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Introduction
 

Adhesive dentistry has advanced in the recent decades with the 

introduction of several approaches for bonding to dental hard tissues. 

Gaining a deeper understanding about the mechanism of adhesion to 

enamel and dentin leads to more favourable clinical results, increasing 

the durability of preventive and restorative procedures. The bond-

durability, especially in dentin is strongly influenced by the stability of 

the components at restorative material-tooth interface, such as hybrid 

layer and bonding resin layer. From this point of view, evaluation of 

nanoleakage channel in the hybrid layer is believed to be very effective 

to speculate on the bond durability of the materials. In chapter 1, the 

nanoleakage expression and micro-shear bond strength in the etch-and-

rinse resin-enamel/dentin interface has been investigated. This study 

attempted to determine the long-term sealing ability of etch-and-rinse 

adhesive system to enamel and dentin and if it was correlated to their 

bond strength. 
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Development of non-invasive medical imaging techniques has received 

a great amount of attention recently. A significant role among modern 

medical imaging techniques is played by optical methods, such as 

Optical coherence tomography (OCT). OCT is a non-invasive imaging 

technique which enables cross-sectional imaging of internal biological 

structures. In dental science, OCT is a useful technique for assessing 

early caries, oral cancer, and periodontal diseases. 

In order to a deep understanding of OCT images and interpretation of 

the images, it is necessary to have an accurate knowledge about optical 

characterization of biological tissues such as teeth. Therefore, in chapter 

2 optical properties of dental hard tissues such as absorption, scattering 

distributions and refractive index (n) and their dependence on tissue 

orientation relative to the irradiating light source has been investigated. 

Dental hard tissues are scattering media, and their optical properties 

carry diagnostic information. Recent technological advances in the field 

of optics such as introduction of OCT have enabled accurate 

measurement of optical tissue properties using high-resolution imaging 

4
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devices, opening new horizons in the dental research. OCT has found a 

great potential in dentistry for applications ranging from caries detection 

to assessment of defects within dental biomaterials and tissues using 

cross-sectional images. One of the important parameters of light 

propagation in biological tissues including teeth is the n, which can 

serve as an indicator of its state and scattering properties, as scattering 

itself is the end result of local n variation. OCT has been used to 

investigate the n of sound enamel and dentin. It was suggested that early 

demineralization caused by caries altered n of enamel. Chapter 3 and 4 

sought to investigate the relationship between n and mineral content in 

order to achieve alternative approaches for non-invasive early diagnosis 

of dental caries. 
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Chapter 1
 

The Effects of Aging on Shear Bond Strength and
 

Nanoleakage Expression of an Etch-and-rinse Adhesive on
 

Human Enamel and Dentin
 

Introduction 

Adhesive dentistry has advanced in the recent decades with the 

introduction of several approaches for bonding to dental hard tissues. 

Gaining a deeper understanding about the mechanism of adhesion to 

enamel and dentin leads to more favorable clinical results, increasing the 

durability of preventive and restorative procedures. Traditionally, the 

adhesion to dental substrates has been achieved through the use of 

bonding agents that advanced micromechanical interlocking with both 

the enamel and dentin.(1-5) The simple acid-etching technique 

introduced by Buonocore(1) created microscopic roughness which 

increased the available surface area for bonding and made mechanical 
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adhesion of the penetrating resin possible. However, bonding to dentin 

seemed more challenging, considering its inhomogeneous nature and 

high organic substance. Later, bonding between resin and dentin was 

achieved by an acid-etching that totally removed the smear layer and 

demineralized dentin to facilitate the infiltration and polymerization of a 

hydrophilic monomer around the exposed collagen fibrils.(5, 6) 

Conventionally, adhesion of resin to dentin was composed of three main 

steps namely; etching, priming and bonding.(7, 8) In two-step etch-and-

rinse adhesives, the adhesive resin is a hydrophilic mixture of the primer 

and bonding resin monomers, applied after rinsing the acid-etched dental 

substrate. In these adhesives, monomer entanglement with the collagen 

fibrils at the resin/dentin interface creates a mixed structure called 

“hybrid layer”.(9, 10) It has been suggested that the conditioned dentin 

surface be maintained in a moist state prior to application of the bonding 

resin as the acid-etched collagen undergoes shrinkage and collapse when 

dried. This clinical technique is commonly referred to as "wet-

bonding".(11) While early in vitro results achieved by this approach 

were satisfactory with high bond strength in the laboratory tests, some 

7
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concerns were raised with regard to the long-term performance of the 

adhesive.(4, 12-16) 

Studies on the ultrastructure of resin/dentin interface reported 

voids originating from spaces around collagen fibrils that were not 

enveloped by the infiltrating resin, and were usually located at the 

bottom of the hybrid layer just above the undemineralized dentin.(5, 16) 

The porosities and voids could create penetration paths through the 

network of interfibrillar spaces, which vary in size down to the 

nanometer range. Leakage through these pathways was termed 

"nanoleakage" by Sano et al.(16, 17) in contrast to microleakage, which 

is rather an interfacial gap between resin and dentin. Clinically, both 

interfacial seal and bond strength are considered to be associated with 

the success of a restoration.(18, 19) 

To date, the majority of nanoleakage studies have focused on 

resin-dentin bonds, assuming that high-energy enamel surfaces created 

by acid-etching were optimized for resin infiltration and created a stable 

interface with low susceptibility to degradation over time. To the best of 

8
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our knowledge, nanoleakage expression in resin/enamel interface has not 

been previously studied under different thermal cycling regimens; 

moreover, although there are some studies which provide information on 

the effects of aging on both nanoleakage and bond strength of dentin, in 

the case of enamel, reliable data are scares.(13, 20-22) While visual 

assessment and scoring have been frequently used to evaluate the extent 

and characterize the patterns of nanoleakage expression at the interface, 

there is a lack of established quantitative techniques to evaluate the 

nanoleakage within the adhesive interface on both enamel and dentin.(15, 

23, 24) Based on the above considerations, the purpose of this in vitro 

study was to perform a quantitative analysis on nanoleakage expression 

at adhesive interface and shear bond strength of an etch-and-rinse 

adhesive system under different thermal cycling regimens. The null 

hypotheses tested were that (1) thermocycling would not affect 

microshear bond strength (MSBS) of the adhesive to enamel and dentin; 

and that (2) thermocycling would not affect nanoleakage expression of 

the adhesive. 

9
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Materials and methods: 

One hundred and ten freshly extracted non-carious human premolars 

were collected after the individual’s informed consent, as approved by 

the Institutional Review Board of Tokyo Medical and Dental University. 

The teeth were stored at 4°C in saline saturated with a 0.02% thymol 

until use in the experiment. Eighty of the teeth were used for MSBS tests 

with 40 teeth for each substrate; enamel and dentin. The remaining 30 

teeth were assigned for nanoleakage evaluation. 

MSBS sample preparation 

Two-third of the root structure was removed in all the teeth using a low-

speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) under water 

lubrication. Those teeth assigned to enamel groups were sectioned 

mesiodistally by the diamond saw to obtain two halves. On each half, 

the buccal or lingual enamel surface was subsequently polished with wet 

600-grit silicon carbide (SiC) abrasive paper to create a flat bonding site 

on ground enamel (Fig. 1a). For the teeth assigned to dentin groups, 

slices approximately 2 mm in thickness were prepared by cutting the 
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tooth parallel to the mid coronal portion of the buccal surface, using the 

diamond saw. The samples were lightly polished on 600-grit SiC paper 

in order to create a standardized smear layer on the dentin surface. From 

each tooth two enamel or two dentin slices were obtained. The ground 

surface for each slice was then treated with a two-step etch-and-rinse 

adhesive (Adper Single Bond; 3M-ESPE, St. Paul, MN, USA) as 

described (Table 1). 

The surfaces were conditioned with a 37% phosphoric acid gel for 15 s, 

and then thoroughly rinsed by water for 10 s. Acid-etched Enamel 

surfaces were subsequently air dried for 5 s, whereas the dentin surfaces 

were blotted using a cotton pellet to remove excess water, and finally 

left visibly moist. Two coats of the adhesive were applied to the etched 

surfaces using the microbrushes supplied by the manufacturer. The 

adhesive-coated surfaces were then gently air-dried to evaporate the 

solvent. Prior to light irradiation of the bonding resin on each 

specimen, one micro bore tygon tubing (Norton Performance Plastic; 

Akron, OH, USA) with an internal diameter and height of 0.75 mm and 

11
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0.5 mm respectively was placed on the enamel and dentin in each slice. 

The bonding resin was then irradiated for 10 s, and a universal resin 

composite, Clearfil AP-X shade A2 (Kuraray Medical; Tokyo, Japan) 

was carefully inserted into the tygon tubing and irradiated for 40 s. The 

specimens were stored at room temperature (23°C) for one hour after 

which the tygon tubing was carefully removed using a sharp blade. In 

this manner, very small cylinders of resin, approximately 0.75 mm in 

diameter and 0.5 mm in height, were bonded to the surface. The bonded 

specimens were then stored for 24 h in 37°C distilled water, and 

randomly distributed among five thermocycling groups, with 16 slices 

per each group as follows; group 1 was subjected to MSBS test without 

thermocycling (control group), groups 2, 3, 4 and 5 were thermocycled 

for 100, 500, 2,000 and 10,000 times respectively, and then subjected to 

MSBS test. For thermal cycling, the specimens were placed in a wire-

mesh basket, and alternated between 5°C and 55°C water baths (Cool 

line CL 200 and Cool Mate TE200 apparatus Yamato Scientific; Tokyo, 

Japan). The dwell time was 30 s in each bath with a transfer time of 5 s. 

Each tooth slice with the resin cylinder was attached to the testing 

12
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device (EZ-test-500N; Shimadzu, Kyoto, Japan) with a cyanoacrylate 

adhesive (Zapit, Dental Ventures of America; Corona, CA, USA), and 

subjected to MSBS test using the wire-loop technique at a cross-head 

speed of 1.0 mm/min as previously described (Fig.1a).(25)  

 
Figure 1(a) Schematic illustration of human premolar enamel and dentin prepared for 
MSBS test (b) Experimental design for nanoleakage evaluation. 

  



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

14 
 

Table 1. Materials used in this study.  

 

 

 

 

 

 

Nanoleakage sample preparation 

Buccal enamel surfaces on 15 teeth were ground (600-grit SiC paper 

under running water) to create flat surface on ground enamel. T expose 

the dentin substrate, the occlusal thirds of the remaining 15 teeth were 

removed by sectioning the crown at right angles to the long axis of the 

teeth, and the occlusal superficial dentin surface, without any enamel 

remnants, was finished with the 600-grit SiC paper under running water 

to create a standardized smear layer. The adhesive was applied to the 

treated surface following the same procedure for MSBS test. Clearfil 

AP-X was applied in two layers to create an approximately 4 mm-high 

composite buildup on the treated surface. Each increment was 

Material 
(Manufacturer) 

Lot # Contents 

AdperTMSingleBond  
(3M ESPE) 

8KY Etchant:35% phosphoric acid 
Adhesive: HEMA, polyalkenoic acid 
copolymer, Bis-GMA, photoinitiator 
system, water and ethanol 

Clearfil AP-X 
(Kuraray Medical) 

01028 A Resin Matrix: Bis-GMA, UDMA, 
TEGDMA 
Filler content (wt%): 89% 

HEMA= 2-hydroxyethylmethacrylate; Bis-GMA= bis phenol A glycerolate 
dimethacrylate; UDMA= urethane dimethacrylate; TEGDMA; triethylene 
glycol dimethacrylate. 
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individually light-activated for 40 s. After storage in 37°C water for 24 h, 

samples were distributed into the five treatment groups of 3 specimens 

each, and thermal stressed in the same manner as for the MSBS test.  

The bonded specimens were then vertically sectioned with the 

diamond saw under water lubrication, through the composite buildups 

and the bonded tooth into approximately 1 mm-thick slabs. One central 

slab was chosen from each tooth, forming a total of 3 slabs per group.  

The bonded slabs (enamel and dentin) were ground and polished in turn 

using wet SiC papers (600, 800, 1,200, 1,500, 2,000) and diamond 

pastes with particle sizes of (6 µm, 3 µm, 1 µm), and then coated with 

two layers of fast-drying nail varnish applied up to within 1 mm of the 

bonded interfaces. To keep the specimens hydrated, they were immersed 

in distilled water for 10 min prior to immersion in a tracer solution, 

ammoniacal silver nitrate, which was prepared according to the protocol 

previously described by Tay et al.(26) The slabs were placed in the 

ammoniacal silver nitrate in total darkness for 18 h, rinsed thoroughly in 

distilled water and immersed in photo developing solution for 6 h under 
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a fluorescent light to reduce the penetrated silver ions into metallic silver 

grains within voids along the bonded interface. The silver-stained resin-

bonded specimens were gently polished with diamond pastes with a 

particle size of 1 µm and sonicated for 5 min to remove the superficial 

silver adsorption. The specimens were coated with a thin layer of 

palladium and observed using a FE-SEM (S-4500, Hitachi; Hitachinaka, 

Japan) (Fig. 1b).  

Nanoleakage image analysis 

Four locations were arbitrarily imaged at a magnification of 1500X 

along the interface on each slab; in total, 12 images were obtained from 

three teeth in each group. Each image included 77 µm length of the 

interface, at a resolution of 1208 pixels by 1000 pixels. 

 The Percent distribution of metallic silver particles at the resin-enamel 

and resin-dentin interfaces were calculated on the images obtained in the 

interfacial zone using digital image analysis software (ImageJ 1.42q, 

Wayne Rasband, National Institutes of Health; Bethesda, MD, USA), 

according to the following procedures: on enamel, the interfacial zone 
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included resin/enamel interface and adhesive layer. On dentin, the zone 

included the adhesive body and the hybrid layer. The image was 

trimmed to the selected interfacial zone, and a noise reducing median 

filter was applied to the 8-bit image. The image was then converted to a 

binary image using the Otsu method to distinguish the silver area (black 

target pixels) from the resin and tooth (white background pixels). Finally, 

the silver penetration on the interfacial zone was calculated in 

percentage by dividing the black area over the total area of the selected 

zone. 

Statistical analysis: 

In order to detect significant differences in bond-strength after each 

thermocycling period compared to the control, the MSBS data from each 

substrate were then separately analyzed using one-way ANOVAs 

followed by Tukey's HSD post-hoc test for multiple comparisons at a 

significance level of α=0.05 (n=16). Two-way ANOVA was not 

performed due to violation of the equal variance assumption. For each 

group, Weibull distribution parameters were also determined using the 
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linear regression method at 95% confidence level as previously 

described.(27) Nanoleakage results in percent were analyzed by one-way 

ANOVA and Tukey's HSD post-hoc test when normally distributed 

(enamel), or otherwise by non-parametric Kruskal-Wallis and Mann-

Whitney tests with Bonferroni correction (dentin), to determine groups 

with significantly different silver penetration compared to each other 

(α=0.05). 

Results: 

The results of MSBS test and silver penetration for enamel and dentin 

groups are given in Table 2. One-way ANOVA showed no statistically 

significant difference in enamel bond strength among groups (p>0.05). 

In dentin, there was a significant difference between groups (p<0.05); 

Tukey's HSD post-hoc test found that the bond strength was 

significantly lower in groups 4 and 5 compared to group 1 (p<0.05).  

Table 3 summarizes Weibull modulus (m) and 95% confidence interval 

(CI) of m, characteristic strength (σ0) and 95% confidence interval (CI) 

of σ0, 5% probability of failure (σ0.05), and Weibull coefficient of 
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correlation (r) for each of the 10 experimental groups. The fit of 

experimental data with Weibull distributions (Fig. 2 a, b) was acceptable, 

as shown by high correlation coefficient values (r>0.93 in all cases). 

Weibull analysis indicated that the characteristic strength decreased 

gradually with aging in both substrates. A drop was also observed for 

σ0.05, when comparing group 5 to the control in both enamel and dentin.  

Figures 3 and 4 depict representative FE-SEM micrographs of 

resin/dentin interfaces after silver penetration, corresponding trimmed 

images on which the total percent distribution of silver within the 

defined zone was calculated, and the resulting binary. In enamel, 

nanoleakage occurred mainly within the adhesive layer in all groups, 

with spotted silver grains at the control and increased silver deposition in 

groups 4 and 5.  On the other hand, in dentin, all groups showed silver 

penetration within both the adhesive and the hybrid layer. Distinct silver 

deposits were observed along the base of hybrid layer in group 3, and 

also within the entire hybrid layer thickness at some areas. In dentin 

groups 4 and 5, the silver penetration reached the adhesive 
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resin/composite interface, with remarkable nanoleakage throughout the 

entire thickness of the hybrid layer (Figs. 4b, c). 

One-way ANOVA and Tukey's HSD post-hoc test indicated that 

enamel thermocycled enamel groups 2 to 5 presented a significantly 

higher nanoleakage percentage compared to control (p < 0.05). Similarly, 

in dentin, the non-parametric analysis indicated that groups 2 through to 

5 showed significantly higher leakage when compared to control (p < 

0.05). 

Table 2. MSBS and silver penetration for all enamel groups. 

 

  

 Thermal cycling group 

 (1) Baseline (2) 100 (3) 500 (4) 2,000 (5) 10,000 

MSBS 
MPa ±SD 

E
N

A
M

E
L 

41.1 ± 10.1 41.4 ± 13.1 37.3 ± 11.1 37.4 ± 10.4  34.6 ± 10.6 

Silver 
Penetration % 

±SD 

5.9±1.3a 10.6 ± 4.5b 11.2 ±3.5b 13.2 ±2.9b 18.2 ± 7.2c 

MSBS 
MPa ±SD 

D
E

N
T

IN
 

43. 1± 7.4a 43.4 ± 8.4 a 39.1 ± 9.4 a,b 33.8 ± 5.9b 31.9 ± 5.4b 

Silver 
Penetration % 

±SD 

3.8±3.4a 12.5 ± 2.5b 28.4 ±12.0c 29.0 ±17.6 c 29.3 ± 6.6 c 

-Values marked by different uppercase superscript letters are significantly different. (p<0.05, Tueky HSD 
post hoc) 
-Values marked by different uppercase superscript letters are significantly different. (p<0.05, Mann 
Whitney U pairwise comparison)    
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Table 3. Weibull modulus (m) and 95% confidence interval (CI) of m, characteristic 
strength (σ0) and 95% confidence interval (CI) of σ0, 5% probability of failure of σ0.05, 
and Weibull coefficient of correlation(r). 

 

Discussion: 

Our aim in the current study was to investigate by aging-induced 

changes in bonding of an eth-and-rinse adhesive to tooth. Specimens 

were subjected to thermal aging ranging from 100 to 10,000 cycles. 

According to the ISO TR 11405,(28) 500 thermocycles in water at 

temperatures between 5°C and 55°C is considered to be an appropriate 

test for aging dental materials. In addition, 10,000 thermal cycles was 

suggested to correspond to approximately 1 year of in vivo functioning. 

(29) 

Thermal cycling group m m 95% CI σ0(MPa)    σ0 95% CI  σ0.05(MPa) r 

E
N

A
M

E
L  

(1) control 4.04 3.42-4.66  45.27 38.5-54.93  21.70  0.97 
(2) 100  3.58 3.14-4.02  45.67 38.84-55.42  19.92  0.98 
(3) 500 3.45 3.01-3.88  41.38 35.19-50.21  17.47  0.98 
(4) 2,000 3.80 3.31-4.29  41.22 35.05-50.1  18.85  0.98 
(5) 10,000 3.63 2.83-4.43  38.25 32.53-46.41  16.86  0.93 

D
E

N
T

IN
 

(1) control 6.27 5.43-7.11  46.16 39.25-56.01  28.75  0.97 
(2) 100  5.89 5.30-6.49  46.6 39.63-56.55  28.15  0.98 
(3) 500 4.91 4.19-5.65  42.43 36.09-51.49  23.20  0.97 
(4) 2,000 6.74 5.79-7.70  36.03 36.64-43.72  23.20  0.97 
(5) 10,000 6.96 5.85-8.06  33.93 28.85-41.17  22.14  0.96 
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Bond strength to both enamel and dentin generally gradually 

decreased with an increased number of thermal cycles; however, 

separate post-hoc analysis of the mean values within each substrate 

showed no significant differences in MSBS in enamel, while in dentin, a 

significant decrease was detected at 2,000 and 10,000 thermal cycles. In 

order to further investigate bond strength reliability, Weibull analysis 

was performed in this study. Weibull analysis can provide information 

about the reliability of an adhesive material, rather than solely relying on 

the mean bond strength and standard deviations.(2) Weibull modulus 

(m) values were in the range of values previously reported for adhesive 

materials bonded to teeth(30). These values were generally higher in 

dentin than in enamel in this study, suggesting a higher scatter in enamel 

bond strength results. This was in line with a previous study on MSBS 

of Single Bond to enamel and dentin.(31) Some authors have attributed 

the low Weibull modulus to the limitations of a bond test prone to high 

scatter from non-uniform stress states,(32) as well as a various flaws that 

affect strength in the specimen.(2, 33) 
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As seen in Figs 2a and 2b, the Weibull failure probability curves 

shift to the left for both substrates with increased thermal aging over 500 

cycles, indicating an increased probability of failure at lower stresses; 

after 10,000 thermal cycles, Weibull statistics showed a decrease in 

characteristic strength of both enamel (15.5%) and dentin (26.5%) 

compared to the control. The force required to cause 5% bond failure is 

the type of information that has the most clinical relevance. Interestingly, 

the stress at the 5% failure probability in both substrates showed a 

substantial and similar decrease with 22.3% drop in enamel and 22.9% 

in dentin, compared to the control. This finding revealed that bonding to 

enamel was also subject to deterioration by thermal aging.  

 

Figure 2 (a) Probability of failure vs. the stress for enamel groups (I) to (V). The lines are 
drawn at 63.2% and 5% probability of failure. Figure 2 (b) Probability of failure vs. the 
stress for dentin groups (I) to (V). The lines are drawn at 63.2% and 5% probability of 
failure 
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The findings on effects of thermocycling on bond strength of the 

etch-and-rinse adhesive in the current study agreed with those reported 

by Miyazaki et al.(14, 34) who found a small but statistically not 

significant decrease in the mean enamel bond strength after 

thermocycling, while dentin bond strengths of two-step etch-and-rinse 

adhesive systems significantly decreased after 30,000 thermal cycles. In 

another study,(35) thermocycling significantly reduced the bond 

strengths of the etch-and-rinse adhesive systems to bovine dentin. 

The current study also examined the micro morphological appearance 

and interfacial nanoleakage. The aim of nanoleakage evaluation was to 

gain a better understanding of the mechanisms of changes exerted on the 

bonded complex by the thermocycling, and of the location where 

degradation of the bond had initiated. Visual assessment has been 

traditionally used to evaluate the extent of nanoleakage; however, there 

are only a few reports introducing different scoring methods in the 

literature.(22, 26, 36) In order to provide a quantitative and objective 

method to evaluate the extent of nanoleakage within the interfacial zone, 
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this study used digital imaging software (Image J 1.42q). The percentage 

of metallic silver particles within a selected area was calculated based on 

the brightness of each pixel on the digital image. Using a similar 

nanoleakage scoring method as in the current study, Makishi et al.(36) 

evaluated the percentage of silver particles within the interface resin 

cement/dentin interfacial zone. We included the whole bonding layer 

thickness (13.2 ± 5.1 µm) for percentage calculations to enable an 

objective analysis of the silver uptake, not only at the very interface but 

also throughout the adhesive body. In dentin, resin tags and hybrid layer 

(approximately 2 µm) were also included in the analysis. This gave 

consistent results in enamel with a normal distribution in groups. On 

dentin, however, there was a greater variability in results, requiring a 

nonparametric statistical analysis. 

A control nanoleakage pattern in the form of thin and incontinuous silver 

deposition could be observed within the adhesive layer on enamel. 

Several mechanisms have been suggested for such leakage within 

adhesive layers; the silver deposits within the body of adhesive may also 

represent solvent-filled spaces that were not completely removed from 
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the adhesive prior to polymerization.(37) Even though we dried enamel 

surface prior to bonding, the control nanoleakage may also be due to the 

extremely hydrophilic nature of the primer/bonding mixture. The 

hydrophilic components (e.g. polyalkenoic acid copolymer) have an 

affinity for water via hydrogen bonding; water might be absorbed, 

interacting with the carbonyl groups and forming tight hydrogen bonds. 

The amount of water inside the polymer bulk tends to increase with time, 

forming large pores (water droplets) within the adhesive layer that can 

be stained by silver;(4, 14, 15, 23, 38, 39) this can explain the rapid 

progression of nanoleakage within the adhesive layer, with a significant 

increase observed as early as 100 thermal cycles.  

Moreover, it is possible that the nanoleakage pathways were 

enlarged by leaching hydrophilic resin components from the 

polymerized resin matrices during thermal cycling. A gradual extension 

of nanoleakage defects within the adhesive can be explained also by the 

thermal fatigue, resulting in progression of defects within the structure, 

 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

27 
 

Figure 3. Representative SEM micrographs obtained from silver impregnated sections of 
resin-enamel interfaces of bonded specimens in groups 1, 2 and 5 with the corresponding 
images trimmed  to  the  interfacial  zone,  and  their  binary  images  obtained  by  digital  
image  analysis software (Image J 1.42q) (R = Resin composite, E = Enamel, AL = Adhesive 
layer). (a) Resin-enamel 
interface in group 1. A 
baseline nanoleakage pattern 
in the form of thin and 
interrupted silver deposition  
could  be  observed  within  the  
adhesive layer (white arrow)  
phosphoric acid etching depth  
(white pointer).(a')Image in  
(a) trimmed to the selected  
interfacial zone. (a") Binary 
image of (a'). (b) The resin-
dentin interface of group 4;  
spotted and sparse silver  
infiltration was detected along 
the resin-enamel interface  
(black pointer). (c) Group 5 
also showed dense deposition   
of silver particles along the   
adhesive layer (arrowhead).   
(b') and(c')Trimmed images to 
the selected interfacial zone of 
(b) and (c). (b") and (c") 
Binary images of (b') and (c'). 

 

 

 

 

 

  



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

28 
 

Figure 4. The resin-dentin interfaces of specimens of SB in groups 1, 4 and 5 with the 
corresponding images trimmed to the interfacial zone, and their binary images obtained by 
digital image analysis software (Image J 1.42q) (R = Resin composite, D = Dentin, AL = 
Adhesive layer). (a) Resin-dentin interface in group 1. Sparse silver particles were observed 
in the adhesive- hybrid layer interface (white arrows) and within the hybrid layer (between 
arrows) after 24 h (control). (a') 
Image in (a) trimmed to the 
selected interfacial zone. (a") 
Binary image of (a'). (b) and (c) 
the resin-dentin interface of 
groups 4 and 5 showing 
extensive silver deposition 
throughout the entire hybrid 
layer thickness (between 
arrows). The silver deposition 
progressed from the adhesive-
hybrid layer interface toward 
the composite layer interface 
after subjecting to thermal 
cycling (white arrowheads). 
Group 4 shows great 
nanoleakage (black pointer) 
throughout the entire thickness 
of the hybrid layer revealing 
intense collagen destruction. 
(b') and (c') Trimmed images to 
the selected interfacial zone of 
(b) and (c). (b") and (c")Binary 
images of (b') and(c'). 

which will eventually lead to a failure. Furthermore, at the latter two 

aging stages in groups 4 and 5, spotted and sparse silver infiltrations 

were detected along the resin-enamel interface. Such interfacial silver 

penetration may suggest a possibility of over etching and incomplete 

resin infiltration at the base of phosphoric-acid-etched enamel and 

incomplete encapsulation of the remaining partially dissolved apatite 
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crystallites by the adhesive resin, more over increased thermocycling 

regimens may have increased water sorption and also increase the 

leaching of resin components.(40, 41) 

While the patterns of nanoleakage within the bonding layer were 

similar between dentin and enamel at the control, additional long-term 

deterioration mechanisms were suggested for dentin. Similar to enamel, 

the nanoleakage of dentin groups significantly increased after only 100 

thermal cycles, but with a remarkable staining of the hybrid layer. It has 

been reported that a discrepancy between the depth of resin penetration 

and dentin demineralization or poor polymerization of adhesive resin 

may account for the high degree of nanoleakage found at the bottom of 

the hybrid layer in Single Bond.(15, 21) More recently, some studies 

have found another kind of bond degradation at resin/dentin interface; 

exposed collagen fibrils might be degraded by matrix metalloproteinases 

(MMPs) in saliva or those slowly released from underlying mineralised 

matrix during aging.(12, 42) Group 5, with 10,000 thermal cycles, 

showed nanoleakage throughout the entire thickness of the hybrid layer 
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revealing intense collagen destruction. Another noteworthy finding is 

that the most rapid changes in nanoleakage occurred within the first 500 

cycles after which, the mean nanoleakage value remained stable at 

around 29%, while the bond strength continued to drop. Nevertheless, 

the nanoleakage within enamel bond tended to continue growing up to 

the final stage in this study, but remained lower than that in dentin. 

While the correlation between the nanoleakage and clinical durability  of 

adhesive restorations merits further study, it appeared that in comparison 

to the bond strength test, the nanoleakage technique could detect 

deterioration of the adhesion in an earlier stage. Clinically, leakage may 

affect durability of composite restorations, as it may serve as an initial 

stage towards problems ranging from margin discolouration to 

secondary caries or catastrophic failure.(43) 

Conclusion 

According to the bond strength results, the first null hypothesis 

was rejected, as the bond strength significantly decreased with aging in 

dentin. The results of nanoleakage evaluation implied that the second 
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hypothesis had to be rejected as well. A nanoleakage increase was 

detected in an earlier stage than when a significant drop was observed in 

bond strength, with the dentin bond being more susceptible to 

deterioration. 
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Chapter 2 

Effects of structural orientation of enamel and dentine on 

light attenuation and local refractive index: An optical 

coherence tomography study 

Introduction 

Development of non-invasive medical imaging techniques has 

received a great amount of attention recently. Wherever possible, an 

attempt is made to abolish and replace invasive methods in favour of 

others that provide similar results without having a negative impact on 

the patient. A significant role among modern medical imaging 

techniques is played by optical methods, including scanning laser 

microscopy, endoscopy, fluorescent microscopy, and more recently 

optical tomography. (44) It has been indicated that the optical properties 

of human tissue may carry diagnostic significance.(44, 45) 

Optical coherence tomography (OCT) is a rapidly growing non-

invasive imaging technique which enables cross-sectional imaging of 
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internal biological structures by differentiating between scattered and 

transmitted or reflected photons using broad-band, near-infrared (near-

IR) light sources on micron-scale resolution.(46-49) OCT was first 

proposed for use as a biological imaging system in 1991, (48) and has 

been well-established and widely developed in the field of medicine. In 

dentistry, the first applications were reported in the late 1990s (50) for in 

vitro and in vivo imaging of dental structure, and characterization of 

healthy teeth and caries lesions, indicating its potential in dental 

diagnosis.(47-49) Swept-source OCT (SS-OCT) is an implementation of 

the spectral discrimination OCT which time encodes spectral 

information by sweeping a narrow line width laser through a broad 

optical bandwidth. The focused light beam is projected onto the selected 

locations and scanned along an area of interest on the surface. 

Backscattered light from within the subject is coupled back with the 

reflected light from the reference mirror to the system by an optic fiber; 

the interference signal is then picked up by the light detector, digitized 

on a time scale and analyzed in the Fourier domain to reveal the depth 

information of the sample, which can be used to reconstruct cross-
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sectional Images.(51) The technology has recently been widely used as 

an experimental method for studying dental structures and diagnosis of 

dental disease, including caries.(52-56)  

For a deep understanding of OCT images and interpretation of 

images, it is necessary to understand inherent optical properties of dental 

hard tissues. Dental enamel comprises almost entirely of arranged arrays 

and densely packed hydroxyapatitie (HAp) crystals which are organized 

into rods called enamel prisms.(57) Enamel prisms are consistently 

parallel to the long axis of the tooth. The prisms are perpendicular to the 

surface at the edge of the cusps and occasionally at the cervical area.(58) 

Longitudinal light microscopic observations of ground sections of 

enamel reveal that the arrangement of the enamel prisms gives rise to a 

light and dark pattern termed Hunter–Schreger bands (HSBs). HSB is an 

optical phenomenon caused by the interaction of incident light and the 

alternating direction of adjacent groups of enamel prisms as they pass 

through the body of enamel from the dentine-enamel junction (DEJ) to 
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the external enamel surface. The appearance is most likely caused by 

reflection of light by prism sheaths and interprismatic material.(59-61)  

On the other hand, the underlying dentine can be described as a 

complex structure of organic components (30 vol.%), mostly collagen 

fibrils, inorganic components (50 vol.%) incorporated into HAp crystals, 

and water (20 vol.%). The main dentine structural components are 

dentinal tubules, which are oriented with an S-shaped curve from the 

pulp cavity towards the periphery.(62, 63)  

Owing to the complex and anisotropic nature of biological tissues, 

optical properties such as absorption and scattering distributions 

generally depend on tissue orientation relative to the irradiating light 

source.(64) Previous study has shown that enamel HAp crystals are the 

main components responsible for the scattering process in enamel.(65, 

66) In dentine, the tubules are the most important scatterers, while the 

collagen fibrils and the mineral crystals play a smaller role. (63) The 

orientation and density of dentinal tubules may affect light scattering 
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through dentine, while in enamel, light scattering is relatively more 

isotropic.(63, 64) 

n is an important parameter of light propagation in biological tissues 

including teeth; indeed, scattering is the end result of local n 

variation.(67) OCT is based on low-coherence interferometry and thus, 

can be used to measure the optical path length (OPL).(68) Since the 

optical thickness is the product of the n and the geometric thickness, 

OCT can provide accurate measurements of the n provided the 

geometric thickness is known.(69) Quantitative determination of n of 

human tissue using OCT is a simple method that can provide 

information on tissue structure in health and potentially carry a 

diagnostic value.(70) In addition, knowledge of n is necessary for 

accurate depth measurements in tissues. 

In addition to optical thickness or OPL, an OCT signal also 

contains information about light attenuation within biological tissues;(70, 

71) according to the Beer–Lambert law, light attenuation inside tissues is 

exponential. The slope of this distribution is proportional to the total 
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attenuation of ballistic photons. Since absorption in tissues is 

substantially less than scattering in the near-IR spectral range, the 

exponential attenuation is dependent mainly on the scattering. (72) 

Therefore, by analyzing the exponential profile of light attenuation 

detected by the OCT system, one can obtain information on tissue 

scattering properties. It has been suggested that localized analysis of the 

OCT signal may increase the clinical potential of OCT by allowing 

quantitative discrimination between different tissue types or their health 

state.(73) To date, few studies have focused on OCT signal patterns and 

n values in relation to regional structural orientation of enamel and 

dentine. The aim of this study was to use an SS-OCT system to evaluate 

n of human enamel and dentine obtained with different structural 

orientation of enamel prisms and dentinal tubules, and also to estimate 

changes in OCT signals as a result of variations in the structure of 

enamel and dentine. The null hypotheses were that local variation in the 

structure of enamel and dentine did not give rise to change in calculated 

n, and that OCT signal pattern is not significantly affected as a result of 

these structural variations. 
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Materials and methods 

 Tooth preparation 

Twenty-eight non-carious human third molars that had no visible 

evidence of caries and crack or fracture were collected after the 

individuals’ informed consent was obtained according to a protocol 

approved by the Institutional Review Board of Tokyo Medical and 

Dental University. 

All the teeth were extracted for orthodontic reasons from male and 

female subjects with an age range of 20–25 years. After extraction, the 

teeth were stored at 4 °C in saline saturated with a 0.02% thymol until 

the experiment. A low-speed diamond saw (Isomet, Buehler, Lake Bluff, 

IL, USA) was used to slice the teeth into discs with thickness of 300–

400 μm.6 Fourteen teeth were sectioned perpendicular to the long axis of 

the tooth at cuspal and mid-coronal regions (transverse sections), and the 

other 14 teeth were cut parallel to the long axis at the central fissure 

(sagittal sections). 
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Investigated enamel and dentine regions 

Enamel with cross-cut prisms was studied on the cuspal enamel 

regions of transverse sections, and enamel with long-cut prisms was 

studied on the sagittal sections. Fig. 1 shows tooth regions and 

sectioning directions. 

 

Fig. 1. Schematic 
illustration of human molar 
enamel and dentine prepared 
for n measurement. (I) 
Transverse section at the 
cusp used to obtain cross-cut 
enamel prism. (II) Sagittal 
section at central fissure in 
order to get long-cut enamel 
prism and long-cut dentinal 
tubule. The magnified area 
represents scanning direction 
for long-cut enamel prism. 
DEJ points at the dentine-
enamel junction. (III) 
Transverse section at the mid 
coronal portion performed to 
obtain cross-cut and oblique-
cut dentine tubule. 

Each of the samples was placed on top of an unpolished metal plate in 

order to acquire B-scan images by OCT. A schematic of the system 

(Dental SS-OCT, Prototype 1, Panasonic Healthcare, Co., Ltd, Ehime, 

Japan) used in this study was shown in Fig. 2. The light source is a 
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commercially available scanning laser and sweeps in the near-IR 

wavelength at a rate of 30-kHz over a span of 100 nm centred at 1330 

nm. 

Axial resolution of the system is 12 μm in air, which corresponds 

to 8 μm in a tissue assuming an n of about 1.5. The lateral resolution of 

20 μm is determined by the objective lens at the hand-held probe 

designed for intra-oral imaging. The acquired 2D OCT image size is 

2000 × 1019 pixels, and pixel dimensions of 9 μm × 2.5 μm. This 

system employs a CMOS camera for real-time photographic imaging of 

a 10 mm × 10 mm surface area on the scanned sample, and is capable of 

acquiring serial 2D sections (B-scans) to construct 3D scans. The hand-

held scanning probe connected to the SS-OCT was set at a fixed distance 

over the sample's surface, with the scanning beam oriented 

approximately 90° with respect to the surface.  

 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

41 
 

 

 

 

 

 

 

 

Fig. 2. The light output from a high-speed scanning laser is divided into reference arm and 
sample arm with a fiber splitter. Reference light and back-scattered light from the sample 
is recombined with a second fiber coupler to create the interferogram in time. Fringe 
response is detected with a balanced detector, converted to electrical signal and digitized by 
analogue-to-digital (A/D) board. Software constructs a 2D image from the signal after 
Fourier transform. 

 

 

Fig. 3(b) is a photographic image obtained from CMOS camera attached 

to the scanning probe showing an in vitro tooth slice subjected to OCT 

imaging. 
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Fig. 3. Regional n calculation by OCT. (a) B-scan image and corresponding signal intensity 
profiles on marked locations for metal and enamel. Z0 and Z2 represent top and bottom of 
specimen from which the OPL was calculated while Z1 shows the location of metal stage. 
The n was calculated by dividing the OPL over the true thickness or (Z2 − Z0)/(Z1 − Z0). (b) 
Photographic CMOS camera image of the in vitro long-cut enamel slice presented in (a). 
The B-scan was obtained along the demarcated line. 

Measurement of n 

The n values were obtained following the OPL matching method; 

as shown in Fig. 3(b), a B-scan along the direction marked with a line 

was taken to obtain the 2D OCT image in Fig. 3(a). The lines which 

represented the reflected light from the upper surface of the sample and 

the metal plate without the sample were Z0, and Z1 respectively, and 

finally Z2 represented the position of the reflector (metal plate) imaged 

through the tissue. The thickness of the sample could be determined by 

subtraction of the vertical position of the reflector (metal plate) outside 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

43 
 

the tissue (Z1) from the vertical position of the sample surface (Z0) in the 

OCT image, and the additional OPL delay can be measured by 

subtraction of the vertical position of the reflector imaged through the 

tissue (Z2) from the vertical position of the sample surface (Z0). Image 

analysis software (ImageJ 1.42q; National Institutes of Health, Bethesda, 

MD, USA) was used to perform OCT image analysis. 

Assuming the OPL in the sample is Z2 − Z0 and the actual thickness (t) 

of the sample is Z1 − Z0, we can obtain n of the tooth slices (sample) 

using Eq. (1) as 

                  2 0

1 0

Z ZOPLn
t Z Z


 


                                           (1)                                                                                                                          

Eq. (1) was used to calculate the n at each location on average signal 

intensity profiles as shown in Fig. 3(a). Each value was calculated using 

an average profile obtained on an area (10 pixels or 25 μm in width) on 

the sample. Five areas were randomly selected on the region to be 

evaluated on each slice, from which average n of the region on that tooth 

slice was calculated. In this manner, values obtained for each of the 

regions on 14 teeth were used in the statistical analysis (n = 14). It was 
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difficult to detect the inferior border of dentine especially in (oblique-cut 

or long-cut dentine tubules), where a bottom peak with a sharp apex 

(metal stage reflection) was not detected within the area of interest (10 

pixels or 25 μm in width) as presented in Fig. 5(d). In such cases the 

OPL could not be found; therefore an absolute n value could not be 

calculated. Those subjects were excluded from the analysis. 

OCT signal slope measurement 

Average OCT signal intensity profiles obtained for n measurement 

over each area were used for further analysis. The OCT signal slope 

(OCTSS) was calculated in a depth ranging from surface area of the 

specimen up to an optical depth of approximately 400 μm (depending on 

the sample thickness) using exponential fit of the slope of the profile as 

in Fig. 6(a) and (b).(69) The surface peak caused by Fresnel reflections 

at the interface of tissue and air(54, 63) and the bottom peak due to 

specular reflection from metal stage surface were excluded from the 

analysis by 50 μm from peak apex. 
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Microscopic imaging of the cross-sections 

The actual orientation of enamel prisms and dentinal tubules at 

each region were confirmed under scanning electron microscopy (SEM). 

For this purpose, the slices were gently reduced using wet silicon 

carbide papers up to the same cross-section that had been imaged by 

OCT. In order to enhance the visibility of enamel prism orientation, the 

surface was treated by phosphoric-acid etching (35% for 15 s), rinsed 

with water, and air-dried. Dentine slices were further polished with 

diamond pastes down to 0.25 μm in particle sizes under running water. 

All the specimens were air-dried for 24 h in the room temperature 

(23 °C), sputtered with gold and viewed under the SEM (JSM-5310LV, 

JEOL, Tokyo, Japan) at 1500× magnification with an accelerating 

voltage of 20 kV. 

Statistical analysis 

Data were first probed to confirm normal distribution and 

homogeneity of variance among groups. In order to determine if there 

were significant differences in the local refractive indices and OCTSS 
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for cross-cut and long-cut enamel, the data were analyzed using T-test 

and Mann–Whitney U tests, respectively. Results of dentine were 

analyzed by one-way ANOVAs to compare between long-cut, cross-cut 

and oblique-cut dentinal tubule orientations with the Tukey's HSD and 

Games-Howell post hoc tests for n and OCTSS, respectively. Finally, t-

test and Mann–Whitney U tests were carried out to determine significant 

differences in overall n and OCTSS between enamel and dentine. The 

significance level for all the statistical analyses was set at α = 0.05 and 

the analysis were performed in the SPSS software (ver. 16, SPSS Inc., 

Chicago, IL, USA). 

Results 

Fig. 4 represents OCT B-scan images of cross-cut and long-cut 

enamel surfaces with corresponding SEM images of the enamel cross-

sections after etching. Strong and homogenous signal intensity through 

enamel depth could be detected, and the metal reflection at the inferior 

border of enamel was readily detected on the intensity profiles. 
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Fig. 4. OCT images and corresponding SEM micrographs of enamel slices. (a) and (c) OCT 
B-scan images of enamel slices with enamel prism orientation cross-cut and long-cut to the 
cutting surface respectively. The second lines (hand pointers) are due to mirror reflections 
between the metal and the enamel surface. (b) and (d) cross-sectional observation of 
phosphoric acid-etched enamel using SEM corresponding to the tomographic images, 
showing the enamel prisms orientation. A honeycomb pattern is clearly observed on long-
cut enamel specimens (d). Note that the SEM images represent the enamel structure after 
cross-sectioning of the tooth slices along the same direction as OCT scan. The vertical bars 
show optical distance. 

On the other hand, the appearance of dentine sections was different. 

Representative OCT images of mid-coronal dentine with their 

corresponding SEM cross-sectional observations on a sagittal section 

including both long-cut and oblique-cut dentine tubules are presented in 

Fig. 5(a)–(c). Fig. 5(d) and (f) shows OCT images of dentine samples 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

48 
 

with corresponding SEM cross-sectional observation on a transverse 

mid-coronal section of cross-cut dentine tubules. The bottom of several 

dentine slices appeared as a curved feature under OCT. Fig. 5(e) shows 

A-scan signal intensity profile of oblique cut dentine tubules (white 

arrow).  

 

Fig. 5. OCT images and corresponding SEM micrographs of dentine slices. (a) OCT image 
of dentine on a sagittal section of tooth. (b) and (c) SEM observation of the areas 
demarcated on the cross-section shown in (a). At the center of specimen, the tubules are 
long-cut (perpendicular to the light beam direction) as confirmed by SEM in (b). At the 
sides, the tubules tend to be cut obliquely (c). (d) OCT image of dentine on a mid-coronal 
transverse section. (f) SEM observation of the areas demarcated on the cross-section shown 
in (d). At the center of specimen the tubules are cross-cut (parallel to the light beam 
direction) as confirmed by SEM in (f). Note that in the OCT image (d), the bottom line of 
dentine placed on the metal stage could not be readily recognized perhaps due to strong 
and complex scattering pattern of light (white arrows). (e) Signal intensity profile of the 
area pointed with the white arrow shows unclear bottom peak in oblique-cut dentine 
tubules. A dome-shaped reflection was observed at the bottom of this slice in OCT image, 
suggesting variable refractive indices within the tissue. The vertical bars show optical 
distance. 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

49 
 

Representative A-scan signal intensity profiles of enamel and dentine are 

presented in Fig. 6(a) and (b) respectively. The slope of exponential fit 

of the OCT signal profile in these plots represented the OCTSS. The 

average signal slope appears to be higher in dentine than in enamel, 

indicating that loss of signal is more rapid in dentine compared to 

enamel. 

Fig. 6. Representative OCT signal intensity 
(A-scan) plots averaged over an area of 
interest on human enamel and dentine. 
Dashed line represents the exponential 
fitted line to the OCT signal from surface to 
the depth of sample (approximately 400 
μm); this slope was recorded as OCTSS, so 
that the analyzed OCT signal excluded the 
surface and bottom peaks by 50 μm from 
the apex of each peak (solid line); (a) cross-
cut enamel sample, y = 23.4e−0.48x, 
OCTSS = 0.48, R2 = 0.75, (b) long-cut 
dentine sample, y = 59.7e−2.39x, OCTSS = 
2.39, R2 = 0.94. Note that the bottom peak 
in (b) is wider than that in (a) due to diffuse 
scattering in dentine. 

 

 
 
 
The resulting average n and OCTSS values for each region on enamel 

and dentine were presented in Table 1. No significant difference was 

found in any of the variables between cross-cut and long-cut enamel 
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groups (p > 0.05). In dentine, there was a significant difference in n and 

OCTSS among different regions. In cross-cut tubule orientation, the 

average n and OCTSS values were lower compared to other two groups 

(long-cut and oblique-cut), and the difference was statistically 

significant (p < 0.05). 

Table 1. Local n and OCTSS of Enamel and Dentin 

Adding all data from enamel and dentine groups, average group 

refractive indices of enamel and dentine were calculated as 1.63 and 

1.55 respectively. As for average OCTSS, the values were 0.07 and 2.15 

for enamel and dentine, respectively (Table 1). There was a significant 

difference in both variables between enamel and dentine (p < 0.05). 

 Enamel  Dentin 

Orientation Cross-cut Long-cut  Cross-cut Oblique-cut Long-cut 

n 1.63±0.02 a 1.62±0.02 a  1.49±0.07 b 1.56±0.08 c 1.60±0.04 c 

Average n 1.63±0.02 d  1.55±0.08 e 

OCTSS 0.26±0.44 a -0.08±1.44 a  1.37±0.42 b 2.64±1.01 c 2.31±0.87c 

Average OCTSS 0.07±0.69 d  2.15±0.98 e 

a,b,c,d,e In each row there was no significant difference between values denoted by the same 
superscript letter (P>0.05). 
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Discussion 

Our aim in the current study was to investigate the changes in n of 

enamel and dentine in different regions induced by different orientation 

of enamel prisms and dentinal tubules, respectively. Presently, two 

successful methods have been proposed for determining the n of 

biological tissues by OCT, namely the focus-tracking method and the 

OPL matching method. The former is based on the coherence gating 

properties of OCT to track the focal position as the sample is moved 

along the optical axis, which may be suitable for n measurements in vivo. 

The second method uses the ability of OCT to measure the OPL 

matching during an OCT scan for in vitro measuring of the n.(68) In this 

paper, the n was calculated with the second method, which has the 

advantages of simple and fast measurement, and higher accuracy 

compared with the focus-tracking method.(49)This methodology 

requires cross-cutting of the sample; further developments are required 

for measurement of n in dental hard tissues in vivo. 
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While interpreting the results of this study, it should be noted that 

the architecture of enamel and dentine is more complicated than the 

orientation categories assumed in this study. The description of 

orientation in this study was in two dimensions; however, in reality the 

micro-architectures of prims and tubules are three-dimensional. In order 

to ensure the regional orientations assumed for each subgroup in this 

study, microscopic observations were carried out. 

Although enamel groups demonstrated different levels of morphological 

patterns under SEM, in this study cross-cut and long-cut enamel groups 

showed similar n values. The results can be explained by a closer look 

into human enamel structure; fully developed mature dental enamel is a 

highly organized structure of enamel prisms with 4–6 μm transverse 

dimensions, which mainly consist of bundles of nanorod-like HAp 

crystals. Each of the densely packed crystals in a prism has six 

neighbours and is aligned along the principal growth direction of the 

prism.(65) Considering the regular HSBs pattern in enamel, it was 

suggested that the prismatic structure of enamel had evolved to optimize 

resistance to attrition, abrasion and fracture of the tooth. Certain aspects 
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of this structure have beneficial roles in clinical techniques such as 

bonding, and should be considered thereby.(41, 59, 60) Optically, there 

are two types of scatterers in enamel; the small enamel crystallites that 

produce Rayleigh-like isotropic distributions, and the large enamel 

prisms which are optically uniaxial.(63, 73-75) Results of the current 

study suggest that the regular structural orientation of the enamel 

resulted in similar OPLs in both cross-cut and long-cut prism groups. 

Moreover, it appears that the prism orientation responsible for 

appearance of HSBs did not affect n values measured significantly. 

Besides, the HSBs in enamel previously observed by a polarisation-

sensitive OCT(45) could not be detected by OCT without polarisation 

sensitivity in the present study. In addition to n, OCTSS results were 

also not significantly affected by regional prism orientations, further 

confirming homogeneity of enamel optical properties under OCT. It is 

noteworthy that the loss of signal (OCTSS) was very small for enamel, 

in accordance with previous reports on enamel transparency at this 

wavelength range; near-IR.(64) 
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Dentine has a more complex structure and consists of three main 

components: minerals (primarily HAp), a collagen-based organic matrix, 

and tubules permeating the entire volume of the dentine. HAp crystals of 

dentine are smaller than those of enamel. The main dentine structural 

component is micrometre-sized dentinal tubules, which radiate with an 

S-shaped curve from the pulp cavity towards the periphery. Tubule 

attributes (diameter and density) are greatly variable among dentine 

depths, teeth or subjects. In the deeper portion of the dentine near the 

pulp, the tubule diameter is 3–4 μm, with number density of 7.5 × 104 

per square mm; in the shallower portion near the DEJ, tubules are 

narrow, with a lower density of approximately 3 × 104 per square 

mm.(62) Moreover, the peritubular dentine differs from the intertubular 

dentine by a higher concentration of the mineral component. The 

scattering processes in dentine are mainly differentiated by two types; 

(1) symmetrical processes around the incident beam caused by mineral 

crystals and collagen fibrils; (2) the processes centered asymmetrically, 

caused by the oriented tubules.(63) 
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Several studies,(62, 76, 77) have investigated the role of tubules in 

scattering and transport of light. It is widely agreed that light 

propagation in human dentine exhibits a strong directional dependence, 

with the tubules playing a dominant role. Researchers assumed that light 

guiding along the tubules was due to the waveguide or fiber-optic effect, 

where light could propagate inside the tubules based on the principle of 

internal reflection that occurs when light is passed through a transparent 

cylinder composed of an inner core (the tubule space, whether it 

contains water, air, or dentinal fluid) with different refractive 

indices.(78) Some other researchers have challenged the fibre-optic 

theory; Kienle et al.(77) explained that if the angle between the direction 

of the light beam and the dentinal tubule was small, light was guided 

along the tubules in a direction close to that of the tubule due to 

multiple-scattering by the tubules rather than the fibre-optic effects 

assumed previously. Zolotarev et al.(74, 79) suggested that the 

orientation of the uniaxial HAp crystals in the tubule resulted in the 

tubule behaving like uniaxial crystals with anisotropy of the optical 

properties of the tubule themselves and different n along the axes of the 
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tubules and transverse to them. They suggested that the waveguide effect 

did not take place in dentine sections mainly due to the strong 

suppression of the process by scattering in the intertubular dentine. 

In dentine groups in the current study, a significant decrease in n was 

detected at locations with cross-cut tubules, where the dentinal tubules 

were parallel or made a small angle to the direction of the light beam, 

compared to the other two groups. The result indicated that the light 

guiding effect of the cross-cut dentinal tubule located at the central 

portion of the mid-coronal transverse sections resulted in a shorter OPL. 

In the case of oblique-cut or long-cut dentine tubules, the result was 

different. In this case, the collagen-HAp was mainly responsible for light 

propagation with the dentinal tubules acting as spaces filled with a low-n 

medium (air, water, or intratubular fluid), leading to a longer OPL.(77, 

78) With the strong and diffuse backscattering at the bottom of some 

human dentine sections in this study, it was occasionally difficult to 

detect the inferior border of dentine (as reflection from metal), especially 

at locations with oblique-cut or long-cut dentine tubules, as presented in 
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Fig. 5(d). This phenomenon maybe a result of random scattering of light 

where the incident light had a larger angle to the dentinal tubules. 

Moreover, the OCTSS increased for oblique-cut and long-cut 

dentine tubules compared to the cross-cut group. This finding indicated 

smaller attenuation of light, probably due to the light guiding property of 

the tubules in cross-cut group. It appeared that the change of scattering 

with the change in structural orientation in dentine had resulted in a 

variable n. In addition, it is suggested that one might roughly predict 

local structural orientation of sound dentine from OCT signal patterns. 

Physical attributes of the tubules and dentine may change due to 

ageing and sclerotic alterations which will affect light propagation 

patterns and optical properties of the tissue.(80) Other factors such as 

subject's gender and anatomy of the tooth (e.g. anterior vs. posterior) 

may also affect the microstructure of the dentine; and presumably its 

optical properties.(81) Further work on optical properties of dentine 

needs to be carried out considering these factors. 

The overall average n results in Table 1 are coincident with the results 

previously measured by Meng et al.(49) Kienle et al.(77) and Ohmi et al. 
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(82) Standard deviations for enamel n in the current study were 

considerably higher than those reported previously.(49) The standard 

deviations may reflect differences in natural biological samples obtained 

from several subjects as opposed to synthetic substrates, or several slices 

obtained from the same tooth. Moreover, the optical resolution of the 

device (12 μm in air), when considering the thickness of slices (300–400 

μm) may also affect the variance of OPL measurements. 

Under clinical examination of coronal dentine, light must first pass 

through the full thickness of the enamel before it reaches the dentine. 

Since the attenuation of light in sound enamel is relatively small and is 

not significantly affected by its structural orientation, the signal from 

underlying dentine would still carry significant information. Moreover, 

there is no enamel covering root dentine and the cementum is worn out 

in exposed parts,(83) in which case light can penetrate through dentine 

directly. 

In addition to vital information of structural variations in the tissue, 

from a clinical point of view, the study of n has at least two major 

implications; structural depth and thickness have to be measured 
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precisely for both diagnostic and operative purposes in dentistry, i.e. 

measurement of the remaining dentine thickness over the pulp is 

important while preparing a cavity for dental restorations.(84) In 

addition, n bears diagnostic information as dental demineralization 

induces local changes in the n;(54, 85, 86) therefore, these records of 

refractive indices may be important for detection of dental caries in the 

future. Further research on these optical properties is needed for 

demineralized tissue and after remineralization of carious lesions. 

Conclusion 

It was demonstrated that OCT is a useful tool for investigation of optical 

properties of human dental tissue and from which additional physical 

parameters such as n and OCTSS may be derived in addition to cross-

sectional imaging. Enamel showed small OCTSS; unlike enamel, 

anisotropic structure of dentine and orientation of dentinal tubules 

affected light propagation pattern and OPL resulting in different 

refractive indices and OCTSS values. A prior knowledge of these 
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features and their relations with the histology and pathology will provide 

verification of the diagnostic power of OCT. 

Acknowledgments 

This research was supported partly by the Grant-in-Aid for Scientific 

Research (No. 22791924) from the Japan Society for the Promotion of 

Science, partly by the Research Grant for longevity sciences (21A-8) 

from Ministry of Health, Labor and Welfare, and partly from the Global 

Center of Excellence Program, International Research Center for 

Molecular Science in Tooth and Bone Diseases at Tokyo Medical and 

Dental University. 

 

 

 

  



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

61 
 

Chapter 3 

Relationship between refractive index and mineral content 

of enamel and dentin using SS-OCT and TMR 

Introduction 

Development of non-invasive medical diagnostic techniques has 

received a great amount of attention nowadays. Wherever possible, an 

attempt is made to abolish and replace invasive methods in favour of 

others that provide similar results without having a negative impact on 

the tested object. A significant role among them is played by optical 

diagnostic techniques.(53, 55, 87)  

Optical coherence tomography (OCT) has become critically 

important in medical field since this technique can provide non-invasive 

diagnostic images. OCT enables cross-sectional imaging of internal 

biological structures by differentiating between scattered and transmitted 

or reflected photons using broad-band, near-infrared (near-IR) light 

sources with micron scale resolution. In dental science, OCT is a useful 
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imaging technique for assessing early caries, oral cancer, and 

periodontal diseases. (54, 88) 

More recently, the swept source OCT (SS-OCT) system has been 

developed as an implementation of spectral discrimination, in which the 

laser light source sweeps the near-IR wavelength at a high rate. The 

mechanical scanning at the reference mirror has been eliminated since 

the SS-OCT time-encodes wave number by rapidly tuning a narrowband  

source through a broad optical bandwidth. These characteristics enable 

SS-OCT to obtain images in a shorter time and superior performance 

with respect to detection sensitivity by means of improving the signal to-

noise ratio 2 to 3 orders of magnitude over conventional OCT. (56, 89)   

One of the most important optical properties of a highly scattering 

biological tissue is the n, which is an important parameter of light 

propagation in biological tissues including teeth. Indeed, scattering is the 

end result of local n variation.  

OCT is based on low-coherence interferometry and thus, can be used to 

measure the optical thickness of a sample. Since the optical thickness is 
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the product of the n and the geometric thickness, if the thickness of the 

sample is known, the group index can be calculated from the group 

delay. (67)  

n is a physical property of a material or substance mathematically 

defined as:  

                        v

m

Vn
V

                                                                                   (1)  

Where, n = refractive index of mineral, Vv = velocity of light in a 

vacuum, Vm = velocity of light in the mineral. 

This relationship shows the impact of density or specific gravity to the 

index of refraction in that the greater the density the slower the speed of 

light. Thus, higher density materials will have higher n and vice versa.  

Generally, dental caries is considered as a partial chemical 

dissolution of apatite crystals in dental hard tissue. Recent studies 

elucidated the caries process involves not the dissolution but also 

remineralization of the dissolved minerals, implying 3 types of minerals 

being present in the carious lesions, undissolved, dissolved and possibly  
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remineralized or recrystallized minerals. It is reported that properties of 

the remineralized minerals are different from the original in terms of 

crystallinity (size, purity). Quantitative determination of n of human 

tissue using OCT is a simple method that can provide information on 

tissue structure in health and disease within the sample.  Therefore the 

accurate measurement of the changes in a tooth’ s n after de-

/remineralization may give us useful information to predict changes in 

the subsurface structures, quantitative assessment of mineral loss, and 

remaining enamel and dentin thickness.  

The aim of this study is to investigate relationship between n 

measured by OCT and mineral content (MC) evaluated by TMR of 

enamel and dentin. The null hypotheses tested are (1) n does not change 

significantly based on variation on MC. (2) there is no correlation 

between n determined by OCT and MC calculated by TMR.  

Swept Source Optical Coherence Tomography 

The SS-OCT system (OCT-2000, Santec, Komaki, Japan) used in 

this study is a frequency domain OCT technique in which the probe 
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power is less than 20 mW, within the safety limits defined by American 

National Standards Institute. The light source in this system sweeps the 

wavelength from 1260 nm to 1360 nm at 20 kHz sweep rate with central  

wavelength at 1319 nm. The focused light-source beam is projected onto 

the sample and scanned across the area of interest in two dimensions (x, 

z) using a hand-held probe. Backscattered light from the subject is 

coupled back to the system, digitized in time scale and then analyzed in 

the Fourier domain to reveal the depth-resolved reflectivity profile (A-

scan) at each point. The combination of a series of A-scans along the 

section of interest creates a raw data file (Bscan) with information on the 

signal intensity (backscattered light) and x, z coordinates from each 

point within the scanned area. Two-dimensional cross-sectional images 

can be created by converting the B-scan raw data into a grayscale image. 

Axial resolution of the system is 11 µm in air, which corresponds to 8 

µm in a tissue assuming an n of about 1.5. The lateral resolution of the 

system 17 µm is determined by the objective lens at the probe.    

 

 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

66 
 

 

Figure 1. Schematic illustration of the Santec SS-OCT system. The sample arm is a hand-
held scanning probe capable of scanning in 2D (x, z) and 3D (x, y, z) modes in maximum 
dimensions of 15 x 6.6 and 15 x 15 x 2.6 (mm), respectively. 
 

Experiments and Results 

Specimen Preparation  

Bovine maxillary incisors were carefully chosen and stored frozen 

prior to the experimental procedure. Enamel and dentin blocks (≈ 7 × 7 

× 3 mm3) were cut out and mounted in resin (GC, Tokyo, Japan). The 

blocks were polished on wet polishing paper (lapping paper 800, 1,200 

and 2,000grit, by 3M ESPE, St. Paul, MN, USA) to expose a sound and 

flat  
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enamel and dentin surface with mirror polishing. For each block, sound, 

demineralized, and remineralized zones were then made on the same 

enamel and dentin surface as follows: the middle partition of each 

sample was covered with a thin layer of acid-resistant nail polish (red 

nail polish; Revlon, New York, USA) that served as the control groups. 

Two windows on each sample were exposed to the demineralization 

solution, and one window was exposed to the remineralization solution. 

OCT images were taken as control before the demineralization.  

Demineralization and Remineralization 

The specimens were demineralized in a demineralizing solution 

1.5 mM CaCl2, 0.9 mM KH2PO4, 50 mM acetic acid, 3.08 mM NaN3, 

0.3 ppm F as NaF (for the creation of subsurface lesion), (pH adjusted to 

4.5 by NaOH) for two months and then treated by remineralizing 

solution consisting of (1.0 mM CaCl2, 3.0 mM KH2PO4, 3.08 mM NaN3, 

20.0 mmol/L cacodylate buffer maintained at pH 6.5) for 2 months. 0.7 

ppm F as NaF was added into remineralization solution to enhance 

remineralization.  
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n measurement:  

A low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) 

was used to slice the samples into disks with thickness of 300 µm to 400 

µm.(49, 90) Cut-enamel and dentin slices were placed on top of an 

unpolished metal plate in order to acquire B-scan images. The hand-held 

scanning probe connected to the OCT system was set at 5 cm distance 

from the specimen surface, with the scanning beam oriented about 90° to 

the surface. A custom made jig was mounted on a micro meter stage to 

keep each specimen surface parallel to the probe plane. The cross-

sectional images were acquired at depths 0, 20, 40, 60, 80, 100, 120 and 

140 µm depths in enamel and 0, 40, 80, 120, 160, 200, 240, 280 and 320 

µm depths in dentin (Figure 2). 
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Figure 2. The schematic diagram of experimental setup (DEM= demineralized, 
REM=remineralized). 

 

Figure 3. B-scan image (a) and corresponding signal intensity profiles (b). Z0 and Z2 
represent top and bottom of specimen from which the OPL was calculated while Z1shows 
the location of metal stage. The n was calculated by dividing the OPL over the true 
thicknessor (Z2– Z0) / (Z1– Z0). 
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A water-based gel containing 2% hydroxyl ethyl cellulose (HEC, 

Wako Chemicals, Osaka, Japan) was placed on the tooth surface as an n 

matching medium and it was spread flat on the specimen surface using a 

micro brush to obtain a film thickness of approximately 100 μm. As 

shown in fig. 3 (a, b), a B-scan was taken to obtain the 2D SS-OCT 

image. Image analysis software (ImageJ 1.42q; National Institutes of 

Health, Bethesda, MD, USA) was used to perform SSOCT image 

analysis. The lines which represented the reflected light from the upper 

surface of the sample and the metal plate without the sample were Z0, 

and Z1 respectively, and finally Z2 represented the position of the 

reflector (metal plate) imaged through the tissue. The thickness of the 

sample (t) could be determined by subtraction of (Z1) from the (Z0) in 

the SS-OCT image, and the additional optical path length (OPL) delay 

can be measured by subtraction of the (Z2) from the (Z0).  Therefore, we 

can obtain n of the tooth slices (sample) using Eq. (2).  

                                2 0

1 0

Z ZOPLn
t Z Z


 


                                   (2)  
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Each value was calculated using an average profile obtained on an area 

(10 pixels or 25 µm in width) in each depth on the sample. Five areas 

were randomly selected and average n of these five areas was calculated 

on each tooth slice.   

TMR Analysis:  

The specimens were processed for analysis as follows; the enamel 

and dentin samples were dehydrated in ascending alcohol solutions 

(totally about 1h and 30 min), immersed in styrene monomer (2 h), and 

embedded in polyester resin (Rigolac, Oken, Tokyo, Japan) to prevent 

breaking the surface, the specimens then were more polished to obtain 

120 μm thicknesses using polishing machine (ML-160A, Maruto 

Instrument, Tokyo, Japan). Dentin samples were polished a little to 

obtain 250 μm. TMR images were taken using an x-ray generator (SRO-

M50; Sofron, Tokyo, Japan) at 25 kV voltage and 4 mA current for 20 

min, with a Ni filter. The distance between the x-ray tube and the 

specimen was 15 cm. The TMR images, together with 15 aluminum step 

wedges (each 15 μm in thickness), were captured in the x-ray glass plate 
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film (High Precision Photo Plate PXHW, Konica Minolta Photo, Tokyo, 

Japan), and scanned as 8-bit digital images using a CCD camera (DP70, 

Olympus, Tokyo, Japan) attached to a microscope (BX41, Olympus). 

Mean mineral profiles (mineral density versus depth) were created using 

ImageJ and a custom Visual Basic application written in Microsoft 

Excel. The mineral density (vol.%) was calculated at the same depths as 

n measurement using the calibration curve, considering that the sound 

(non-demineralized) enamel and dentin contained 86 and 48 vol.% 

respectively. 

OCT and TMR:   

The n was plotted against MC for enamel and dentin separately. 

Pearson’s correlation showed strong correlations between n and MC; r= 

0.94, 0.97 in enamel samples and r=0.95, 0.91 in dentin samples after 

demineralization and remineralization respectively (p < 0.05) (Figure 4). 
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Figure 4.  Graphs representing relationship between n and MC measurement (a, b). The n 
of the OCT was significantly correlated with the MC of the TMR measurements in enamel 
and dentin after demineralization and remineralization treatment respectively (r=0.94, 0. 
0.97, and r=0.95, 0.91p < 0.05). 

 

Conclusions and Future Directions 

A laboratory methodology to trace mineral changes in enamel and 

dentin according to the refractive indices of hard tissue was validated in 

the present study using optical path length shifting method under OCT. 

This technique was sensitive enough to discriminate n changes based on 

the changes of the mineral density produced by the demineralization 

and remineralization treatment in the different depths and could be 

suitable for monitoring mineral changes in vitro. The same MC in 

remineralized samples corresponded to higher n values compared to 
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demineralized samples both in enamel and dentin, which may be due to 

different crystallographic structure after remineralization. Explanation 

for the differences between remineralized and demineralized enamel 

and dentin require further investigation of the factors involved. The 

potential clinical implication of the n-based mineral density assessment 

relies on further research to probe an intraoral methodology. 
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Chapter 4 

Estimation of Enamel and Dentin Mineral Content from 

Refractive Index 

Introduction 

Caries process is initiated by loss of minerals due to a shift of the 

dynamic balance between demineralization and remineralization. (91) A 

deep understanding of the changes induced by the process is a basic 

element of dental research. In terms of clinical dentistry, objective and 

quantitative means for early detection of changes and monitoring are of 

fundamental importance in the modern caries management strategies. 

Apart from the conventional visual, tactile and X-ray based methods, 

there is an increasing interest in new modalities for tissue 

characterization and diagnosis. Dental hard tissues are scattering media, 

and their optical properties carry diagnostic information; recent 

technological advances in the field of optics have enabled accurate 

measurement of optical tissue properties using high-resolution imaging 
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devices. (46, 92) Optical coherence tomography (OCT) is an 

interferometric technique enabling cross-sectional imaging of internal 

biological structures by differentiating between scattered and transmitted 

or reflected photons using broad-band, near-infrared (near-IR) light 

sources with micron scale resolution. (48) The non-ionizing imaging 

technique has found a great potential in dentistry for applications 

ranging from caries detection to assessment of defects within dental 

biomaterials and tissues using cross-sectional images. (53, 55, 88, 93)  

n is an important parameter in light propagation through biological 

tissues including teeth. The n of the tissue can serve as an indicator of its 

scattering properties, as scattering itself is the end result of local n 

variation(67) Historically, this parameter was used to determine the 

purity of the enamel and dentin powders. (94) Conventional 

determination of n required immersion of the dental substance in fluids 

with the same n or the dispersion staining method. (95) An emerging 

class of n measurement methods employs low-coherence 

interferometry; on which principle OCT is based. OCT can be used to 

measure the optical thickness of a specimen, and thereby n. (67, 70) 
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OCT has been used to investigate the n of sound enamel and dentin, 

using the optical path-length (OPL) shifting approach which requires 

sectioning of the samples. (49, 90) 

It was suggested that early demineralization caused by caries 

altered n of enamel. (85) It is also well known to the clinicians that the 

appearance of white-spot lesions after air-drying of the enamel surface is 

due to variation of n. (96) However, a quantitative relationship between 

n MC of enamel and dentin has not been previously examined. Thus, the 

aim of this study was to investigate the relationship between local n 

determined using OCT and MC of the same location measured on by 

transverse microradiography (TMR) on demineralized and remineralized 

enamel and dentin slices. 

Materials and methods 

Specimen preparation: 

Figure 1 shows schematic diagram of the experimental setup; 10 

enamel and 10 dentin blocks (7×7×3 mm3) were prepared from labial 

aspect or root region of a freshly extracted permanent bovine incisor 
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(aged 24±5 months) obtained according to institutional Animal Ethics 

Committee guidelines using a low speed diamond saw (Isomet, Buehler, 

Lake Bluff, Illinois, USA). Enamel and dentin surfaces of the resin-

embedded bocks (Epoxycure resin, Buehler) were polished using 1500 

grit silicon carbide (SiC) papers (Sankyo, Saitama, Japan) under running 

water. The polished surfaces were partitioned into three regions; the 

middle region was covered with a thin layer of acid-resistant varnish 

(Shiseido, Tokyo, Japan) to serve as the sound (control) region. The 

other two regions were subjected to demineralization at pH 4.5 for 

enamel and 4.7 for dentin at 37°C for two months respectively. One 

demineralized region on each specimen was covered with acid-resistant 

varnish, leaving the other one exposed for remineralization. The 

specimens were then placed in a remineralization solution (pH 6.5) at 

37°C for another two months. The composition and degree of saturation 

(DS) of each solution are summarized in the Appendix Table. Finally, 

the diamond saw was used to cut the specimens through the center into 

slices 300 to 400 µm in thickness. 
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Figure. 1 (a) the setup of the swept source optical coherence tomography OCT for this 
experiment; light output from a high-speed scanning laser is divided into reference arm 
and sample arm with a fiber splitter. Reference light and back-scattered light from the 
sample is recombined with a second fiber coupler to create the interferogram in time. 
Fringe response is detected with a balanced detector, converted to electrical signal and 
digitized by analog-to-digital (A/D) board. Software constructs a 2D image from the signal 
after Fourier transform. (b) specimen preparation for the experiment; the bovine blocks 
with three regions of demineralized (DEM), remineralized (REM) and sound enamel or 
dentin embedded in resin were transversely sectioned to 300-400-µm thick slices; (c) the 
slices were placed on a metal plate and cross-sectionally scanned by OCT at various depth 
levels through the lesions; (d) the slices were further polished and subjected to transverse 
microradiography for mineral content assessment. 
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              Appendix Table. pH and chemical composition of the treatment solutions. 
 

Chemical composition Enamel Dentin 
Demin Remin Demin Remin 

CaCl2 1.5 mM 1.0 mM 1.5 mM 1.0 mM 

KH2PO4 0.9 mM 3.0 mM 0.9 mM 3.0 mM 

CH3COOH 50.0 mM 20.0 mM 50.0 mM 20.0 mM 

NaN3 3.08 mM 3.08 mM 3.08 mM 3.08 mM 

F as NaF 0.3 ppm 0.7 ppm - 0.7 ppm 

pH 4.5 6.5 4.7 6.5 

DS (HAp)* 0.21 7.7 0.28 7.7 

DS (Fluoroapatite)* 0.89 21.7 - 21.7 

 
CaCl2: Calcium chloride, KH2PO4:  Potassium dihydrogen phosphate, 
CH3COOH : Acetic acid, NaN3 : Sodium azide, NaF : Sodium fluoride, DS : Degree 
of Saturation. 
* DS was obtained by a software provided by Forsyth Institute (Cambridge, 
MA, USA) with DS = (IP/K)1/9, where IP and K are the ion activity products 
and solubility products of HAp and fluoroapatite, respectively. 

 

n measurement: 

           The OCT-2000 system (Santec, Komaki, Japan) is a swept source 

(SS)-OCT technique operating at 1310 nm center wavelength. OCT 

interprets the magnitude of the light reflected from the subject into the 

depth-profile of the subject, as previously detailed.(54, 55) The axial 

resolution of this OCT system is 11 μm in air, and the lateral resolution 

(spot-size) of 17 μm is determined by the objective lens at the probe. 
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Enamel and dentin slices were placed on the top of a metal plate in order 

to acquire B-scan images. The hand-held scanning probe connected to 

the OCT system was set at 5 cm distance from the specimen surface, 

with the scanning beam oriented about 90° to the surface. For each 

specimen, 12 OCT cross-sectional images were acquired at 20 µm 

intervals from surface up to a depth 220 µm on the enamel slices, and at 

40 µm intervals up to a depth 440 µm on the dentin slices in the form of 

12 data sets (2000×1019 pixels) over the width and optical depth of 8×4 

mm. A small amount of a water-based gel was placed over the tooth 

surface to prevent dehydration and reduce reflections from surface of the 

slices.(54)  A detailed description of the OPL matching method for n 

measurement was given previously.(90) Briefly, as shown in Fig. 2(a) 

and (b), n at each depth level through the slice was calculated using an 

average profile obtained over a 50-µm-wide central area in each sound, 

demineralized and remineralized region on OCT images (n = 10). 

Average n profiles were plotted against depth in each region. 
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Figure. 2 (a-b) and (c-d) represent SS-OCT B-scan images of 40 and 80 depth levels of 
enamel and dentin specimens with corresponding A-scan signal intensity profiles after 
exposure to the de- and remineralized solutions, respectively. DEM= demineralized area, 
REM= remineralized area. 

 

TMR analysis 

          After n measurement, the slices were subjected to TMR analysis 

to confirm the created lesion parameters and draw the MC-depth profiles. 

The enamel specimens were dehydrated in ascending alcohol solutions 

(25%-100%), embedded in epoxy resin to prevent chipping of the 

specimen edges, and further polished to obtain a uniform thickness of 

120 µm using an automatic polishing machine (ML-160 A, Maruto, 

Tokyo, Japan).(97) Dentin slices were polished to reach 250-µm 

thickness without dehydration and embedding, and were soaked in 70% 

glycerol solution to prevent shrinkage of the specimens 15 min prior to 
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imaging. (54) TMR microradiographs of the polished specimens were 

captured and analyzed to draw MC-depth profiles over the 50-µm-wide 

central area using a custom setup previously described (54, 97) 

considering the maximum MC of the sound (non-treated) enamel and 

dentin to be 87 and 48 (vol.%), respectively. In order to establish point-

by-point correlations between MC and n, mean MC was averaged over 

17 µm depth (equivalent to the spot size of OCT laser beam) centered at 

each 20-µm or 40- µm depth in enamel and dentin. 

Statistical analysis 

       Relationships between n and MC in demineralized and 

remineralized enamel and dentin were examined by Pearson’s 

correlation. ANCOVA was used to compare linear regressions of n and 

MC between demineralized and remineralized zones in enamel or dentin. 

All the statistical procedures were performed at significant level of 

α=0.05 with the PASW Statistics package (Ver. 18 for windows; IBM, 

Armonk, New York, USA). 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

84 
 

Results 

       Typical OCT B-scan images of enamel and dentin specimens at a 

certain depth from surface together with corresponding average signal 

intensity profiles after exposure to the de- and remineralized solutions, 

were shown in Fig. 2 (a-d). While the surface peaks of the three zones 

were found at the same optical depth coordinate, the bottom peaks were 

different due to variations in the OPLs after de/remineralization.  

Figure 3 (a-d) showed average n and MC depth profiles through the 

regions in enamel and dentin. The profiles obtained by both methods in 

two substrates visually appeared to be similar in shape. The TMR results 

confirmed that all the specimens showed subsurface enamel and dentin 

lesions with depth of 137.4±11.04 and 329.1± 5.25 respectively. 



 Morphological Assessment and Optical Characterization of Dental Hard Tissue after De- and Remineralization 
 

85 
 

 

Figure. 3 The representative TMR mineral profiles (a-b) corresponded to the n vs. depth 
profiles (c-d) of enamel and dentin demineralized and remineralized specimens respectively. 
DEM= demineralized area, REM= remineralized area. In TMR mineral profile of a 
subsurface enamel lesion (b), A= Maximum MC, and B= Minimum MC. C= MC reaches 
95% of sound tissue level (lesion depth, LD), SL= surface layer. Maximum MC at the 
sound enamel is 87 vol.%. Thickness of surface layer is defined as depth of a layer from 
surface to the depth where the MC is equal to the mean MC of Maximum and Minimum 
MC of the lesion body. 

In Fig. 4, relationships between n and MC in enamel and dentin were 

shown. Pearson correlation found a significant (p<0.001) relationship 

between the variables (r=0.94, CI=0.92 to 0.96) and (r=0.93, CI=0.90 to 

0.95) for demineralized and remineralized enamel and (r=0.93, CI=0.90 

to 0.95) and (r=0.91, CI= 0.88 to 0.94) for demineralized and 
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remineralized dentin respectively. ANCOVA revealed that a significant 

difference (p<0.01) was found in the regression line slopes between 

remineralized and demineralized zones in enamel. In dentin, the 

intercepts were significantly different (p < 0.01), while the slopes were 

not (p > 0.05). 

 

Figure. 4 (a) representing relationship between n and MC measurement for demineralized 
and remineralized enamel (y=0.32x+1.35, R²=0.89 and y=0.28x+1.39, R²=0.86) respectively. 
(b) Represent relationship between n and MC measurement for demineralized and 
remineralized dentin (y=0.28x+1.43, R²=0.87, y=0.27x+1.44, R²=0.84) respectively. 
Theoretical enamel (y=0.32x+1.35) and dentin (y=0.28x+1.43) derived from estimated 
values of components in Gladstone-Dale relation showed the same slope and intercept 
values as experimental results of demineralized enamel and dentin, respectively. DEM= 
demineralized area, REM= remineralized area. 

Discussion 

     During demineralization, preferential dissolution of more acid-

soluble phases of enamel (i.e. carbonate and magnesium-rich phases) 

causes an enlargement of the intercrystalline spaces, facilitating 

diffusion of acids through the microstructure. The porous structure with 
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lower MC and higher content of water may possess a smaller n.(98)  The 

scatter plots in Fig. 4 (a, b) indicated a strong linear relationship between 

the two variables in both substrates, suggesting that the MC changes of 

the tissue could be estimated from local n. The parameters in the 

resulting linear equation are worth considering; the same MC in 

remineralized groups corresponded to higher n values compared to 

demineralized groups, particularly in enamel. In this regard, it has been 

suggested that in addition to MC, n of enamel depends on chemical 

composition of the crystallites.(85)  

         It is well known that biologically produced apatite is not pure 

hydroxyapatite (HAp); as it may contain and the other trace elements. 

(99) Remineralization of demineralized enamel and dentin proceeds 

through several stages, including formation and growth of new crystals 

and regrowth of preexisting crystals. Calcium and phosphate from 

remineralization solution diffuse into the tooth and with the help of 

fluoride, improve the crystallinity in terms of the purity, i.e., formation 

of fluoridated apatite with less carbonate and magnesium. (100) MC 
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determined from microradiography may not reveal information on the 

crystalline structure, (101) which depends on various factors such as 

solution DS with respect to each mineral and pH..  

    In order to clarify the differences between refractive indices of 

various forms of apatite, authors of the current study carried out 

additional experiments using contact fluids (Shimadzu Device 

Corporation, Nagano, Japan) with standard refractive indices and beck-

line method (102) with synthetic apatite powders (Bio-Rad Laboratories, 

Tokyo, Japan) and bovine enamel powder. The following order was 

observed for n; fluoroapatite>pure HAp>bovine enamel 

powder>carbonated HAP (data not shown). It seems that the formation 

and replacement of a denser fluoridated apatite lattice with a higher n 

than that of the original carbonated apatite should be the main cause of 

higher n in remineralized group, and the difference in regression line 

slopes between demineralized and remineralized enamel. Further 

investigations are needed to reveal crystallographic information of 

enamel after remineralization.     The relationship between n and volume 
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fraction (vol.%) of a particle of interest in a medium has been described 

by theoretical models. (103) The experimental results of the study were 

used to confirm a simple model (Gladstone–Dale) where the ntotal of a 

mixture can be expressed as the partial sum of the refractive indices of 

its components, n1, n2, …, nN, weighted by the volume fraction of each 

component, f1, f2, …, fN,: 

 1 1 2 2 .....total N Nn n f n f n f                        (1) 

From the experimental regression, a completely demineralized enamel 

would have an n equal to the y-intercept (1.35); this value is slightly 

higher than n of water (1.33), and could be described by the presence of 

a small amount of proteins in the organic matrix of enamel. Applying the 

Eq. 1 for this substrate, with an estimated norganic matrix=1.53, suggests 

forganic matrix=8 vol.%, which is in the range of values reported for organic 

content of young bovine teeth. (104) These values are in turn applied for 

sound enamel in the equation, as a mixture of 87 vol.% of mineral 

crystals (nmineral=1.65), (65) and the surrounding medium composed of 

organic matrix and water, resulting in the value of 1.62, which compares 
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with the values obtained in the study and those reported in the literature. 

(49, 90). The strong agreement between the theoretical and experimental 

regressions of n (Fig. 4a), supports the validity of the present 

experimental approach for studying the relation between n and MC in 

enamel.  

It has been reported that unlike enamel, structural orientation of dentin 

could affect n of dentin tissue; (90) in the current study, a small variation 

in n was found for the sound bovine root dentin blocks. Similar to 

enamel which is mainly composed of apatite, a strong correlation 

between n and MC was found for this bio composite. Interestingly, in 

the completely demineralized dentin, the intercept of the linear 

regression (1.43) corresponds with the n of fully hydrated collagen 

(main organic component of dentin) experimentally measured in the 

near-IR region. (105, 106) This value falls exactly halfway between 

those of dry collagen (1.53) and water (1.33), confirming that collagen 

absorbs a quantity of water equivalent to its original volume when fully 

hydrated. (105, 106) The straightforward rule of density in n that worked 
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well in enamel can be extended to the dentin, assuming that the organic 

matrix volume fraction changed with increased water content as a result 

of demineralization, and that volume changes due to hydration occurred 

only in the interfibrilar space of collagen. (107) 

The resulting n profiles through the lesion in the current study were in 

close association with those of MC; features such as maximum MC at 

surface zone, minimum MC in lesion body and sound tissue level on 

TMR profiles corresponded well with n profiles (Fig. 3). Therefore, the 

cross-sectional and simple measurement method introduced can be used 

to map n and provide interesting information on dental tissue in vitro, 

independent from OCT signal analysis methods known to date.  

Measurement of n has important clinical implications too; decrease of n 

depends on the extent of demineralization, and conversely, n may serve 

as an indicator to diagnosis an monitor caries.(108) In vivo measurement 

of n by tracking the OCT focal length shift that results from translating 

the focus along the optic axis within the tissue has been documented.  
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Conclusion 

In this study, an experimental approach was developed to measure the 

individual MC and the corresponding n at the different lesion depths in 

de- and remineralized enamel and dentin. The results indicated that the 

structure of caries could be determined with a good accuracy from local 

n.  
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General Conclusions 

Chapter 1 concluded that in etch-and- rinse adhesive system, the bond 

strength significantly decreased with aging in dentin. The results of 

nanoleakage evaluation implied that an increase has been detected in an 

earlier stage then when a significant drop was observed in bond strength, 

with the dentin bond being more susceptible to deterioration.  

Chapter 2 concluded that SS-OCT is a useful tool for investigation of 

optical properties of human dental tissue and from which additional 

physical parameters such as n and OCTSS may be derived in addition to 

cross-sectional imaging. A prior knowledge of these features and their 

relations with the histology and pathology will provide verification of 

the diagnostic power of OCT. 

Chapter 3 and 4 concluded that, an experimental approach was 

developed to measure the individual MC and the corresponding n at the 

different lesion depths in de- and remineralized enamel and dentin. The 

results indicated that the structure of caries could be determined with a 

good accuracy from local n.  
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The study in chapters 1 employed FE-SEM and micro-shear bond-

strength test and silver staining technique; the results provided a 

qualitative and quantitative analysis of nanoleakage and evaluation of 

adhesive materials. It was also suggested that simple bond-strength tests 

are not the comprehensive methods to address and compare all the 

effective attributes of adhesive materials. Development of more 

sophisticated and clinically relevant laboratory  techniques  for  

standardized  evaluation  of  adhesive  materials  will  be  a  crucial 

progress in this regard. 

In Chapters 2, 3 and 4 an OCT technique was used as an alternative 

approach for non-invasive characterization of dental hard tissue and 

caries. The method used in the mentioned chapters was not appropriate 

for in vivo studies and further experiments should be performed to 

develop hardware suitable for clinical measurement of local n in dental 

tissue as a diagnostic parameter. 
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