLF. The attenuation coefficient increases of enamel lesions ranged between 27.8% and 62.5%, while fluorescence intensity reduction ranged between 11.9% and 34.2%. Therefore, it was demonstrated that    μ t    determined by OCT was more sensitive to alterations than fluorescence measured by QLF. Cara et al. [69] verified that the attenuation coefficient could be employed for the initial lesion to effectively discriminate between sound and demineralized enamel with 0.93 sensitivity and 0.96 specificity.



A weaker attenuation of the OCT signal in enamel lesions was observed in Popescu et al.’s work [70,71]. The mean attenuation coefficient was 1.35     mm   − 1     for sound enamel and 0.77     mm   − 1     for caries lesions [70]. They attributed the results to the high porosity of demineralized enamel. One possible reason for the contradictory results of the studies mentioned above is the use of different wavelengths. Mandurah et al.’s study used the 1310-nm SS-OCT system, while Popescu et al.’s study used the 850-nm OCT system. The optical properties of enamel at the two wavelength ranges are different. A summary of the above research results is shown in Table 3.



The Beer-Lambert equation used in the methods is based on a single scattering model. The single scattering model only considers single scattering, while the demineralization of caries enhances the effect of multiple scattering. This leads to bias of the obtained attenuation coefficients. In addition, reliably extracting attenuation coefficients from OCT signals can be affected by noise. These features diminish the utility of employing the attenuation coefficient as a marker for early enamel caries detection.




4.4. Quantitative Assessment Based on Degree of Polarization


Demineralized enamel results in rapid depolarization of polarized light in the NIR due to increased scattering [72], which has been confirmed by PS-OCT measurements [73]. Polarization imaging can provide higher contrast images of early enamel caries. Since OCT is an interferometric imaging method, only the contribution of fully polarized light can be measured. Thus, the degree of polarization within a single speckle is always equal to 1. However, when depolarized, the polarization state of the adjacent speckles is uncorrelated. Therefore, the degree of polarization uniformity (DOPU) has been proposed to assess carious lesions [74]. DOPU can be derived by an averaging of Stokes vectors over adjacent speckles, as follows:


  DOPU =    Q  m e a n  2  +  U  m e a n  2  +  V  m e a n  2     



(3)




where    Q  m e a n    ,    U  m e a n     and    V  m e a n     are the mean values of the Stokes vector elements within a certain evaluation kernel. It can be seen that the value of DOPU depends on the number of speckles in the chosen kernel.



The combination of the DOPU algorithm and PS-OCT was first applied to detect carious lesions by Golde et al. [74], and has been used for ophthalmologic research [75]. They measured three tooth samples with different proximal lesions, and the significant DOPU contrast provided better identification of lesions in comparison with reflectivity images. Furthermore, the effect of different DOPU evaluation kernel sizes on the resulting contrast was investigated. In a following study, they improved the DOPU algorithm by noise-immune processing, and adopted this approach to examine two tooth samples with stains and occlusal lesions [76]. Then, the research group measured the DOPU of bovine enamel at different stages of demineralization by using PS-OCT, and compared it with lesion depth obtained from PLM measurements [77]. The results showed that there was no depolarization in sound enamel, but an increased depolarization after 15 days of demineralization, corresponding to a decrease in DOPU. There was a high linear correlation (   R 2  = 0.7118  ) between the DOPU and measured lesion depth with PLM, as shown in Figure 2. The summary of the above research results is shown in Table 4.



While the above results indicate the feasibility of assessing the demineralization stage by DOPU, there is a need to investigate the validity of DOPU at various polarization changes and the correlation between DOPU and mineral loss measured by TMR for further studies.




4.5. Quantitative Assessment Based on Refractive Index


Demineralization causes a change in the refractive index of enamel, and accurate measurement of this change can assist in the identification of early caries [32]. The refractive index of teeth can be determined with the optical path-length matching method using OCT [78]. Samples are put onto a metal plate to acquire OCT images. The depth position of the reflection surface of the metal plate before the sample is placed is    Z 0   . After adding samples, the depth positions of the sample surface and the metal plate surface are    Z 1    and    Z 0 '   , respectively. The thickness of the sample is    Z 1  −  Z 0   . Then, the refractive index of teeth is determined by [79]:


  n =    Z 1  −  Z 0 '     Z 1  −  Z 0     



(4)







Hariri et al. [80] measured refractive index of sound bovine enamel, demineralized for 2 months, and remineralized for 2 months, by 1310-nm SS-OCT with an axial/lateral resolution 11/17    μ m   , and analyzed mineral content by TMR. The results showed that at an n range between 1.52 and 1.63, the mineral content ranged between 50 and 87 (vol.%). This indicates there were strong positive linear correlations between  n  and mineral content in both demineralized enamel (   R 2  = 0.89  ) and remineralized enamel (   R 2  = 0.86  ). However, this method required sectioning of the sample to measure the refractive index, which is destructive and cannot be applied in clinical practice.




4.6. Quantitative Assessment Based on Scattering Coefficient


Since the scattering properties of the enamel changes significantly after demineralization, the scattering coefficient can serve as an indicator of enamel lesion severity. A single scattering model combined with dynamic focusing can be used to determine the scattering coefficients of sound and carious enamel [81]. The OCT signal intensity is:


  I  ( z )  ∝      e  − 2  μ    s    z      [  1 +    (    z −  z  c f      z R     )   2   ]       



(5)




where  z  is the depth,    z  c f     is the focal plane position,    z R    is Rayleigh length, and   I  ( z )    is the OCT depth profile.



Tsai et al. [81] applied acid gel to demineralize enamel and scanned the sample in vitro before and after demineralization using 850-nm SD-OCT with an axial/lateral resolution 3/4    μ m   . The estimated scattering coefficient is shown in Figure 3. The scattering coefficient increased with the demineralization time and leveled out at times greater than 120 s. Moreover, the average scattering coefficients were 4.60     mm   − 1     and 8.46     mm   − 1     for sound and carious enamel, respectively.



However, as mentioned above, the single scattering model used above is inaccurate for enamel caries. According to the optical properties of the caries lesion, it shows a significant growth in the scattering coefficient of enamel during the production of the initial lesion. Hence, if an accurate scattering coefficient is used for the quantitative assessment of early caries, early demineralization can be detected more sensitively. However, there are few studies using scattering coefficient to quantitatively evaluate early caries.




4.7. Quantitative Assessment Based on the Surface Roughness of Enamel


Acid or bacterial erosion alters the surface roughness of enamel. The root mean square of the surface roughness can be expressed as [81]:


   R q  =    1 n   ∑     (   z b  −  z t   )   2       



(6)




where  n  is the total number of A-scans,    z t    and    z b    are the surface and underlying depth positions of lesion area in A-scan, respectively.



Tsai et al. [81] estimated the surface roughness of the demineralized enamel, as shown in Figure 4. The surface roughness of the enamel increased gradually with demineralization time, and tended to level out, varying from 5.11    μ m    to 31.7    μ m   . Although the results demonstrated that the surface roughness could be applied for the detection of early caries, there were estimation errors compared with the results of scanning electron microscopy (SEM), and the effect of artificial caries and natural caries on enamel surface roughness may be different. In addition, there are few relevant studies.




4.8. Quantitative Assessment Based on the Volume of Residual Enamel


Demineralization caused by caries lesions changes the volume of residual enamel. Wijesinghe et al. [82] obtained cross-sectional images of sound, partially demineralized and completely demineralized teeth in vitro by using 1310-nm SD-OCT with an axial/lateral resolution 6/25    μ m   , and measured the volume of residual enamel with an automated calculation method based on pixel intensity. The volumetric evaluation algorithm is shown in Figure 5. For the precise selection of residual enamel, an image window is applied to the 2D OCT images, as shown in Figure 5a. Then, the pixels that satisfy the pre-determined intensity threshold range are selected as shown in Figure 5b. Finally, a 3D OCT volumetric image is obtained as shown in Figure 5c. The volume of residual enamel is determined by:


   V  t o t   =  (   N 1  ×  l x  ×  l y   )  ×  l z  +  (   N 2  ×  l x  ×  l y   )  ×  l z  + ⋯ +  (   N n  ×  l x  ×  l y   )  ×  l z   



(7)




where    N i  ( i = 1 , 2 , … , n )   is the number of pixels in each window that satisfy the predetermined intensity cut-off points, n is the number of 2D images contained in the 3D image.    l x   ,    l y    and    l z    are the pixel sizes in the x, y and z directions, respectively.



The volume of residual enamel for carious samples, partially demineralized samples and sound samples ranged from 12.26 to 28.72     mm  3   . The progression of dental caries is determined by detecting changes in the volume of residual enamel. When reduction in tooth volume is identified, medication can be taken immediately to inhibit the development of caries. The key in this method is the determination of threshold parameters, which requires the evaluation and standardization of volumetric information for multiple in vivo teeth to enhance accuracy.




4.9. Quantitative Assessment Based on the Dehydration Parameter


Recent research has revealed the impact of hydration on OCT images by conventional polarization-insensitive OCT [83,84]. A method for assessing early enamel lesions with the dehydration parameter (DH) based on the integrated reflectivity has been presented [85]. The dehydration parameter refers to the positive difference between the two OCT signals of tooth enamel under dry and hydrated conditions, i.e., the integrated area between the two signals.



Nazari et al. [85] detected sound and demineralized bovine enamel blocks after 3, 9, and 15 days of demineralization using 1310-nm SS-OCT with axial/lateral resolution 11/17    μ m   , and calculated the dehydration parameters. The experimental results showed DH for sound and demineralized bovine enamel ranged from 272(204) to 3304(751), and a strong linear correlation (   R 2  = 0.9922  ) between the dehydration parameter and the square root of demineralization day. The benefit of this method is that the DH calculation does not involve determination of the cut-off depth, and the evaluation results are not influenced by surface reflections. Although this method has the potential to quantitatively assess early enamel caries, there are few relevant studies, and optimization of the methodology requires evaluation of large amounts of demineralized and remineralized enamel.





5. Conclusions


In conclusion, the common aim of the discussed studies was to investigate and improve the capabilities of OCT in monitoring the pathophysiological process of early enamel caries and remineralization. Researchers have proposed multiple quantitative indicators for the assessment of early enamel caries and have studied correlations with the results of multiple histological detection techniques. By far the most widely used quantitative indicators include lesion depth, integrated reflectivity and attenuation coefficients. The differences in quantitative results are mainly attributed to the use of different systems, different methods and different sample preparation. Among them, there is a high linear correlation between depths of enamel lesions determined by OCT and DM, as well as between integrated reflectivity calculated by OCT and mineral loss determined by DM. However, the assessment methods using these three quantitative indicators still have certain limitations and lack objectivity and accuracy. It is a remarkable fact that the scattering coefficient of tooth enamel is very sensitive to changes in mineral content and increases significantly with increasing mineral loss at the initial stages of the enamel caries process. Therefore, the early detection of enamel lesions using the scattering coefficient based on OCT is a potential research direction. Meanwhile, most studies on quantitative assessment of enamel caries have been performed in vitro due to the limitations of the probe, and in vivo studies are mainly focused on the buccal and incisal/occlusal surfaces of premolars and anterior teeth. With the development of intraoral probes [4,86], the problem of device availability is being solved slowly. However, a very important issue is the lack of consensus on the method, and OCT has not been applied for the clinical diagnosis of early caries. Although OCT has made great progress as a noninvasive imaging method for quantitatively assessing early enamel caries, efforts to standardize rigorous methodology in future research are crucial for detection, diagnosis, and treatment guidance of early enamel lesions using OCT.
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Figure 1. PS-OCT B-scan of bovine enamel in the perpendicular axis. D0 represents the sound area and D1–D4 represent areas demineralized for 1–4 days. A red-white-blue color chart was used, with red indicating strong reflectivity and blue indicating low reflectivity. This figure was adapted from [49]. 
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Figure 2. Correlation between the calculated mean DOP by PS-OCT and determined lesion depths by PLM. This figure was adapted from [77]. 
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Figure 3. Variation of scattering coefficient with demineralization time. This figure was adapted from [81] and was created with Microsoft Word (Microsoft Corp., Redmond, WA, USA). 
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Figure 4. Variation of the surface roughness with demineralization time. This figure was adapted from [81] and was created with Microsoft Word (Microsoft Corp., Redmond, WA, USA). 
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Figure 5. Evaluation algorithm for the volume of residual enamel. (a) 2D images with the applied image window; (b) Pixels that meet the predetermined intensity cut-off points; (c) 3D volumetric image. This figure was adapted from [82]. 
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Table 1. Results of quantifying enamel caries with lesion depths.
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Reference

	
OCT System

	
Sample Preparation

	
Lesion Depth Result






	
Le et al. [49]

	
  1310 - nm   PS - OCT ,   axial / lateral   resolution   22 / 50    μ m   .

	
Sample number: 10 bovine enamel blocks for in vitro detection

	
   10 – 75    μ m    




	
Solution: pH 4.8 demineralization solution




	
Method: 5 windows for each block, demineralization for 0–4 days, respectively.




	
Jones et al. [50]

	
  1310 - nm   PS - OCT ,   axial / lateral   resolution   20 / 30    μ m   .

	
Sample number: 15 human posterior teeth for in vitro detection

	
   150   ±   30    μ m    




	
Solution: pH 4.3 demineralization solution and pH 7.0 remineralization solution




	
Method: occlusal areas were exposed to 14-day pH cycling, which consisted of 6 h demineralization and 17 h remineralization a day.




	
Meng et al. [51]

	
  1310 - nm   TD - OCT ,   axial   resolution   10    μ m   .

	
Sample number: 6 human isolated teeth for in vitro detection

	
  d = 1.0804 t + 8.6128  

 d   is   lesion   depth ,   t   is demineralization time.




	
Method: demineralization for 12, 24, 48, 72, 96 and 120 h.




	
Yao et al. [52]

	
  1310 - nm   TD - OCT ,   axial   resolution   10    μ m   .

	
Sample number: 7 human permanent teeth for in vitro detection

	
  d = 1.1266 t + 6.7342  

 d   is   lesion   depth ,   t   is demineralization time.




	
Solution: PH 4.5 demineralization solution




	
Method: demineralization for 12, 24, 48, 72, 96, 120 h.




	
Park et al. [53]

	
  1325 - nm   SS - OCT ,   axial / lateral   resolution   < 12 / 25    μ m   , imaging speed 16 kHz.

	
13 human molars, 25 human incisors, 11 premolars and 15 molars for ex vivo detection, 18 patients for in vivo detection.

	
Vary considerably within each ICDAS category using OCT.




	
  1310 - nm   SD - OCT ,   axial / lateral   resolution   < 7.5 / 15    μ m   , imaging speed 48–91 kHz, handheld scanning probe (Non-intraoral probe).




	
Yavuz et al. [54]

	
  840 - nm   SD - OCT ,   axial   resolution   5    μ m   .

	
Sample number: 40 human enamel blocks

	
Reduction in lesion depth after remineralization for three remineralization agents:

  311.80   ( 344.38 )    μ m     ,   320.10   ( 244.36 )    μ m     ,   312.70   ( 203.80 )    μ m   




	
Solution: PH 4.8 demineralization solution and PH 7.0 remineralization solution




	
Method: 3 windows for each block, with one window demineralized for 3 days and one window remineralized for 6 days by PH cycling.




	
Can et al. [55]

	
  1310 - nm   PS - OCT ,   axial / lateral   resolution   20 / 20    μ m   .

	
Sample number: 15 bovine enamel blocks for in vitro detection

	
   Approximately   100    μ m    




	
Solution: pH 4.9 demineralization solution




	
Method: 3 windows for each block, demineralization for 9 days




	
Jones et al. [57]

	
  1310 - nm   PS - OCT ,   axial / lateral   resolution   11 / 30    μ m   .

	
Sample number: 20 human posterior teeth for in vitro detection

	
  Demineralization :   115 ± 16    μ m     ,   Remineralization :   104 ± 12    μ m   .




	
Solution: pH 4.9 demineralization solution and pH 7.0 remineralization solution




	
Method: demineralization for 9 days and remineralization for 20 days.
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Table 2. Results of quantifyin0p-[g enamel caries with reflectivity.
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Reference

	
OCT System

	
Sample Preparation

	
    Reflectivity   Result   ( dB ×  μ m  )    






	
Le et al. [49]

	
1310-nm PS-OCT, axial/lateral.

	
Sample number: 10 bovine enamel blocks for in vitro detection

	
  Δ R   for the fixed depth algorithm: 100–770

  Δ R   for the edge detection algorithm: 20–500




	
Solution: pH 4.8 demineralization solution




	
Method: 5 windows for each block, demineralization for 0–4 days, respectively.




	
Jones et al. [50]

	
  1310 - nm   PS - OCT ,   axial / lateral   resolution   20 / 30    μ m   .

	
Sample number: 15 human posterior teeth for in vitro detection

	
  Δ R  : 450 ± 110




	
Solution: pH 4.3 demineralization solution and pH 7.0 remineralization solution




	
Method: occlusal areas were exposed to 14-day PH cycling, which consisted of 6 h demineralization and 17 h remineralization a day.




	
Nee et al. [59]

	
  1321 - nm   CP - OCT ,   axial / lateral   resolution   11.4 / 80    μ m   , body/imaging tip of the handpiece 7 × 18 cm/1.5 × 4 cm, 6 × 6 × 7 mm volume imaging time 3 s.

	
Sample number: Two teeth in 20 patients for in vivo detection

	
  Δ R  : 10.2 (10.5)–29.7 (9.4)




	
Solution: two types of adhesives




	
Method: The adhesives were used to bond the brackets. Demineralization around orthodontic brackets was detected every 3 months for one year.




	
Kang et al. [60]

	
  1317 - nm   PS - OCT ,   axial / lateral   resolution   20 / 20    μ m   .

	
Sample number: 10 bovine enamel blocks for in vitro detection

	
  Δ R   for 8 days demineralization: 257 ± 60.2

  Δ R   for 4, 8, 12 days remineralization: 236 ± 73.8, 206 ± 96.0, 168 ± 58.5




	
Solution: pH 4.6 demineralization solution and pH 4.8 remineralization solution




	
Method: 6 windows for each block, demineralization for 8 days and remineralization for three 4-day periods




	
Amaechi et al. [61]

	
850-nm TD-OCT.

	
Sample number: 15 bovine teeth for in vitro detection

	
   R %    for 1 to 3 days: 54.0 ± 11.27, 71.87 ± 4.79, 86.64 ± 7.57




	
Solution: pH 4.5 demineralization solution




	
Method: demineralization for 3 days




	
Amaechi et al. [63]

	
  850 - nm   TD - OCT ,   axial / lateral   resolution   16 / 10    μ m   .

	
Sample number: 15 bovine incisor teeth for in vitro detection

	
Reflectivity of demineralization for 0, 24, 48, 72 h: 31.86 ± 9.30, 14.45 ± 5.47, 8.66 ± 1.96, 4.32 ± 2.72




	
Solution: pH 4.5 demineralization solution




	
Method: 3 windows for each teeth. Demineralization for 24, 48, 72 h, respectively.
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Table 3. Results of quantifying enamel caries with the attenuation coefficient.






Table 3. Results of quantifying enamel caries with the attenuation coefficient.





	
Reference

	
OCT System

	
Sample Preparation

	
Attenuation Coefficient Result






	
Mandurah et al. [66]

	
  1310 - nm   SS - OCT ,   axial / lateral   resolution   11 / 17  μ m   , sweep rate 20 kHz.

	
Sample number: 24 bovine enamel blocks for in vitro detection

	
  Sound   area :   0.08   –   0.29     mm   − 1      ,   demineralization   area :   1.34 – 3.4     mm   − 1      ,   remineralization   area :   0.81   and   0.85     mm   − 1     (mean).




	
Solution: pH 4.6 demineralization solution and two types of remineralization solution




	
Method: 3 windows for each block, demineralization for 14 days and remineralization for 14 days.




	
Maia et al. [68]

	
  930 - nm   SD - OCT ,   axial / lateral   resolution   4 / 6    μ m   .

	
Sample number: 5 human premolar teeth for in vitro detection

	
Attenuation coefficient increase: 27.8–62.5%




	
Solution: pH 5.0 demineralization solution




	
Method: demineralization for 9 days.




	
Cara et al. [69]

	
  930 - nm   SD - OCT ,   axial / lateral   resolution   4 / 6  μ m   .

	
Sample number: 40 third molars for in vitro detection

	
0.93 sensitivity, 0.96 specificity




	
Solution: pH 4.3 demineralization solution and pH 7.4 remineralization solution




	
Method: four groups performed 0–21 days pH cycling, consisting of 3 h demineralization and 20 h remineralization a day.




	
Popescu et al. [70]

	
  850 - nm   TD - OCT ,  890 axial / lateral   resolution   15 / 10    μ m   .

	
21 human molars and premolars for in vitro detection

	
   Sound   enamel :   0.70 – 2.14     mm   − 1        ,   caries   lesion :   0.47 – 1.88     mm   − 1     
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Table 4. Results of quantifying enamel caries with degree of polarization.






Table 4. Results of quantifying enamel caries with degree of polarization.





	
Reference

	
OCT System

	
Sample Preparation

	
DOPU Result






	
Golde et al. [74]

	
  1310 - nm   SD   PS - OCT ,   axial / lateral   resolution   15.1 / 15.6    μ m   , sweep rate 50 kHz.

	
3 human molar teeth with different proximal lesions

	
The significant DOPU contrast provided better identification of lesions in comparison with the reflectivity images.




	
Tetschke et al. [77]

	
  1310 - nm   SD   PS - OCT ,   axial / lateral   resolution   15.1 / 15.6    μ m   , sweep rate 50 kHz.

	
Sample number: 18 bovine enamel blocks for in vitro detection

	
0.6–0.97




	
Solution: pH 4.95 demineralization solution




	
Method: demineralization for 49 days.

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-12-08780


  
    		
      applsci-12-08780
    


  




  





media/file8.jpg
Neirection]






media/file6.jpg
Rq (um)

T
100

T » T
150 200
Time (s)

T
250

T
300





media/file1.png





media/file7.png
Rq (pm)

40-
35-

25
20
15-
10-

Fiprife

50

100 150 200

Time (s)

250 300






media/file9.png
X-direction

lb)  rEEEIEEEEEEEEEE
EEEENEENEEEEE

LA 1]
o AEEE

NSW

[ |
FEmrAEEEENR
o o o o

2

i Zoomed view of Image window





media/file5.png
ns (mm~1)

1

N

50

1100 150 200 250 300
Time (s)






media/file3.png
lesion depth in um (PLM)

450
400
350
300 -
250
200
150
100
50

0.6

0.65

R2=0.7118

0.7

0.75 0.8 0.85
mean DOP (PSOCT)

0.9





media/file4.jpg
ps (mm~")

M*“M%

T T T
0 50 100 150 200 250 300
Time (s)





media/file0.jpg





media/file2.jpg
lesion depth in xm (PLM)

150
100
50

06

0.65

R2=0.7118

0.7

075 08 085
mean DOP (PSOCT)

09





