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Maryam Abdulkareem Alghilan 

MONITORING OF SIMULATED EROSIVE TOOTH WEAR BY CROSS-

POLARIZATION OPTICAL COHERENCE TOMOGRAPHY 

Erosive tooth wear (ETW) is an emerging dental condition manifested clinically 

as tooth surface loss, eventually impairing the teeth’s structural integrity, function, and 

esthetics. Both research and practice are in need of a quantitative, non-destructive method 

to monitor ETW. Cross-polarization optical coherence tomography (CP-OCT), an 

advanced imaging tool, shows great potential to fulfill this need, but its feasibility and 

shortcomings remain unclear. In this dissertation, I explored the capability of CP-OCT to 

monitor ETW in three in vitro studies, one per chapter. Chapter 2 investigated the effects 

of enamel surface roughness and dental erosion severity on CP-OCT dental surface loss 

measurements. Chapter 3 tested the effects of enamel surface roughness and dental 

erosion on CP-OCT enamel thickness measurements at different simulated wear levels. 

Chapter 4 explored the ability of CP-OCT to quantify the thickness of natural and worn-

out enamel surfaces and to estimate longitudinally the wear depths resulting from 

simulated wear. I concluded: (1) enamel surface roughness did not affect CP-OCT 

measurements of enamel surface loss, however, the estimated error limited the 

appropriate assessment of the initial stages of dental erosion surface loss using CP-OCT; 

(2) enamel surface roughness and dental erosion did not affect CP-OCT enamel thickness 

measurements, and the CP-OCT differentiated the simulated enamel wear levels; and (3) 

CP-OCT quantified thickness of natural enamel before, during, and after the tooth wear 

simulation and allowed wear depth estimation following the simulated wear.  

Anderson T. Hara, DDS, MSD, PhD, Chair 
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CHAPTER 1: GENERAL INTRODUCTION 

Tooth enamel is the hardest substance in the human body, existing as a layer 

covering the coronal dentin and composed of a unique acellular, highly mineralized 

complex structure (Anderson and Creanor, 2016). This unique structure enables it to 

tolerate masticatory forces and to protect the underlying tooth tissues from the 

challenging environment in the oral cavity (Lu et al., 2012). Thus, maintaining the 

thickness of the enamel layer is of great importance for preserving the longevity, 

esthetics, function and structural integrity of the tooth, especially when considering the 

inability of the tooth to form new enamel (Nanci, 2013; Pandya et al., 2019). Yet the 

enamel surface is susceptible to non-carious chemical and mechanical attacks at 

physiological or pathological levels, causing an irreversible loss of enamel known as 

‘tooth wear’.  

Tooth wear is a widespread dental condition in children, adolescents, and adults 

(Spijker et al. 2009; Kreulen et al., 2010). The mechanism by which tooth wear develops 

is complex and depends on the presence and possible interaction of the known main 

underlying mechanisms: dental abrasion, attrition, and erosion (Shellis and Addy, 2014). 

Dental abrasion occurs when the tooth surface is removed by an exogenous object or 

substance, such as toothbrushing using highly abrasive toothpastes (Ganss, 2014). Dental 

attrition is caused by abrasion from an opposing tooth or teeth as observed in bruxism 

(Ganss, 2014). Dental erosion is tooth surface loss caused by exposure to extrinsic (e.g. 

dietary) or intrinsic (e.g. gastric) acids of nonbacterial origin (Imfeld, 1996). These 

mechanisms often operate simultaneously and/or synergistically with one another to 

cause tooth wear (Ganss, 2014; Shellis and Addy, 2014).  A combination of dental 
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erosion with abrasion or attrition, termed as erosive tooth wear (ETW), is the primary 

wear process observed clinically (Shellis and Addy, 2014).  

ETW affects 46% of teenagers and 80% of adults in the United States as reported 

by the National Health and Nutrition Examination Survey (McGuire et al., 2009; 

Okunseri et al., 2014). In Saudi Arabia, 26-61% of examined children (Al-Majed et al. 

2002; Al-Malik et al., 2002; Al-Dlaigan et al., 2017) and 28% of the examined adults 

(Johansson et al., 1996) had signs of ETW. Globally, the estimated mean prevalence 

ranges between 30-50% in deciduous teeth and between 20-45% in permanent teeth 

(Schlueter and Luka, 2018). All of these figures indicate that ETW is a prevalent oral 

health problem and requires attention in research and clinical practice.  

The rate of enamel loss by tooth wear varies considerably among individuals and 

depends on the nature of the underlying mechanism (Kaidonis 1998), the degree of 

enamel resistance to wear (Lambrechts et al., 1989), and host protective factors that 

modulate the tooth wear process. Therefore, tooth wear should be monitored at the 

individual level to prevent further loss of the enamel and to control the wear process as 

early as possible. Additionally, clinical monitoring of tooth wear lesions will allow the 

testing of preventive interventions efficacy within the dynamic, complex conditions of 

the oral cavity at individual and population levels.  

The available methods for clinical monitoring of ETW include analysis of tooth 

replicas directly and indirectly (Ganss et al., 2001; Bartlett, 2003), silicon putty 

impressions (Shaw and Smith, 1999), photographs (Wetselaar et al., 2016), and direct 

visual assessment with clinical scoring systems (Smith and Knight, 1984; Bartlett et al., 

2008). While these methods can help in estimating the progression of tooth wear lesions, 
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accurate and objective quantification of lesion progression in a practical manner is still 

unfeasible owing to the available methods’ limitations. Furthermore, some of these 

methods rely on comparing the affected tooth surface with a reference area, which can be 

subjected to loss or change over time, and affect the accuracy of the measurement. 

Therefore, some objective clinically applicable methods have been proposed that 

use the dentinoenamel junction (DEJ) as a stable intraoral reference point for 

measurement (see the Appendix). Among the proposed approaches, the use of optical 

coherence tomography (OCT) offers remarkable advantages. OCT allows for obtaining 

the cross-sectional tomograms as well as 3D reconstructed enamel images non-invasively 

without X-ray ionizing radiation (Huang et al., 1991; Baumgartner et al., 2000; Fujimoto 

and Drexler, 2015).  

OCT was invented for imaging of the retina and reported in 1991 (Huang et al., 

1991). Since then, it has been significantly improved and its suitability investigated for a 

wide range of medical and dental applications. In dentistry, it has been tested in various 

fields including periodontics (Hsieh et al., 2011), endodontics (Shemesh et al., 2007), oral 

medicine (Jung et al., 2005), and cariology, where assessment of carious demineralization 

(Everett et al., 1999; Amaechi et al., 2001; Fried et al., 2002) has been reported. 

Polarization-sensitive OCT (PS-OCT) is an upgraded version of the conventional OCT, 

which includes co-polarization and cross-polarization components useful for imaging 

enamel optical changes. Changes in the optical properties of enamel (for instance, due to 

surface porosities or surface and subsurface demineralization/remineralization) can alter 

the incident OCT light scattering and penetration pattern. This alteration leads to a 

change in the polarization status of the backscattered light, which can be detected in the 
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output images of OCT (Baumgartner et al., 2000). Hence, areas of demineralization 

across enamel thickness can be identified and analyzed. This mechanism enables 

successful in vivo monitoring of caries progression (Louie et al., 2010).  

The monitoring of enamel thickness with OCT was first proposed and tested by 

Wilder-Smith et al. (2009) to evaluate the enamel surface loss in patients with intrinsic 

dental erosion. The results of this study showed the ability of this method to quantify the 

enamel surface loss, but the authors suggested the need for further validation. The 

performance of this method has been tested on eroded (Chan et al., 2013) and sound 

enamel surfaces (Algarni et al., 2016) using PS-OCT. The enamel thickness measurement 

on eroded surfaces was found to be problematic and not always attainable (Chan et al., 

2013; Aden et al., 2017) as it was in sound enamel (Algarni et al, 2016), because of the 

loss of DEJ reflection on the images.   

As ETW lesions affect the enamel surface and thin subsurface area (Ganss et al., 

2014), these lesions may react differently to incident polarized light. The increased 

surface roughness in eroded enamel might adversely affect the quality of the 

measurement as observed by Chan et al. (2013). However, to my knowledge, the effects 

of tooth surface changes on ETW measurements by cross-polarization OCT (CP-OCT) 

have not been evaluated yet. Furthermore, the studies tested severely eroded and surface-

flat enamel, but it is not known how the method will perform on natural curved enamel 

surfaces. Therefore, my goal in this project was to evaluate the possible limitations and 

explore the full potential of CP-OCT for measuring and monitoring ETW. I explored the 

ability of an advanced commercially available CP-OCT device (Santec Inner Vision IVS-

300-S-L-C; Santec Corp, Komaki, Japan) to quantify and monitor ETW by investigating 
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the effects of enamel surface micromorphology and demineralization severity on enamel 

thickness determination (from DEJ to enamel surface). My hypothesis was that CP-OCT 

can monitor ETW progression regardless of enamel surface and subsurface conditions. 

To test my hypothesis, I designed and conducted three laboratory experiments explained 

in detail in three chapters, each designed to address a specific aim as follows:  

Specific aim 1 (Chapter 2): To determine the influence of surface roughness and 

dental erosion severity (determined by optical profilometry) on surface loss 

measurements (estimated from enamel thickness measurements) by CP-OCT. Human 

enamel specimens were prepared with three different surface roughness levels (very 

rough, rough, or polished), and each was subjected to a dental erosion challenge with a 

simulated dietary acid. Enamel thickness and surface loss measurements were taken from 

the specimen’s center with OCT and optical profilometry, respectively at baseline and 

after 1, 2, 4, 6, 8, 16, and 24 h of dental erosion. The CP-OCT surface loss measurements 

were calculated and compared to surface loss values by optical profilometry. 

Specific aim 2 (Chapter 3): To evaluate the effects of enamel surface roughness 

and dental erosion on enamel thickness measurements by CP-OCT, at different levels of 

simulated wear, as well as to compare the CP-OCT measurements with a standard 

method (micro-CT). Human enamel specimens with different surface micromorphologies 

(very rough, rough or polished) were prepared. Enamel thickness measurement with CP-

OCT was conducted before and after dental erosion (10 min with citric acid). This cycle 

was repeated following wear simulation of approximately 300 µm and 500 µm. Lastly, 

enamel thickness was measured by micro-CT. 
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Specific aim 3 (Chapter 4): To investigate the ability of CP-OCT to quantify the 

thickness of natural- and worn-surface enamel and to estimate longitudinally the wear 

depths following simulated wear compared to micro-CT measurements. Natural 

unpolished human enamel slabs were subjected to five wear stages (1st: to level the 

surfaces; 2nd-5th: < 100 µm) created by an automatic grinding/polishing machine. Enamel 

thickness was evaluated with CP-OCT and a standard method (micro-CT) at baseline and 

after every wear stage, then wear depths were measured for 2nd, 3rd, 4th, and 5th wear 

stages. The measurements among wear stages and between the methods were compared. 
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CHAPTER 2: IMPACT OF SURFACE MICROMORPHOLOGY AND 

DEMINERALIZATION SEVERITY ON ENAMEL LOSS MEASUREMENTS BY 

CROSS-POLARIZATION OPTICAL COHERENCE TOMOGRAPHY 

2.1. Introduction 

Dental erosion is an increasing oral health problem in modern societies (Jaeggi 

and Lussi, 2014). It is characterized by loss of dental hard tissues due to exposure to 

extrinsic (e.g. dietary) or intrinsic (e.g. gastric) acids (Imfeld, 1996; Huysmans et al., 

2011). Appropriate clinical diagnosis and monitoring of dental erosion lesions would 

benefit from a method that yields objective and quantitative outcome measures. Of 

existing clinically available methods, optical coherence tomography (OCT) imaging 

technology holds promise. It is a non-destructive, sensitive (Huang et al., 1991) and safe 

(Nakagawa et al., 2013) clinical imaging tool. OCT technology can be used for various 

applications in dentistry (Jung et al., 2005; Shemesh et al., 2007; Louie et al., 2010; 

Hsieh et al., 2011). Since 1991, OCT was considered to have great potential for 

monitoring demineralization and remineralization in vivo (Amaechi et al., 2001; Fried et 

al., 2002; Jones and Fried, 2006). In the pioneering work of Wilder-Smith et al. (2009), 

an early OCT system was able to quantify enamel surface loss related to dental erosion in 

patients suffering from gastroesophageal reflux disease by measuring changes in enamel 

thickness.  

Despite promising results, concerns have been raised with the use of OCT for this 

specific application, including the loss of DEJ resolution in images and unreliable 

measurements after extended periods of erosive challenge (Chan et al., 2013). It is well 

known that increases in surface scattering and demineralization can greatly attenuate the 
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penetration of the OCT signal interfering with the ability to resolve the underlying DEJ 

(Amaechi et al., 2001; Chong et al., 2007). During erosion, increased surface roughness 

and subsurface demineralization can both occur.  It is unclear from prior studies to what 

degree increases in surface roughness contribute to the attenuation of the OCT signal. As 

the enamel surface micromorphology of erosive lesions may vary from rough with loss of 

luster in active lesions to smooth with some wear marks in inactive stages (Lussi et al., 

2011), it is important to understand how changes on eroded enamel surfaces affect CP-

OCT performance.  

The objective of this study was to test whether enamel surface micromorphology 

and erosive severity (demineralization time) impact the ability of CP-OCT to quantify 

enamel surface loss. Optical profilometry was used as a gold standard method. A 

secondary objective was to test the repeatability of CP-OCT measurements.  

2.2. Methods 

2.2.1. Study design 

In this in vitro study, I investigated the effects of two experimental factors on 

longitudinal measurement of enamel surface loss with CP-OCT: enamel surface 

roughness (very rough, rough, and polished) and severity of erosive demineralization 

challenge (1, 2, 4, 6, 8, 16, and 24 h). Human enamel specimens were prepared and 

distributed into three groups (n=10 each) according to their surface roughness. They were 

submitted to seven different levels of erosive challenge, and evaluated using CP-OCT 

and optical profilometry (gold-standard method) at baseline, and after each 

demineralization period. The primary outcome measure was enamel surface loss (in µm), 

calculated both by subtracting the enamel thickness (for CP-OCT) and enamel surface 
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profile (for profilometry) at each demineralization point from baseline. For the secondary 

objective of testing CP-OCT measurement repeatability, enamel thickness measurements 

(in µm) of original CP-OCT scans were compared with the measurements of the repeated 

scans from baseline, and after 4 and 24 h of demineralization. The experimental 

procedures including sample preparation and demineralization, profilometry and CP-

OCT scanning and scan analysis were performed by one trained analyst (MAA). 

2.2.2. Specimen preparation  

Enamel slabs (4×4×2 mm) were prepared from coronal smooth surfaces of intact 

human molars using a low speed saw (IsoMet, Buehler, Lake Bluff, IL), flattened on the 

pulpal side and randomized into the surface morphology groups (very rough, rough and 

polished). Specimens were mounted on polishing disks with the enamel surface facing 

upward and stabilized with sticky wax. Next, the enamel surface was ground or polished 

with an automated grinding and polishing machine (Rotoforce-4, Struers Inc.) according 

to the roughness level for each group. The Specimens in the “very rough” group were 

ground flat with 500-grit SiC grinding paper (MDFuga, Struers). The specimens in the 

“rough” group were sequentially ground flat with 500-, 1200-, 2400-grit SiC papers. The 

specimens in the “polished” group were sequentially ground with 500-, 1200-, 2400-, 

4000-grit grinding papers and then polished with 1-µm diamond suspension (DP-

Suspension P, Struers). Specimens were then rinsed with deionized (DI) water, sonicated 

for 3 min in detergent solution and rinsed again with DI water for 3 min. The specimens’ 

enamel surfaces were visually inspected to ensure no dentin was exposed. Specimens 

with areas of exposed dentin were excluded. Surface roughness was measured using an 

optical profilometer (see “Surface roughness measurement” section below). Ten 
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specimens from each group were chosen and removed from the polishing disks. Then, 

they were individually mounted on acrylic blocks and stabilized with cyanoacrylate 

adhesive. The occlusal surface of the specimen, which has the thickest enamel layer, was 

identified and the mounting block was labeled on the same side. Specimens were stored 

in a closed container in moist conditions to prevent specimen dehydration. 

2.2.3. Surface roughness measurement  

Surface roughness was measured by optical profilometry using an S5/03 sensor 

(Proscan 2000, Scantron, Venture Way, Tauton, UK) in a central area (2×2 mm) of the 

specimen and expressed in Ra values. The step size was set at 0.01 mm and the number 

of steps at 200 in the (X) axis; and at 0.1 mm and 20, respectively, in the (Y) axis. The 

scans were analyzed using the dedicated software (Proscan Application software v. 

2.0.17) by applying auto leveling and surface filter function, which was set at 1. Then, Ra 

values in (X) and (Y) axes were recorded and averaged.  

2.2.4. CP-OCT scanning and measurement  

A commercial dental CP-OCT device (Santec Inner Vision IVS-300-S-L-C; 

Santec Corp, Komaki, Japan) was used to acquire the 3D scans. It uses a swept laser light 

source to generate the scans at a center wavelength of 1310 nm. The a-scan rate was 30 

kHz and the range of imaging depth (in air) was 5.63 mm. The system’s axial and lateral 

resolution (in air) was ≤ 12 µm and 30 µm, respectively. The scanning probe had a lateral 

scanning area of 5×5 mm and its working distance was 1 mm. 

The specimen to be scanned was individually removed from the storage container, 

gently blot-dried at the surface with absorbent paper (KimWipes, Kimberly-Clark Corp.). 

Then, it was positioned on an X-Y and Z translation stage and under the CP-OCT sensor 
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with the labeled surface oriented toward the probe handle, which was fixed in a 

positioning arm. A 3D scan (5×5×5.63 mm) was performed for each specimen. The 

refractive index was set at 1.6. From the 3D scan, the central b-scan in X direction was 

selected and saved for measurements (position of the b-scan on the specimen is indicated 

in Figure 2.1). The positioning and scanning were performed within 2 min to ensure that 

adequate moisture was maintained in all specimens during scanning.  

After obtaining the b-scans, the enamel thickness measurement (from DEJ to 

surface of the specimen) was performed in a blinded manner and it was based on the 

methods described by Chan et al. (2013) and Algarni et al. (2016). Briefly, the b-scan 

was opened in Santec Inner Vision IVS-300 software (Santec Corp, Komaki, Japan) then 

the measurement position (b) was identified at the center of the enamel width with the aid 

of a screen ruler (JR Screen Ruler, Spadix Software; www.spadixbd.com) (Figure 2.2). 

The DEJ measurement landmark along (b) position was annotated to help in identifying 

its depth on the b-scan (Figure 2.2). Then, the a-scan at (b) position was viewed by 

dragging the a-scan cursor line to position (b) (Figure 2.2) and clicking on “peak detect” 

function. On a-scan, the depths of the highest light intensity peaks at the enamel surface 

and DEJ areas were identified and confirmed by the depths of the measurement 

landmarks on b-scan (Figure 2.3). The distance between the depths of the two peaks on a-

scan was calculated by clicking on “add layer” function. The distance in mm was 

recorded then converted to µm to represent the enamel thickness measurement at position 

(b). CP-OCT scanning and enamel thickness measurements were performed at baseline 

and following each demineralization period. To calculate surface loss, enamel thickness 
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measurements at every demineralization time point were subtracted from the baseline 

measurements. 

2.2.5. Optical profilometric scanning and enamel surface loss measurement  

Following enamel thickness measurements using CP-OCT, the specimens were 

scanned with an optical profilometer with a S5/03 sensor (Proscan 2000, Scantron, 

Venture Way, Tauton, UK). A central line (0.01×4 mm) was scanned, which overlaps the 

area of CP-OCT b-scan Y direction (Figure 2.1). The length of the scan covered both the 

treated and reference areas. Figure 2.1 shows the profilometric scanning line (dotted with 

pink lines). The step size was set at 0.01 mm and the number of steps at 400 in the (X) 

axis; and at 1 and 3 mm, respectively, in the (Y) axis. Surface profile analysis was 

performed with the use of a dedicated software (Proscan Application software v. 2.0.17) 

by applying a three-point height tool with an auto leveling function. Profilometric 

scanning and surface profile measurements were performed at baseline and following 

each erosive challenge. Then, the surface loss was calculated by subtracting enamel 

profile measurements at each demineralization time point from the baseline enamel 

profile measurements.   

2.2.6. Dental erosion simulation 

After CP-OCT/Profilometric scanning and before every erosive challenge, UPVC 

tapes were placed on two sides of the specimens to protect the reference areas from 

demineralization, leaving a testing area of 2×4 mm exposed in the center of the specimen 

surface (Figure 2.1). After each erosive challenge, the tapes were removed to allow the 

areas to be rescanned with CP-OCT and optical profilometry. 
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After generating CP-OCT and profilometric scans and test surface delimitation, 

the specimens were exposed to the demineralizing solution (0.3% citric acid, natural pH 

2.40-2.41), at room temperature and with no agitation. A volume of 30 mL of 

demineralization solution was used per specimen. After immersion for the designated 

time, specimens were removed from the solution and rinsed thoroughly with DI water for 

10 s. Specimens were then stored in humid conditions, in a sealed container. 

Measurements were performed after 1, 2, 4, 6, 8, 16 and 24 h of acid exposure, 

respectively.  

2.2.7. Repeatability of CP-OCT measurements 

For intra-examiner repeatability evaluation, a second set of 3D scans was 

performed for specimens at baseline, after 4 and 24 h of demineralization challenges. 

Enamel thickness measurements were repeated on the second 3D scans at least seven 

days after analyzing the original scans. The repeated measurements were then compared 

with the measurements of the original scans to evaluate the intra-examiner repeatability. 

2.2.8. Statistical analysis 

The effects of enamel surface roughness and demineralization time on surface 

loss (CP-OCT and optical profilometry) were analyzed using ANOVA. The ANOVA 

included fixed effects for roughness, demineralization time, and their interaction. 

Pairwise comparisons using ANOVA with a repeated effect were conducted.  

Intraclass correlation coefficients (ICCs) and Bland-Altman plots were used to 

evaluate the intra-examiner repeatability of the CP-OCT and the agreement between the 

CP-OCT and optical profilometry surface loss measurements. Statistical analysis was 
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performed with SAS 9.4 (SAS Institute Inc., Cary, N.C., USA). A 5% significance level 

was used for all tests.  

 

Figure 2.1. Schematic illustration showing specimen dimensions, position of the label, 
test and reference areas, position of CP-OCT b-scan, CP-OCT measurement position 
(b), and position profilometric scan. 

 

Figure 2.2. A screenshot showing a sample b-scan on the CP-OCT viewer and the JR 
screen ruler for locating the enamel measurement position (b) on the x- axis. 
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Figure 2.3. Enamel thickness determination using CP-OCT b-scan (left) and a-scan 
(right) along position (b) in the Z-plane. The position of the highest intensity peaks at 
the enamel surface and DEJ (indicated with labelled arrows) were identified. The 
distance between the two peaks was calculated by the “add layer” function, and distance 
in mm was recorded, which represents the enamel thickness measurement. The first high 
intensity peak above the enamel surface was ignored as it represents the probe’s plastic 
cover placed for infection control purposes. 

 

2.3. Results 

2.3.1. Baseline enamel surface roughness characteristics 

The mean ± standard deviation of enamel surface roughness at baseline, expressed 

in Ra parameter in µm, for very rough, rough and polished groups were 0.49 ± 0.07; 0.28 

± 0.04 and 0.10 ± 0.02, respectively. 

2.3.2. Enamel surface loss with optical profilometry 

There was no significant interaction effect (roughness × demineralization time) in 

enamel surface loss measurements (p=0.75). Among roughness levels, there were no 

significant differences in enamel surface loss measurements (p=0.43). However, among 

demineralization times, there were significant differences in measurements, with all of 

them differing from each other (p<0.0001; Table 2.1). 
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2.3.3. Enamel surface loss with CP-OCT  

There was no significant interaction effect (roughness × demineralization time) in 

enamel surface loss measurements (p=0.49). Among roughness levels, there were no 

significant differences in measurements (p=0.27), and as with profilometry results, there 

were significant differences in measurements among demineralization times. Mean CP-

OCT measurements after 1, 2, 4, and 8 h of demineralization were significantly lower 

than 16 and 24 h (P< 0.05); and 6 and 16 h were significantly lower than 24 h (P< 0.05). 

Table 2.2 shows the mean enamel surface loss measurements of CP-OCT for each 

roughness group and after each demineralization time, presented in µm. 

2.3.4. Agreement between CP-OCT and Profilometry for enamel surface loss   

Agreement between the two methods as evaluated by the intraclass correlation 

coefficient (ICC) and the mean difference is presented in Table 2.3. There was no 

significant difference between the methods’ measurements means (p= 0.73). However, 

the ICC was poor (ICC=0.34). The Bland-Altman Plot (Figure 2.4) shows that the 

measurement error by CP-OCT was approximately ±150 µm compared to optical 

profilometry.  

2.3.5. Intra-examiner repeatability for CP-OCT  

Intra-examiner repeatability as evaluated by the difference between means, 

intraclass correlation coefficient and Bland-Altman plot can be found in Table 2.4 and 

Figure 2.5. There was no significant difference between the original and repeated 

measurements’ means (p= 0.14). Additionally, the ICC was excellent (ICC=0.98). The 

Bland-Altman Plot (Figure 2.5) shows that the limits of agreement were at approximately 

±150 µm.  
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Table 2.1. Mean ± standard deviation of enamel surface loss profilometry measurements 
(µm) for each roughness group and after each demineralization time. 

 Demineralization time (h)   

 1 2 4 6 8  16 24 n  

Very rough -5 ± 2 -9 ± 2 -20 ± 3 -29 ± 4 -39 ± 5 -70 ± 5 -105 ± 8 70 A 
Rough* -5 ± 2 -9 ± 2 -19 ± 7 -29 ± 7 -39 ± 7 -72 ± 9 -106 ± 8 35 A 
Polished -5 ± 1 -10 ± 1 -21 ± 2 -32 ± 2 -42 ± 4 -74 ± 6 -106 ± 6 70 A 

n 25 25 25 25 25 25 25   
 a b c d e f g   

Similar uppercase letters in the last column represent no statistical difference among roughness groups 
means indicated by the ANOVA (p > 0.05) 
Different lowercase letters in the last row represent statistical difference among demineralization times 
means indicated by the ANOVA (p < 0.05)  
*Five enamel specimens from rough group were excluded from testing and analysis because their surface 
did not show signs of demineralization, possibly due to surface contamination with wax 
 

Table 2.2. Mean ± standard deviation of enamel surface loss CP-OCT measurements 
(µm) for each roughness group and after each demineralization time. 

 Demineralization time (h)   

 1  2  4 6 8 16 24 n**  

Very rough -16 ± 40 9 ± 83 -75 ± 69 -79 ± 128 -21 ± 67 -71 ± 17 -112 ± 27 54 A 
Rough* 2 ± 7 -10 ± 13 -4 ± 37 -36 ± 36 -36 ± 20 -71 ± 12 -111 ± 28 25 A 
Polished 14 ± 89 -1 ± 43 13 ± 69 0 ± 72 -17 ± 41 -75 ± 25 -113 ± 53 51 A 

n** 17 19 19 21 20 16 18   
 a a a ab a b c   

Similar uppercase letters in the last column represent no statistical difference among roughness groups 
means indicated by the ANOVA (p > 0.05) 
Different lowercase letters in the last row represent statistical difference among demineralization times 
means indicated by the ANOVA (p < 0.05)  
*Five enamel specimens from rough group were excluded from testing and analysis because their surface 
did not show signs of demineralization, possibly due to surface contamination with wax 
** Lower n values by CP-OCT compared to profilometry because DEJ was not clear in some CP-OCT 
scans 
 

Table 2.3. Agreement between Profilometry and CP-OCT enamel surface loss 
measurements according to the mean difference and intraclass correlation coefficient.  

Profilometry 
vs. CP-OCT 

Mean (SE) 
Profilometry (µm) 

Mean (SE) CP-
OCT (µm) 

P-Value SD within-
sample (µm) 

ICC 

-40 (4) -39 (0.5) 0.73 44 0.34 
SE-Standard Error; SD-Standard Deviation; and ICC-Intraclass Correlation Coefficient 
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Table 2.4. Intra-examiner repeatability analysis of CP-OCT original and repeated enamel 
thickness measurements (µm) for specimens at baseline, after 4 and 24 h of 
demineralization, according to the mean difference and intraclass correlation coefficient.  

Original vs. 
repeated 

measurement 

Mean (SE) 
original (µm) 

Mean (SE) 
repeated (µm) 

P-Value SD within-
sample (µm) 

ICC 

958 (44) 943 (44) 0.14 53 0.98 
SE-Standard Error; SD-Standard Deviation; and ICC-Intraclass Correlation Coefficient 
 

Figure 2.4. Bland-Altman Plot for inter-method agreement. 
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Figure 2.5. Bland-Altman Plot for showing the differences between pairs of CP-OCT 
enamel thickness measurements (µm) obtained from different scans and analyzed on 
different time points. 

 

 

2.4. Discussion 

In the present study, I tested whether enamel surface characteristics of roughness 

and demineralization by erosion simulation would affect CP-OCT measurements. 

Overall, my data showed that different levels of enamel surface roughness did not affect 

CP-OCT measurements. 

Regarding the demineralization time effect, no significant differences were found 

among time points up to 8 h by CP-OCT.  A possible explanation might be that the 

magnitude of early enamel surface loss remained below the resolution limit of the CP-

OCT system. According to the manufacturer, the CP-OCT system’s axial (depth or Z 

plane) resolution in air is ≤ 12 µm. Changes in the water content and variation in the 
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enamel composition with depth may cause small changes in the refractive index that can 

influence the path length (Chan et al., 2014).  

Another possible explanation is the inherent measurement errors that were higher 

than the amount of enamel loss simulated at the early time points, as evidenced by the 

high standard deviation of the means, corroborating the findings of Chew et al. (2014). A 

possible source of error might be a slight shift in locating the measurement position in the 

3D scan or b-scan or both, leading to measuring a different enamel position with a 

relatively longer or shorter enamel thickness. This limitation was also encountered when 

comparing and analyzing the before and after OCT images in a previous study (Tom et 

al., 2016), causing a larger error than the magnitude of the examined shallow lesions. 

Furthermore, potential errors could be related to difficulties in selecting the DEJ peak on 

a-scans for enamel thickness measurements, which are difficult to avoid due to the 

irregular nature of the DEJ (Chan et al., 2014). Additionally, the adoption of a plastic 

cover (infection control purposes) of the CP-OCT handheld probe may have caused 

uneven light refraction and attenuation patterns (Mandurah et al., 2013).  

Despite the use of an advanced CP-OCT system under well-controlled laboratory 

conditions, I could not reliably detect surface loss of 7.2 µm, as reported clinically 

(Wilder-Smith et al., 2009). In that study and according to the authors, the process of the 

enamel thickness measurement and repositioning of the imaging probe using a stent was 

relatively unproblematic and they did not report any of the problems noted in the present 

or other studies (Huysmans et al., 2011; Chan et al., 2013).  

On the other hand, after 16 and 24 h demineralization my results showed that the 

differences in surface loss by CP-OCT were significant and the results were more aligned 
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with profilometry mean enamel surface loss of 70 µm or more. It can be speculated that 

the loss of enamel thickness at the advanced demineralization timepoints reduced the 

light signal attenuation (Agrawal et al., 2013) and thus, improved the resolving 

capabilities of the OCT device, compared to the thicker enamel at early demineralization 

challenges. Chan et al. (2013) found that enamel thickness increased at 48 h of 

demineralization, when it was expected to decrease. My results differ from their 

observation, in fact the mean enamel thickness loss in my study at the maximum 

demineralization duration tested (24 h) showed a decreasing trend from previous 

timepoints and it is more consistent with profilometry data.  

I was able to measure enamel thickness in most of the scans after every 

demineralization timepoint (1, 2, 4, 6, 8, 16 and 24 h; Table 2.2). However, I was unable 

to measure enamel thickness in some scans due to the loss of DEJ details. Similar 

observations were also reported by Chan et al. (2013) and Aden et al. (2017), who 

hypothesized that the difficulty in visualizing the DEJ in scans was in part due to 

specimens drying out during scanning (Chan et al., 2013). Demineralized dehydrated 

specimens caused increased light scattering because of a mismatch in refractive index, 

which in turn interfered with the light propagation deeper to the DEJ area (Chan et al., 

2013). The loss of DEJ details in my study did not seem to be associated with the degree 

of demineralization. It is possible that this finding relates to the specimens’ moisture 

condition during CP-OCT scanning (Shimamura et al., 2011). Chung et al. (2011) 

demonstrated the dramatic influence of internal hydration on the transparency of enamel 

at 1300-nm and have reported that it is extremely important that teeth are kept well 

hydrated for optical coherence tomography studies. In corroboration with earlier findings, 
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Hariri et al. (2013) and Nazari et al. (2013) have found a significant difference between 

OCT signals of enamel in wet and in dry conditions, with the difference being more 

pronounced in demineralized enamel, increasing with demineralization time. While there 

is still no consensus on the optimal hydration condition for specimens during OCT 

scanning (Shimamura et al., 2011; Austin et al., 2017), I controlled it during scanning to 

some extent by blotting the excess water and standardizing the time of the scanning 

procedure.  

For CP-OCT agreement with optical profilometry for surface loss measurements, 

although the difference between the methods’ measurements means was non-significant, 

the ICC value was low. Also, most of the differences presented in the Bland-Altman plot 

were larger than the magnitude of enamel surface loss measured by the gold-standard 

method. This indicates that the agreement of CP-OCT with optical profilometry was not 

satisfactory for measurement of enamel erosive surface losses created in this study. This 

could potentially be caused by the lower resolution of CP-OCT compared to profilometry 

(CP-OCT lateral and axial resolution= 30 µm and ≤ 12 µm, respectively in air; 

Profilometry S5/03 sensor resolution= 10 nm [0.01 µm]). Despite the low agreement with 

profilometry, the CP-OCT scanning and measurement approach used was repeatable. 

This may indicate that the measurement discrepancies were primarily due to changes of 

enamel optical properties associated with erosion simulation and the inherent 

disadvantages of the CP-OCT imaging and analysis approach used.  

Both OCT and optical profilometry are non-contact, non-invasive technologies. 

They both use a light to acquire information from a specimen and are able to generate a 

two- or three-dimensional output (Schlueter et al., 2011). Profilometry also is the most 
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commonly applied quantitative method to measure enamel loss in in vitro and in situ 

studies, owing to its high sensitivity and accuracy (Schlueter et al., 2011); therefore, I 

employed it in this study as a gold standard method. Optical Profilometry was also used 

in the current study to characterize the enamel surface roughness changes using a 

commonly used roughness parameter in dental research, the arithmetic average (Ra) 

(Field et al., 2010). Measuring the surface roughness provides an information about the 

range of enamel surface roughness changes created in this study.  

I utilized a 3D CP-OCT scanner to acquire b- and a- scans for analysis. With 

using the 3D OCT scanning system, the repositioning is potentially easier by having the 

outer borders of the specimen as landmarks for acquiring 3D repeated scans. Clinically, 

the gingival margin can be used as a position reference for repeated scans (Chan et al., 

2016). Enamel thickness measurements were performed on raw b-scans and a-scans 

without rendering and analyzed using the associated software. This approach allows clear 

understanding of the device capabilities without analysis bias (Jansonius et al., 2016).   

Dental erosion lesions are characterized by surface loss and a relatively small 

amount of subsurface demineralization that would most likely be few microns deep 

(Zentner and Duschner, 1996; Amaechi and Higham, 2001; Schlueter et al., 2009; Ganss 

et al., 2014). The extent of the subsurface portion of the lesion remains relatively constant 

as the dental erosion lesion progresses (Aden et al, 2017). Thus, enamel loss estimated 

from the changes in the enamel thickness measurements from the anatomical surface is 

more indicative outcome measure for monitoring changes during erosion progression. 

In the proposed CP-OCT approach, the DEJ was considered as a reference 

because it has an advantage over the surface reference points that are subjectively 
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determined. An earlier study reported the difficulties with in vivo longitudinal 

measurement of maximum depth and horizontal width of NCCL lesions with using 

reference points on the enamel surface (Sugita et al., 2017). This was explained by the 

subjectivity in placing the reference points and by the changes in reference points 

positions due to abrasive loss at the tooth surface (Sugita et al., 2017).  

There are some important limitations that need to be considered. Firstly, I 

performed the testing using surface-flat specimens, which does not reproduce the natural 

tooth curvature. It was necessary to flatten the surface to rule out any confounding factors 

related to variability in tooth curvature and to allow the surface to be analyzed accurately 

with optical profilometry. Secondly, the levels of surface roughness were not formed to 

simulate the roughness levels that occur in enamel erosion lesions inside the oral cavity. I 

arbitrarily created the degrees of enamel surface roughness to test the performance of the 

device on wide range of surface micromorphologies. Also, the continuous 

demineralization challenge induced in this study was planned to test the capability of the 

device to evaluate enamel surface loss and thus, to establish the device’s usefulness for 

quantifying enamel thickness loss following dental erosion. Thirdly, the lower sample 

size in the ‘rough’ group. Five enamel specimens (50%) were excluded due to potential 

experimental error. It was observed that they had no measurable (by profilometry) 

demineralization, which was not as expected. I suspect that there was inadvertent enamel 

surface contamination with wax in those specimens, therefore justifying their exclusion 

from the study. In order not to interfere with the original randomization schedule and 

laboratory procedures initially planned, the samples were not replaced. Finally, I did not 

consider the presence of the acquired salivary pellicle. The pellicle can be visualized by 
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OCT (Baek et al., 2009) and possibly affect OCT signal intensity (Austin et al., 2017). It 

can also modulate the enamel surface roughness effect on the reflection intensity 

measurement because it fills the irregularities of the roughened enamel surface (Lussi et 

al., 2012). The magnitude of the pellicle effects on the outcomes of this study is unknown 

and should be further investigated. Within the above-mentioned limitations, this work 

provides valuable information regarding the capabilities and drawbacks of CP-OCT for 

enamel erosive surface loss measurement estimated from the remaining enamel thickness. 

The approach in this study seems to have little clinical applications for early stages of 

enamel erosive surface loss, owing to the unreliable surface loss measurements. On the 

other hand, the measurement approach showed to be practical and repeatable. Based on 

the significant demineralization effects on CP-OCT measurement, future studies will be 

aimed to elucidate the ability of CP-OCT to identify advanced erosive tooth wear levels 

and to clarify the effects of depth of demineralized enamel on the enamel thickness 

measurement by CP-OCT. 

In conclusion, my results suggest that surface roughness changes do not affect 

CP-OCT measurements of enamel erosive surface loss. However, the estimated error 

observed for CP-OCT measurements limited the appropriate assessment of enamel 

erosive surface loss, in the magnitude simulated in this study.  
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  CHAPTER 3: EFFECT OF ENAMEL ROUGHNESS, DENTAL EROSION AND 

WEAR SIMULATIONS ON CP-OCT ENAMEL THICKNESS MEASUREMENT 

3.1. Introduction 

Erosive tooth wear (ETW) represents the cumulative loss of dental hard tissues 

due to the exposure to extrinsic or intrinsic acids, combined with abrasive wear (Carvalho 

et al., 2015). ETW can adversely affect tooth form, function and esthetics, with potential 

signs of tooth sensitivity, ultimately leading to tooth destruction (El Wazani et al., 2012). 

The adoption of clinical measures for ETW prevention and control should be carried out 

as early as possible, associated with the monitoring of ETW lesion progression (Loomans 

et al., 2017). Clinical indexes have been used for this purpose, however, they are limited 

by their subjective nature (Amaechi, 2015). There is a need for a quantitative method to 

objectively assess and monitor ETW clinically. 

I propose using enamel thickness changes to determine ETW progression, 

considering the dentinoenamel junction (DEJ) as a fixed measurement landmark. 

Potential clinical methods for this measurement include standard (periapical and 

bitewing) and specialized (computed tomography and cone beam computed tomography) 

radiographic methods, ultrasonography and optical coherence tomography. Advantages 

and disadvantages of these methods are summarized in the Appendix. Optical coherence 

tomography (OCT) technology stands out as a noninvasive, and highly sensitive imaging 

technology, which generates two- and three- dimensional cross-sectional images of the 

examined tissue in real time without using ionizing radiation (Huang et al., 1991; 

Baumgartner et al., 2000; Fujimoto and Drexler, 2015).  
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Sound human enamel manifests weak light scattering at 1300-nm (Fried et al., 

1995; Darling et al., 2006), allowing penetration of light to a depth up to 3 mm (Colston 

et al., 1998), sufficient to enable the visualization of surface and subsurface structures of 

enamel including the DEJ. Demineralization can also be displayed and quantified 

successfully in OCT images, specifically by polarization-sensitive (PS) OCT 

(Baumgartner et al., 2000; Amaechi et al., 2001; Fried et al., 2002; Louie et al., 2010). 

OCT images of demineralized enamel show changes in light intensity and reflectivity as a 

result of increased light scattering and depolarization of the polarized incident light at 

demineralized zones (Everett et al., 1999; Darling et al., 2006). At the same time, the 

increased light scattering and depolarization greatly attenuate the light (Darling et al., 

2006) reducing its penetration depth through enamel (Everett et al., 1999). This can 

potentially limit imaging capabilities of OCT for deep structures such as the DEJ in the 

presence of ETW lesions since they are characterized by tooth surface demineralization 

and increased surface roughness.  

In the prior chapter, Chapter 2, I investigated the impact of different enamel 

roughness levels (very rough, rough and polished) and sequential demineralization (up to 

24 h) on erosive enamel loss measurements by CP-OCT, estimated from enamel 

thickness measurements. I observed good alignment between CP-OCT and optical 

profilometry at surface loss larger than 70 µm. In this follow up study, I aimed to 

elucidate the effects of the decrease in enamel thickness by a laboratory simulated wear, 

surface roughness changes and a clinically relevant dental erosion challenge on CP-OCT 

measurements of enamel thickness. Also, I aimed to evaluate the agreement between CP-
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OCT and micro-CT, a non-destructive gold-standard method, which allows accurate 

measurements of enamel thickness in vitro.  

3.2. Methods 

3.2.1. Study design 

Human enamel specimens were prepared and distributed into three groups (n=8), 

and ground or polished according to the enamel roughness level (very rough, rough, or 

polished). Next, the specimens were evaluated using CP-OCT for enamel thickness 

measurement and with optical profilometry for surface loss and roughness measurements 

before and after an erosive demineralization challenge. After baseline (E0) 

measurements, the sequence of forming different roughness levels, demineralization and 

evaluation with CP-OCT and optical profilometry was repeated after two levels of 

simulated wear [approximately -300 µm (E1) and -500 µm (E2)] (Figure 3.1). Finally, the 

specimens were evaluated by a gold-standard method, micro-CT, for enamel thickness 

measurements, which were compared with CP-OCT measurements. 

3.2.2. Specimen preparation  

Unidentified intact extracted human molars, previously collected and stored in a 

tooth bank (IRB approval # NSO 911-07), were cut into blocks (4 mm × 4 mm × 2 mm) 

using a low speed saw (IsoMet, Buehler). They were flattened on the dentin side with an 

automated grinding and polishing machine (Rotoforce-4, Struers) and randomized into 

the three enamel micromorphology groups (very rough, rough or polished; n=8). 

Specimens of each group were mounted on a polishing block with the enamel surfaces 

facing upward and stabilized with cyanoacrylate adhesive and sticky wax. The specimens 

were labeled on the side of the polishing block. 



29 

At E0, the enamel surface was ground or ground and polished with the automated 

grinding and polishing machine. Enamel in the “very rough” group was flattened with 

500-grit SiC grinding paper (MD-Fuga, Struers). Enamel in the “rough” group was 

flattened with 1200-grit SiC grinding paper. In the “polished” group, the enamel was 

flattened with 1200- grit SiC grinding paper, then polished with 2400-, 4000-grit grinding 

papers for 30 s each; and finally with 1-µm diamond suspension (DP-Suspension P, 

Struers) for 3 min. All specimens were then rinsed with deionized water, sonicated for 3 

min in detergent solution and rinsed again with deionized water for 3 min. Enamel 

surfaces were visually inspected to ensure no dentin was exposed during sample 

preparation. Specimens were stored in a closed container with a relative humidity of 

approximately 100% to prevent specimen dehydration. 

3.2.3. Wear levels  

After baseline scanning before and after demineralization, the enamel thickness in 

each roughness group was subject to wear at two levels (E1 and E2; Figure 3.1) and 

enamel roughness levels were re-formed by the grinding and polishing procedures 

described in the previous section. The grinding time was guided by the target reduction 

depth at each wear level, which was -300 µm for E1 and -500 µm for E2. Specimen 

thickness was measured by a digital caliper (Fisherbrand Traceable Digital Caliper, 

Fisher Scientific), before and after the grinding procedure. Two measurements were 

recorded for each sample then averaged as the sample thickness measurement. The wear 

level was calculated by subtracting the sample thickness after wear from the thickness at 

E0, then the unit was converted into µm. 
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3.2.4. Enamel surface characterization with optical profilometry  

A central area (2 mm × 1 mm) of the specimen (Figure 3.1) was scanned by 

optical profilometry (Proscan 2000, Scantron, Venture Way, Taunton, UK). The scan 

covered the treatment and reference areas on the enamel surface. The step size was set at 

0.01 mm and the number of steps at 200 in the (X) axis; and at 0.2 mm and 5, 

respectively, in the (Y) axis. The scans were analyzed for surface loss and roughness 

measurements using the dedicated software (Proscan Application software v. 2.0.17). 

Enamel roughness measurements were performed by analyzing the treatment area 

(0.4 mm × 1 mm). Auto-leveling and the level 1 surface filter were applied, then the 

average Ra value (in µm) along the (X) axis was recorded. 

Enamel surface loss measurements were performed by analyzing the central line 

in the (Y) axis using a three-point height tool with an auto-leveling function.  

Enamel surface loss and roughness measurements were performed before and 

after erosive challenge at each wear level. The change in enamel surface loss was 

calculated by subtracting surface loss measurements after demineralization from the 

measurements before demineralization for each wear level. 

3.2.5. Enamel thickness determination with CP-OCT  

A portable cross-polarization OCT (CP-OCT) device (Santec Inner Vision IVS-

300-S-L-C; Santec Corp, Komaki, Japan), designed primarily for intraoral scanning, was 

used in this study. The device used a swept source laser light at a center wavelength of 

1310 ± 30 nm to generate images in 3D (c-scan), 2D (b-scan) and 1D (a-scan). The a-

scan rate was 30 kHz and the range of axial imaging (in air) was 5.6 mm and the depth of 

focus was 3 mm. The system’s axial and lateral resolution (in air) was ≤ 12 µm and 30 



31 

µm, respectively. The maximum lateral scanning area of the probe was 5 mm × 5 mm 

and the probe’s working distance was 1 mm. 

The polishing block containing the specimens to be scanned was individually 

removed from the storage container, then all specimens were covered with absorbent 

paper (KimWipes, Kimberly-Clark Corp.) moistened with deionized water to prevent 

drying. The specimen to be scanned was gently dried with absorbent paper and positioned 

under the sensor of the CP-OCT probe with the labeled surface oriented toward the probe 

handle. The refractive index was set at 1.6 (Algarni et al., 2016) and a c-scan was 

performed and saved. After scanning, the specimen was immediately stored in moist 

conditions. From the c-scan, a b-scan at 2 mm of the specimen’s length in the Y direction 

was selected and saved for measurements (b-scan location on the specimen is illustrated 

in Figure 3.1).   

One analyst performed enamel thickness measurements in a blinded manner. 

Enamel thickness (from DEJ to surface of the specimen) was measured and analyzed at 

the central position on each b-scan by using Santec Inner Vision IVS-300 software 

(Santec Corp, Komaki, Japan). A screen ruler (JR Screen Ruler, Spadix Software; 

www.spadixbd.com) was used to locate the measurement position on the X-axis [position 

(b) at 2 mm of the specimen’s width]. An a-scan was generated along position (b) on Z 

plane and used to identify the first change in the light intensity at the enamel surface and 

DEJ areas and then to measure the distance between the two identified peaks. The 

distance in mm was recorded, which represents the enamel thickness measurement along 

position (b) (Figure 3.2). CP-OCT scanning and measurement procedures were 

performed before and after the erosive challenge at each wear level. Figure 3.2 includes 
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representative CP-OCT b- and a- scans from “very rough” group taken at the different 

wear levels, before and after dental erosion. 

3.2.6. Enamel thickness determination with micro-computed tomography (micro-CT) 

A micro-CT scanner (Skyscan1172, Bruker microCT) was used to scan the 

specimens. Flat field correction was performed before each scanning session. The 

scanning settings were: filter - 0.5 mm aluminum, voltage - 59 kV, current - 167 µA, 

binning mode - medium, image pixel size - 5.88 µm, and frame averaging - 2. The 

specimens’ labeled side was marked and they were removed from the mounting blocks. 

An orientation notch was prepared on the dentin side of the mark using round carbide bur 

in a low-speed handpiece. Then, the specimens were stored individually in storage vials 

with a relative humidity of approximately 100%. The specimen to be scanned was 

removed from the storage vial, gently dried and wrapped with Parafilm to protect the 

specimen from dehydration. Each specimen was stabilized in a specimen holder with 

double-sided tape and individually scanned for 11 min.  

The scans were reconstructed using the associated software (NRecon v1.7.3.1, 

Skyscan, Bruker microCT). The reconstruction settings applied were: smoothing - 2, post 

alignment - default, ring artifact correction - 20, beam hardening correction - 41, and the 

minimum and maximum attenuation coefficient values - 0 and 0.329744; respectively. 

The resolution of the reconstructed scans was 1500 × 1500 pixels. 

The reconstructed scans were opened in the associated software (DataViewer 

v1.5.6.2, Skyscan, Bruker microCT) and oriented until the notch was facing the lower 

border of the X-Y plane view screen. With the help of the screen ruler (A ruler for 

windows v3.3.3), the central 2D slice in the X-Z plane was selected and saved for 
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measurement. Then, the saved 2D slices were converted into a bitmap with a scale bar 

using the analysis software (CT analyzer v1.17.7.2+, Skyscan, Bruker microCT). 

Specimen codes were generated, then all saved 2D scans were renamed to randomize 

them and to conceal their labels. 

The coded micro-CT slices were analyzed in Image J (ImageJ 1.52a, NIH) for 

enamel thickness measurement. A screen ruler (A ruler for windows v3.3.3) was used to 

locate the measurement position [at the point dividing the length of the enamel into half 

(b)]. Then, the distance between the enamel surface and the DEJ was measured on the 

image using the line measurement tool. The distance in mm was converted into µm, 

representing the enamel thickness measurement along the measurement position.  

3.2.7. Enamel demineralization by simulated dental erosion 

The reference areas on the enamel surface were covered with unplasticized 

polyvinyl chloride (UPVC) tape before starting the demineralization challenge, leaving a 

treatment area of 1 mm × 4 mm exposed (Figure 3.1). Then, the specimens were 

immersed in the demineralizing solution (0.3% citric acid, natural pH, adjusted with 1 M 

KOH to pH 2.63) for 10 min at room temperature without agitation. A volume of 30 mL 

of demineralization solution was used per specimen. After dental erosion 

demineralization, specimens were removed from the solution and rinsed thoroughly with 

running deionized water for 15 s. The UPVC tapes were then removed to allow the areas 

to be rescanned with CP-OCT and optical profilometry. 

3.2.8. Statistical analysis 

Analysis of variance (ANOVA) was used to test for fixed effects of enamel 

roughness, demineralization and wear level on profilometry and CP-OCT measurements. 
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A repeated effect was included to account for the correlations within a specimen. 

Pairwise comparisons are made for all the outcomes among roughness groups, 

demineralization and wear levels. Intraclass correlation coefficient (ICC) and Bland-

Altman plot were used to evaluate the agreement between the CP-OCT and micro-CT 

measurements. A 5% significance level was used for all the tests. Statistical analysis was 

performed with SAS 9.4 (SAS Institute Inc., Cary, N.C., USA).  

 

Figure 3.1. Schematic illustration showing specimen dimensions, test and reference 
areas, location of CP-OCT b-scan, CP-OCT measurement position (b), and position 
profilometric scan at each wear level (E0 [Baseline], E1 [~-300 µm], and E2 [~-500 
µm]).  
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Figure 3.2. Representative CP-OCT b- and a- scans of a specimen, taken at the different 
wear levels (E0,1 and 2), before and after dental erosion. 

 
(a) b-scan; (b) a-scan; (c) enamel surface; (d) DEJ; (e) enamel thickness 

 

3.3. Results 

3.3.1. Wear levels 

The mean ± standard deviation of E1, as measured by the digital caliper in µm, 

for the very rough, rough and polished groups were -256 ± 15; -320 ± 37 and -242 ± 37, 

respectively. The E2 for very rough, rough and polished group were -463 ± 19; -529 ±75 

and -476 ± 56, respectively compared to E0. 

3.3.2. Profilometry surface roughness analysis 

Table 3.1 provides a summary of enamel surface roughness measurements before 

and after demineralization for very rough, rough and polished groups and at each wear 

level. 
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3.3.3. Enamel surface loss analysis 

Mean and standard deviation surface loss measurements are highlighted in Table 

3.2. For all roughness groups and wear levels, the range of the differences in mean 

enamel surface loss between before and after demineralization challenges were 0.98 µm 

to 1.86 µm.  

3.3.4. Enamel thickness with CP-OCT 

There were no significant two-way or three-way interactions in CP-OCT 

measurements among wear, enamel roughness, and demineralization (p>0.34). There 

were significant differences in measurements among wear levels (p<0.0001). CP-OCT 

enamel thickness measurements were significantly higher for E0 vs. E1 and E2 and for 

E1 vs. E2 (Figures 3.3-3.5). CP-OCT enamel thickness measurements were not 

significantly different among enamel roughness groups (p=0.68) or between before and 

after demineralization challenges (p=0.40). For all roughness groups and wear levels, the 

range of the differences in mean enamel thickness measurements by CP-OCT between 

before and after demineralization challenges was 5.49 µm to 102.26 µm. Mean enamel 

thickness measurements by CP-OCT are illustrated in Figures 3.3-3.5. In the rough 

group, enamel thickness measurement from one specimen in E1 before demineralization 

was not available because the DEJ was not visible in the CP-OCT scan. In the polished 

group, one specimen was excluded from analysis because the DEJ was not clear in scans 

at E1 and E2 before and after demineralization.  

3.3.5. Agreement between CP-OCT and micro-CT 

The inter-method agreement was high based on the difference between the mean 

measurements, ICC and Bland-Atman plot (Figure 3.6 and Table 3.3).  
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Table 3.1. Mean ± standard deviation of enamel roughness (Ra, µm) before and after 
dental erosion, at each wear level (E0-2). 

 E0  E1  E2 

Enamel 
Before 
demin 

After demin 
 Before 

demin 
After demin 

 Before 
demin 

After demin 

Very rough 
0.51±0.04 

a,A 
0.45±0.04 

b,A 
 0.50±0.08 

a,A 
0.42±0.05 

b,A 
 0.60±0.06 

a,A 
0.47±0.04 

b,A 

Rough 
0.34±0.04 

a,B 
0.38±0.03 

a,B 
 0.36±0.04 

a,B 
0.38±0.04 

a,A 
 0.43±0.05 

a,B 
0.38±0.05 

b,B 

Polished 
0.18±0.06 

a,C 
0.40±0.07 

b,AB 
 0.29±0.08 

a,B 
0.40±0.05 

b,A 
 0.30±0.04 

a,C 
0.36±0.06 

b,B 
Different capital letters in the same column indicate significant differences between roughness groups, and 
different small letters in the same row within each wear level indicate significant differences before versus 
after demineralization. 

 

Table 3.2. Mean ± standard deviation of enamel surface loss (µm) before and after 
demineralization for each roughness group at each wear level (profilometry 
measurements). 

 E0  E1  E2 

Enamel 
Before 
demin 

After demin 
 

Before demin After demin 
 

Before demin After demin 

Very rough  0.64±0.35  

a,A 
-0.67±0.49 

b,A 
 0.51±0.11 

a,AB 
-1.30±0.38 

b,A 
 0.76±0.72  

a,A 
-0.67±0.70 

b,AB 
Rough  1.25±0.56  

a,B 
-0.61±0.52 

b,A 
 0.60±0.26 

a,A 
-0.74±0.08 

b,B 
 0.85±0.45  

a,A 
-0.13±0.59 

b,A 
Polished  0.42±0.07  

a,A 
-0.98±028 

b,A 
 0.18±0.09 

a,B 
-1.47±0.19 

b,A 
 0.17±0.12  

a,B 
-1.06±0.30 

b,B 
Different capital letters in the same column indicate significant differences between roughness groups, and 
different small letters in the same row within each wear level indicate significant differences before versus 
after demineralization. Positive means indicate no surface loss or surface convexity; whereas negative 
means indicate surface loss. 
 

 

Table 3.3. Agreement between CP-OCT and micro-CT expressed by the difference in the 
methods’ measurements means and intraclass correlation coefficient (ICC).  

CP-OCT 
vs. micro-
CT 

Mean (SE) CP-OCT (µm) 
Mean (SE) micro-CT 

(µm) 
P-Value ICC 

654 (70) 683 (70) 0.20* 0.95 
*No significant difference between methods’ measurements means.  
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Figure 3.3. Mean enamel thickness measurement by CP-OCT (in micrometers, µm) for 
the very rough group before and after erosive challenge at E0, E1, and E2 wear levels. 
The bars connected by a horizontal line are not significantly different (p > 0.05). 
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Figure 3.4. Mean enamel thickness measurement by CP-OCT (in micrometers, µm) for 
the rough group before and after erosive challenge at E0, E1, and E2 wear levels. The 
bars connected by a horizontal line are not significantly different (p > 0.05). 

 

 

 

 

 

 

 

 



40 

Figure 3.5. Mean enamel thickness measurement by CP-OCT (in micrometers, µm) for 
the polished group before and after erosive challenge at E0, E1, and E2 wear levels. The 
bars connected by a horizontal line are not significantly different (p > 0.05). 
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Figure 3.6. Bland-Altman plot, a graphical representation of the difference between the 
23 measurements performed by CP-OCT and micro-CT. The range of agreement between 
the methods is approx. ±250 µm. Most of the measurements are within the range of 
agreement and scattered around the zero bias line within approx. ±100 µm. 

 
 
 
 

3.4. Discussion 

Developing an objective method for the clinical assessment of ETW is one of the 

goals in this research field. OCT has shown to be a promising tool for this specific 

application (Wilder-Smith et al., 2009) despite some of its unforeseen drawbacks (Chan 

et al., 2013), therefore it requires further testing and validation. In this study, I focused on 

the effects of enamel surface micromorphology (roughness and demineralization) and 

wear levels on CP-OCT measurements.  

The time of simulated dental erosion in my study was 10 min of acid exposure 

because the clinical exposure time of teeth to erosive acids is generally short before 

recovering of normal oral conditions as suggested by Jager et al. (Jager et al., 2012). I 

found no significant difference in enamel thickness measurements by CP-OCT between 
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before and after dental erosion, indicating that enamel surface demineralization by a short 

episode of erosion did not significantly affect CP-OCT measurements of enamel 

thickness, at all wear levels. It was also clear from Figure 3.2 that the tooth landmarks for 

enamel thickness measurement by CP-OCT were visualized in the specimens’ scans in all 

enamel surface conditions before and after erosion. 

In contrast, the effects of dental erosion on OCT measurements were noted in 

Chapter 2 and in Chan et al. (2013) because different dental erosion simulation models 

were used, involving prolonged acid exposure from 1 to 24 h (Chapter 2), and up to 48 h 

(Chan et al., 2013). Although clinically not relevant, these extended demineralization 

times aimed to simulate advanced erosion inducing enamel surface loss. Based on the 

ability of CP-OCT to resolve DEJ landmark in the scans of the current study and the 

previous studies, I suggest that the prolonged enamel exposure to erosive acid for more 

than 1 h may reduce the OCT optical path length and visibility of DEJ; therefore 

impacting the enamel thickness measurements. 

Despite the non-significant demineralization effect with 10 min dental erosion 

challenge, the differences (not statistically significant) observed in enamel thickness 

measurements ranged from 5.49 µm to 102.26 µm. This is much higher than that 

observed with optical profilometry (from 0.98 µm to 1.86 µm). The higher difference 

observed by CP-OCT could be attributed to the difficulty in repeating measurements in 

the same position, as reported in Chapter 2. If practicality is not a concern, repeated 

measurement error can be minimized by using a positioning stent fabricated for each 

specimen at the baseline then used on the consecutive scanning sessions to orient the 

scanning probe to the same location. This approach was reliably used by Wilder-Smith et 



43 

al. (2009) for enamel thickness measurements in patients with advanced dental erosion 

and gastroesophageal reflux disease (GERD).  

Despite the observed variation, CP-OCT measurements highly agreed (ICC=0.95) 

with those of micro-CT. These findings correspond well with the previous inter-method 

agreement between PS-OCT and micro-CT for measuring sound enamel thickness (ICC 

=0.95) (Algarni et al., 2016).  

As for surface roughness effects, I found no significant differences in CP-OCT 

enamel thickness measurements among all enamel roughness groups. Further analysis 

also showed that each enamel roughness tested, with or without demineralization, did not 

impact enamel thickness measurements by CP-OCT as seen in figures 3.3-3.5. This result 

has further supported my previous observations in Chapter 2 related to the lack of 

influence of enamel surface roughness on enamel thickness measurements by CP-OCT. 

The depth of remaining enamel thickness did not seem to affect the ability of 

enamel thickness measurement by CP-OCT and the quality of the measurements. This 

was depicted by the visibility of the measurement landmarks and the nearly similar 

standard deviation at each wear level (Figures 3.2-3.5).   

Additionally, there was a significant decrease in enamel thickness measurement 

by CP-OCT from E0 to E1 and to E2, as expected. These differences among wear levels 

are meaningful because they indicate that CP-OCT allows identification of enamel loss of 

approximately 200 and 300 µm due to the wear process, in the presence or absence of 

demineralized roughened enamel surfaces.  

It is interesting to note that in this study, CP-OCT enabled measuring very thin 

enamel near exposed dentin under all tested conditions. This is particularly helpful to 
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overcome the problem of unsatisfactory agreement in the distinction between enamel and 

dentin erosive tooth wear lesions with the use of erosive wear clinical scoring systems 

(Ganss et al., 2006; Mulic et al., 2010).  

My earlier work, Chapter 2, highlighted several key strengths for the approach 

used in this study including assigning the DEJ depth as a fixed reference point for 

monitoring of changes in enamel thickness. In addition, a-scans were selected from the 

3D scans followed by b-scans, for more precise localization of the measurement position.  

The study is limited by the possible measurement errors related to the repeated 

selection of the measurement site as reported in the prior chapter, Chapter 2. A technical 

difficulty was keeping the protective plastic sleeve cover of the scanning probe away 

from the specimen during scanning while maintaining an appropriate working distance 

between the sample and the scanning probe. A probe adapter fabricated and described by 

Chan et al. (2016) would better secure the plastic cover during scanning, minimizing 

interference. One specimen was excluded from the analysis because the DEJ could not be 

traced in b-scans, either prior to or after the dental erosion challenge.   

This study tested flat enamel surfaces and simulated only a few aspects of ETW. 

Some relevant factors such as saliva and salivary pellicle were not reproduced and 

therefore the findings should be interpreted with caution. Despite these limitations, the 

results were very encouraging and provide further support for the use for CP-OCT for 

monitoring of erosive tooth wear lesions. Future work should consider investigating 

natural enamel surfaces and more clinically relevant conditions.   

In conclusion, the simulated changes in enamel thickness and surface 

micromorphology did not impact enamel thickness measurement by CP-OCT. CP-OCT 
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agreed well with micro-CT for enamel thickness measurements on eroded surfaces. CP-

OCT was able to differentiate the wear levels simulated in this study.  
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CHAPTER 4: IN VITRO LONGITUDINAL EVALUATION OF HUMAN ENAMEL 

WEAR USING CROSS-POLARIZATION OPTICAL COHERENCE 

TOMOGRAPHY 

4.1. Introduction 

Tooth wear is the irreversible loss of dental hard tissue of either physiological or 

pathological nature. The rate of pathological enamel loss varies considerably among 

individuals and depends on the nature of the underlying related wear mechanisms, 

whether abrasion, erosion, attrition or abfraction, combined or not (Kaidonis et al., 1998), 

and the degree of enamel wear resistance (Lambrechts et al.,1989). Therefore, tooth wear 

should be clinically monitored and controlled, preferably using objective methods.  

Among the available potential methods, optical coherence tomography (OCT) 

offers remarkable advantages, as it allows a quantitative analysis of enamel thickness to 

be performed at chairside. Additionally, OCT creates cross-sectional tomograms as well 

as 3D reconstructed enamel images non-invasively without X-ray ionizing radiation 

(Huang et al., 1991; Baumgartner et al., 2000; Fujimoto and Drexler, 2015). Those 

tomographic images enable dentin-enamel junction (DEJ) visualization, which can be 

used as a landmark, ruling out the need for intact enamel surface or artificially created 

reference areas or points for tooth wear measurement. This approach was first proposed 

and tested by Wilder-Smith et al. (2009) to evaluate enamel erosive tooth wear by 

endogenous acids, although further validation was deemed necessary. The performance 

of this method was also tested on eroded enamel surfaces in Chapter 2 and in Chan et al. 

(2013). However, these studies considered the simulation of severe dental erosion and use 
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of surface-flat enamel. Moreover, the capability of this approach to detect lower enamel 

wear rates has not been explored. 

The objectives of this study were to a) evaluate the accuracy of enamel thickness 

measurements performed by CP-OCT for enamel with natural, unpolished surfaces 

compared to measurements by micro-CT, and b) to evaluate the capability of CP-OCT to 

quantify the progression of enamel wear from enamel thickness and wear depth 

measurements, compared to micro-CT measurements. 

4.2. Methods 

4.2.1. Study design 

Human enamel specimens were submitted to five wear stages created by use of an 

automatic grinding and polishing machine and guided by digital micrometer specimen 

thickness measurements. Enamel thickness was evaluated by a trained analyst with CP-

OCT and the gold-standard method, micro-CT, at baseline (natural tooth surface), and 

after every wear stage. The capability of CP-OCT to measure the thickness of natural-

surface and worn-surface enamel and to differentiate the wear depths was assessed and 

compared to the gold-standard method. 

4.2.2. Natural-surface enamel specimen preparation  

Extracted intact human molars previously collected and stored in a tooth bank 

(IRB approval # NSO 911-07) were used to obtain the study’s specimens. Ten enamel 

slabs (4 mm × 4 mm × 2 mm) were cut from smooth surfaces of the molars using a low 

speed saw (IsoMet, Buehler, Lake Bluff, IL). Then, they were mounted on an acrylic 

polishing block with the dentin side facing upward and stabilized with sticky wax. The 

specimens’ dentin surface was flattened with #500 grit SiC paper (MDFuga, Struers) on 
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an automated grinding and polishing machine (Rotoforce-4, Struers Inc.) under running 

deionized (DI) water. An orientation notch for remounting and scanning was prepared on 

the center of the outer dentin edge using a round carbide bur in a low-speed handpiece. 

Specimens were then removed from the block, cleaned of wax and each stored 

individually in a closed labeled vial in humid conditions to prevent specimen 

dehydration. 

4.2.3. Wear stages  

The specimens’ enamel surface was reduced in five stages: Wear 1 (to flatten the 

enamel surface); Wear 2, 3, 4 and 5 (target wear depth: 0.05±0.02 mm for each stage). At 

each wear stage, the specimens were re-mounted on an acrylic polishing block with the 

enamel surface facing upward and stabilized with sticky wax. On the automated grinding 

and polishing machine, the enamel surface was reduced with #1200 SiC paper then 

polished with #2400 and #4000 grit SiC papers and finally with 1-µm diamond 

suspension on a polishing cloth. The grinding time was guided by target wear depth; thus, 

specimens’ thicknesses were measured with a digital micrometer indicator (Brown & 

Sharpe Digit-Dial Plus Indicator #599-1033) before, during and after the grinding 

procedure. Each sample thickness measurement with the digital micrometer was an 

average of two measurements. After grinding/polishing, the specimens were rinsed with 

DI water for 3 min, cleaned in an ultrasonic bath with a detergent solution for 3 min then 

rinsed with DI water for 3 min. Specimens were then removed from the mounting block, 

cleaned and stored as described in subsection 4.2.2.  

 

 



49 

4.2.4. Enamel thickness and wear depth evaluation with CP-OCT  

A cross-polarization OCT (CP-OCT) dental imaging device (Santec Inner Vision 

IVS-300-S-L-C; Santec Corp, Komaki, Japan) was used in this study to obtain and 

analyze cross-sectional images of the enamel. The device uses a swept source laser light 

at a center wavelength of 1310±30 nm,with a scan rate of 30 kHz. The device’s 

maximum lateral scanning area was 5 mm × 5 mm with axial and lateral resolutions (in 

air) of 12 µm and 30 µm, respectively. The range of axial imaging (in air) was > 5.6 mm 

and the depth of focus was 3 mm.  

The specimen to be scanned was gently air dried for 10 s then positioned under 

the sensor of the CP-OCT probe with the notch oriented toward the probe handle. In the 

scanning and analysis software (Inner Vision IVS-300, Santec Corp, Komaki, Japan), a 

3D scan (5 mm × 5 mm × 5.6 mm) was obtained for each specimen at refractive index = 

1.6 (Algarni et al., 2016). After scanning, the specimen was kept in the storage vial. 

For randomized and blinded analysis, specimen codes were generated and used to 

rename the 3D scans. From each 3D scan, the central b-scan in the Y direction was 

selected and saved to be evaluated for enamel thickness measurements. On the b-scan, 

three measurement positions were located at the half (b) and thirds (a and c) of the 

enamel width using a screen ruler (A ruler for windows v3.3.3) (Figure 4.1). Enamel 

thickness distance in mm (from DEJ to surface of the specimen) was measured at each of 

the three positions by measuring the distance between the depth of light intensity change 

at the enamel surface and the DEJ from each a-scan (Figure 4.1).  

CP-OCT scans were obtained and analyzed for enamel thickness measurement 

before wear (natural-surface enamel) and after every wear stage. The wear depth 
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measurement by CP-OCT was estimated by subtracting the enamel thickness 

measurement after each wear stage from Wear 1 measurement. 

4.2.5. Enamel thickness and wear depth evaluation with micro-CT  

An X-ray micro-computed tomography (micro-CT) scanner (Skyscan1172, 

Bruker microCT) was used as a gold-standard method to obtain cross-sectional images of 

the enamel. The specimens were scanned at 59 kV and 167 µA with 0.5 mm aluminum 

filter using medium binning mode and an image pixel size set at 5.88 µm (Algarni et al., 

2016).  

The scans were reconstructed on the reconstruction software (NRecon v1.7.3.1, 

Skyscan, Bruker microCT) using smoothing at 2, post alignment at -5, ring artifact 

correction at 20, beam hardening correction at 41, and the minimum and maximum 

attenuation coefficient values at 0 and 0.329744, respectively. 

The reconstructed scans were viewed on the associated software (DataViewer 

v1.5.6.2, Skyscan, Bruker microCT) to obtain the central X-Z image that corresponds to 

the CP-OCT b-scan position. To locate the central X-Z image, the reconstructed scan was 

viewed on the X-Y plane and oriented until the notch was facing the lower border of the 

viewer. Then, the screen ruler was used to locate half of the enamel width on the Y-axis. 

At the located point, the X-Z image was viewed and saved for enamel thickness 

measurement.  

Then, the saved X-Z image (8.817 mm × 3.527 mm) for each specimen was 

converted into a bitmap with a scale bar using the analysis software (CT analyzer 

v1.17.7.2+, Skyscan, Bruker microCT). Specimen codes were generated and used to 

rename the images for blinded and randomized analysis. 
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The coded images were opened in Image J (ImageJ 1.52a, NIH) for enamel 

thickness measurement. On the image, three measurement positions were located at the 

half (b) and thirds (a and c) of the enamel width using the screen ruler (A ruler for 

windows v3.3.3) (Figure 4.2). Enamel thickness distance in mm was measured at each of 

the three positions by measuring the distance between the enamel surface and DEJ using 

the straight line tool (Figure 4.2).  

Micro-CT images were obtained and analyzed for enamel thickness measurement 

before wear (natural-surface enamel) and after every wear stage. The wear depth 

measurement by micro-CT was estimated by subtracting the enamel thickness 

measurement after each wear stage from Wear 1 measurement. 

4.2.6. Statistical analysis 

Agreement between CP-OCT and micro-CT for thickness measurement of 

natural-surface enamel was evaluated using an intra-class correlation coefficient and the 

significance of the difference between the methods’ means. Agreements between the 

methods for thickness measurement of worn enamel and wear depth estimation were 

evaluated using intra-class correlation coefficients, the significance of the difference 

between the methods’ means, and Bland-Altman plots.  

The effects of wear stages on enamel thickness and wear depth measurements by 

micro-CT and CP-OCT were tested using ANOVA followed by pairwise comparisons. 

The ANOVA included a random effect to account for correlations among the three 

enamel positions within each specimen, and a repeated effect to account for the 

correlations among the wear stages. A 5% significance level was used for all the tests. 

Statistical analysis was performed with SAS 9.4 (SAS Institute Inc., Cary, N.C., USA). 
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Figure 4.1. CP-OCT b-scan (left) and a-scan (right) analysis for enamel thickness 
measurements. 

 

Figure 4.2. Micro-CT image analysis for enamel thickness measurements. 

 

 

4.3. Results 

3.3.1. Thickness measurement of natural-surface enamel by CP-OCT and Micro-CT 

The mean of enamel thickness measurements for natural surface enamel by CP-

OCT did not significantly differ from the mean measurements by micro-CT (p-value= 

0.30). There was excellent agreement between CP-OCT and micro-CT for thickness 

measurement of natural-surface enamel (ICC 0.98, Table 4.1). 
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4.3.2. Thickness measurement of worn enamel 

Following enamel wear, the mean of enamel thickness measurements by CP-OCT 

did not significantly differ from the mean measurements by micro-CT (p-value= 0.39). 

There was an excellent agreement between CP-OCT and micro-CT for thickness 

measurement of worn enamel (ICC 0.99, Table 4.1). A Bland-Altman plot (Figure 4.3) 

did not show a specific pattern of disagreement between the two methods and shows an 

agreement limit of approx. ± 0.10 mm. 

Among wear stages, there were significant differences in enamel thickness 

measurements between all wear stages for both methods, the micro-CT and CP-OCT (p-

value<0.0001 for all; Table 4.2).  

4.3.3. Wear depth estimation 

The estimated wear depth measurements at each wear stage compared to wear 1 

are presented in Table 4.2. There were significant differences in wear depths between all 

wear stages for both methods, the micro-CT and CP-OCT (p-value<0.0001 for all). The 

mean of wear depth measurements by CP-OCT did not significantly differ from the mean 

measurements by micro-CT (p-value= 0.87; Table 4.3). There was a good agreement 

between CP-OCT and micro-CT for wear depth estimation (ICC 0.77, Table 4.3). A 

Bland-Altman plot (Figure 4.4) did not show a specific pattern of disagreement between 

the two methods for wear depth estimation and shows agreement limits of approx. ± 0.12 

mm.
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Table 4.1. Enamel thickness (mean ± standard error and range, in mm) by CP-OCT and micro-CT obtained at baseline (natural 
surface) and following enamel wear. 

Enamel Thickness CP-OCT Micro-CT CP-OCT vs. micro-CT 

Mean±SE Range Mean±SE Range p-value ICC 

Natural surface 1.40±0.05 0.81-1.81 1.39±0.05 0.81-1.83 0.30 0.98 

Worn surface 1.08±0.02 0.38-1.64 1.09±0.02 0.35-1.71 0.39 0.99 
ICC, Intraclass Correlation Coefficient; SE, Standard Error 

 

Table 4.2. Comparison of enamel thickness measurements and wear depth measurements among wear stages. 

Wear stage 

CP-OCT Micro-CT 

Enamel Thickness Wear depth* Enamel Thickness Wear depth* 

Mean±SD Range Mean±SD Range Mean±SD Range Mean±SD Range 

Wear 1 1.19±0.28 a 0.56-1.64 --- --- 1.20±0.26 a 0.71-1.67 --- --- 

Wear 2 1.15±0.28 b 0.55-1.59 0.04±0.03 a -0.03-0.09 1.16±0.28 b 0.60-1.71 0.04±0.05 a -0.05-0.16 

Wear 3 1.09±0.27 c 0.53-1.58 0.10±0.03 b 0.03-0.16 1.09±0.27 c 0.53-1.57 0.10±0.05 b 0.02-0.23 

Wear 4 1.03±0.29 d 0.43-1.55 0.17±0.04 c 0.06-0.25 1.03±0.28 d 0.47-1.52 0.16±0.06 c 0.06-0.29 

Wear 5 0.95±0.27 e 0.38-1.42 0.24±0.03 d 0.19-0.32 0.96±0.28 e 0.35-1.51 0.24±0.05 d 0.16-0.41 
SD, Standard Deviation. The different uppercase letters within mean±SD column indicate significant difference (p-value<0.0001); * Enamel thickness subtracted 
from Wear 1
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Table 4.3. Mean ± standard error and range of wear depth measurements (estimated 
following Wear 2, 3 ,4 and 5) in mm by CP-OCT and micro-CT with a p-value of inter-
method measurements difference and intra-class correlation coefficient value. 

Wear depth 
CP-OCT Micro-CT CP-OCT vs. micro-CT 

Mean±SE Range Mean±SE Range p-value ICC 

Wear 2 to 
Wear 5 

0.14 ±0.01 -0.03-0.32 0.14±0.01 -0.05-0.41 0.87 0.77 

SE, Standard Error 

 

 

Figure 4.3. Bland-Altman plot representing the mean (in X-axis) and the difference (in 
Y-axis) between micro-CT and CP-OCT enamel thickness measurements pairs. 
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Figure 4.4. Bland-Altman plot representing the mean (in X-axis) and the difference (in 
Y-axis) between micro-CT and CP-OCT wear depth measurements pairs. 

 

4.4. Discussion 

In the present in vitro study, I evaluated the effect of natural and worn enamel 

surfaces on enamel thickness measurements by CP-OCT, and assessed the capability of 

CP-OCT to monitor simulated incremental enamel wear.  

As the DEJ landmark was identified in all CP-OCT scans, I was able to obtain 

measurements in all specimens with natural surface enamel. CP-OCT also allowed us to 

identify a wide range of enamel thicknesses, ranging from 0.81 mm to as high as 1.81 

mm.  

CP-OCT measurements of enamel thickness with natural unpolished surface 

agreed very well with the measurements by micro-CT. Both methods yielded nearly 

similar measurement means and they exhibited an excellent ICC value. My findings also 
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support the fact that the optical penetration of cross-polarization images of polarization-

sensitive OCT device is unaffected by surface topography of the tooth, which is in 

agreement with Jones et al. (2006). My results indicate that natural enamel surface did 

not impact the enamel thickness measurement by CP-OCT and support the use of CP-

OCT for an accurate baseline evaluation of enamel thickness.  

OCT along with ultrasonography are in vivo non-invasive imaging technologies 

that work by the same principle of utilizing non-ionizing radiation (light and sound, 

respectively) and by analyzing the back-reflected waves from the examined tissues to 

construct structural images. Their ability to determine enamel thickness has shown to be 

encouraging. Ultrasound measurements of enamel thickness showed an excellent 

agreement with histology (ICC of 0.97, Bland-Altman plot limits of agreement from -

0.17 to 0.21 mm) (Sindi et al., 2015). However, the curvature of the natural enamel 

surface and the DEJ, whether on occlusal or smooth surfaces of teeth, pose a challenge in 

ultrasound probe positioning and imaging (Huysmans and Thijssen, 2000, Louwerse et 

al., 2004, Tagtekin et al., 2005; Hughes et al., 2009; Sindi et al, 2015).  

On the other hand, my study shows that the natural curvature in the smooth 

surfaces of molars did not affect the measurements by CP-OCT.  

CP-OCT also allowed enamel thickness measurement after wear simulation. I 

were able to measure the thickness in all worn specimens, ranging from 0.38 to 1.64 mm. 

These findings are consistent with the findings obtained for sound flattened enamel 

(Algarni et al., 2016). There was an excellent agreement between the thickness 

measurements of worn enamel by CP-OCT and the measurements by the gold-standard 

method. Based on the inter-method agreement analysis, the performance of CP-OCT in 
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the current study for enamel thickness measurement seems to be superior to the co-

polarization OCT imaging reported in a previous study (Algarni et al., 2016). The 

difference in mean measurements was significant between co-polarization OCT and 

micro-CT (0.06±0.02 mm; ICC of 0.95) (Algarni et al., 2016), whereas the difference 

was not significant between standard method and CP-OCT in the current study 

(0.01±0.01 mm, ICC of 0.95).  

CP-OCT was able to monitor enamel thickness along the five stages, as the 

measurements were decreasing with wear progression. Also, CP-OCT was able to 

differentiate the thickness at each wear stage from the other stages as exhibited by 

significant differences in measurements among wear stages, which was comparable to the 

micro-CT findings (Table 4.2).  

The magnitude of incremental wear I created in this study allowed us to evaluate 

the ability of the CP-OCT to detect the small wear changes. The CP-OCT wear depth 

measurements were comparable to the measurements by micro-CT, which ranged from 

0.04±0.03 mm to 0.24±0.03 mm. This similarity in measurements between the two 

methods was also evidenced by the good inter-method agreement (ICC of 0.77). The 

significant differences I found in CP-OCT wear depth measurements among and between 

the wear stages indicate that CP-OCT allowed differentiation of small changes in wear 

depth between each wear stage. Despite the accurate measurements by CP-OCT, the 

method presented low measurement precision for wear depth measurements compared to 

micro-CT, as depicted from the limits of agreement (approximately ±0.12 mm) in the 

Bland-Altman plot (Figure 4.4). 
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There is limited information on the ability of OCT to quantify enamel thickness 

changes by wear smaller than 0.1 mm. Kim et al. (2017) used OCT as a gold-standard to 

evaluate QLF’s ability to measure occlusal enamel thickness measured every 100 µm. 

Oguro et al. (2016) used OCT to measure enamel thickness of labial surfaces of incisors 

following serial enamel trimming by approximately 100 µm for evaluation of enamel 

thickness effect on the tooth color. Because OCT performance was not the main focus in 

these studies, there was no information on the challenges encountered or the limitations 

observed with enamel thickness measurement by OCT. 

In the current study, I demonstrated that using the DEJ on an OCT image as a 

reference is a suitable approach for quantifying and monitoring enamel thickness 

changes. This method involves scanning the area directly on the tooth, thus it eliminates 

the problem of dimensional changes with impressions in an indirect tooth wear analysis 

(Rodriguez and Bartlett, 2011). The CP-OCT results in my study compared well with 

micro-CT, the most appropriate non-destructive method available to date for enamel 

thickness measurement. This method allows the output 2D images to be viewed on any 

plane from a 3D image, like viewing and obtaining OCT b-scans. Micro-CT was used for 

the same purpose in many in vitro studies focusing on clinical and anthropological 

applications (Suwa and Kono, 2005; Olejniczak and Grine, 2005; Olejniczak and Grine, 

2006; Algarni et al., 2016). It is noteworthy that the wear depth measurements utilizing 

CP-OCT exhibited lower variability than those with micro-CT, which can be interpreted 

as a superior performance of CP-OCT for wear depth estimation. A possible source of 

discrepancy in measurements for both micro-CT and CP-OCT may be errors in the 

localization of the measurement position and the DEJ landmark, as noted in Chapter 2.  
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This study evaluated the performance of CP-OCT on smooth surfaces of molars; 

thus, the results can be projected clinically to the accessible smooth surfaces of teeth 

only. It is still necessary to verify that results would be similar on more complicated 

topographies, such as the occlusal and incisal tooth surfaces. Besides, it is still not known 

whether the change in the probe angulation, which may be necessary for scanning lingual 

surfaces of teeth, would affect the quality of the scans and measurements. Since I have 

tested the performance CP-OCT under a controlled specimen hydration condition, the 

degree of teeth hydration is another aspect that need to be evaluated to ensure the 

usefulness of the method in the variable hydration environment intraorally. It was evident 

from the previous studies that enamel surface roughening with the silicon carbide 

grinding papers (Chapter 2) and pumice prophylaxis (Ravichandran et al., 2019) did not 

affect the CP-OCT enamel thickness measurement. Further testing involving enamel 

wear combined with other intra-oral aspects, such as dental pellicle, on the clinical 

monitoring of ETW by CP-OCT would allow the better understanding of this method’s 

capabilities and limitations.  

The performance of the tested method indicates that it can be a viable option to 

clinically monitor enamel wear longitudinally for patients at high risk of tooth wear. 

In conclusion, CP-OCT allows accurate measurement of enamel thickness on 

natural tooth surfaces. Enamel thickness measurement by CP-OCT allows quantitative 

monitoring of enamel thickness changes and wear depth following progressive wear.  
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS 

My long-term goal is to develop an objective method for the clinical assessment 

and monitoring of ETW. Most of the available methods rely on the comparison between 

the lesion area and the surrounding sound tooth surface. However, ensuring a stable 

surface reference point for long term assessment in a non-invasive manner is nonviable 

because progressing ETW lesions become broader and deeper, and the entire surface of 

the tooth may become affected at advanced stages. In addition, the poorly defined borders 

of the lesions make initial identification of intact surfaces difficult, especially in their 

early stages. The approach proposed in this project can indeed overcome this issue 

because it employs the DEJ as a reference point for measuring the enamel thickness, thus 

serving as a consistent measurement landmark over time (Wilder-Smith et al., 2009; 

Chan et al., 2013). To ensure the usefulness of this approach, I evaluated the influence of 

different enamel surface micromorphologies and different depths of ETW on CP-OCT 

enamel thickness measurements in addition to the method’s ability to monitor 

progressing lesions over time.  

In Chapter 2, I tested the ability of CP-OCT to estimate and monitor surface loss 

of enamel with varying degrees of surface roughness following 1, 2, 4, 6, 8, 16 and 24 h 

of dental erosion. The accuracy of the method was evaluated using measurements by 

optical profilometry, a highly sensitive gold standard laboratory method for measuring 

enamel surface loss. CP-OCT performed equally in all degrees of surface roughness, 

from very rough to smooth enamel surfaces. However, the method did not allow reliable 

detection of enamel surface loss of less than ~70 µm, which was smaller than the 

estimated error of the measurement method. Another drawback observed in this study 
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was the lack of visualization of the DEJ in some scans, as noted also by Chan et al. 

(2013). On the other hand, the enamel thickness measurement method using CP-OCT 

was repeatable, as shown from the results on intra-examiner repeatability. 

In Chapter 3, I demonstrated the ability of CP-OCT to quantify enamel thickness 

in the presence and absence of clinically-relevant surface erosion at different degrees of 

enamel surface roughness and wear depths. Its capability to quantify enamel thickness 

following dental erosion was further supported by the high agreement with the 

measurements by micro-CT. In addition, I showed the ability of this approach to 

differentiate enamel wear depth of approximately 300 µm and 500 µm under the 

simulated enamel surface erosion, roughness, and wear conditions. In this study, the 

ability of the CP-OCT to show the DEJ was superior to its performance observed in 

Chapter 2 and in the study by Chan et al. (2013), where prolonged dental erosion 

challenges were carried out. Thus, it can be inferred that CP-OCT allows the 

measurement of enamel thickness in sound enamel and also on enamel exposed to a 

clinically relevant dental erosion challenge. However, the device’s ability to reveal the 

DEJ landmark for enamel thickness measurement becomes unpredictable following 1 h 

of dental erosion.  

The Chapter 4 study demonstrated the ability of CP-OCT to quantify enamel 

thickness on the natural surface for the first time. Also, the ability of CP-OCT to identify 

wear depths demonstrated in Chapter 3 was further explored in the Chapter 4 study by 

evaluating its ability to differentiate wear depths of at least 50 µm, which has not been 

explored before. The accuracy of the enamel thickness and wear depth measurements by 

CP-OCT was evaluated and supported using measurements by micro-CT, a sensitive, 
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non-destructive gold standard method for in vitro enamel thickness determination (see the 

Appendix). From the results of Chapter 4, I suggest that CP-OCT can be an accurate and 

usable clinical method to measure and monitor enamel thickness in curved smooth 

enamel surface undergoing progressive wear.  

Based on what I have learned from the results of this project, CP-OCT offers 

remarkable clinical applications. Using this method, monitoring enamel thickness 

undergoing ETW can be achieved with high accuracy (Chapters 2 and 4) and 

repeatability (Chapter 2). Additionally, the method allowed estimation of enamel 

thickness loss of more than 50 µm. ETW assessment using this method can conveniently 

be performed chairside without the hassle of taking impressions, fabricating study 

models, and analyzing and storing them for follow-up comparisons. The CP-OCT method 

is particularly helpful for longitudinal evaluation of teeth in patients at a high risk of 

developing ETW, such as those suffering from exposure of teeth to gastric acids due to 

gastroesophageal reflux disease (GERD) or eating disorders. In high-risk groups, tooth 

surfaces can lose from approximately 80-160 µm per year (Bartlett et al., 1997) to as high 

as 217 µm over a 6-month period as reported in one case by Rodriguez et al. (2012). For 

that, CP-OCT could provide a practical and meticulous assessment method of enamel 

loss clinically on a regular basis for patients at high ETW risk.  

This dissertation expands the knowledge of the capabilities and limitations of CP-

OCT for measuring enamel loss and monitoring ETW. I expect it to positively impact the 

oral healthcare field by providing a scientific basis for CP-OCT use to objectively 

monitor ETW in clinical studies and clinical practice. 
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In this project, I proposed and explored the use of an advanced dental OCT 

system (CP-OCT) for enamel thickness measurement and surface loss/wear depth 

estimation to objectively quantify and monitor ETW. I simulated the conditions of ETW 

in vitro to test the effects of dental erosion severities, surface roughness, wear degrees, 

and curvature of natural tooth surface under controlled conditions. From my findings, I 

can conclude the following: 

Chapter 2: Enamel surface roughness, in the presence of dental erosion 

demineralization, did not affect enamel surface loss estimation by CP-OCT. CP-OCT 

allowed repeatable enamel surface loss estimation for the majority of specimens during 

and following prolonged progressive dental erosion challenges from 1 h to 24 h. 

However, CP-OCT’s ability to quantify the surface loss was dictated by its ability to 

show the DEJ in the scans for enamel thickness measurement, which was unpredictable. 

Moreover, the method’s measurement error substantially limits the accurate estimation of 

dental erosion enamel surface loss of less than 70 µm. 

Chapter 3: Enamel surface roughness and the presence of dental erosion did not 

affect enamel thickness measurements by CP-OCT. CP-OCT allowed enamel thickness 

determination equally on either thinner or thicker enamel (eroded for 10 min or non-

eroded). It also differentiated the simulated enamel wear levels. 

Chapter 4: CP-OCT accurately allowed thickness measurement of enamel with 

either a natural- or worn-surface. It also allowed monitoring of enamel thickness and 

estimation of wear depths following simulated wear. 
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APPENDIX 

Table A.1. Methods for enamel thickness measurement  

Method Example studies Advantages Disadvantages 

Radiography 
(periapical, 

bitewing and 
lateral) 

 

Alvesalo and 
Tammisalo, 
1981(1); Stroud 
et al., 1994 (2); 
Harris and Hicks, 
1998 (3); Grine et 
al., 2001(4); Ang 
et al., 2017 (5) 

 Non-destructive 
 In vivo and in vitro imaging  
 Readily available for routine dental exam 
 

 Provide only 2D representation of tooth (6) 
 limited accuracy (4) 
 Ionizing radiation exposure (6)  
 Image size/shape distortion (7) and angulation 

issues (5) 

Optical coherence 
tomography 

(OCT) 

 

Wilder-Smith et 
al., 2009 (8); 
Chan et al., 2013 
(9); Algarni et al., 
2016 (10); 
Machoy et al., 
2018 (11); 
Alghilan et al., 
2019 (12) 

 Non-destructive 
 In vivo and in vitro imaging 
 No ionizing radiation used 
 Real-time 1D, 2D, and 3D imaging 
 Highly agreed with histology and Micro-CT 

(10) 
 High sensitivity 
 Portable 
 Low cost (6) 

 Small scanning area (few millimeters) and limited 
penetration depth (3 mm) (6) 

 Not widely commercially available (13) 

Computed 
tomography (CT) 

 

Grine, 1991(14); 
Spoor et al., 1993 
(15) 

 Non-destructive 
 In vivo and in vitro imaging 
 Provide axial cross-sectional scans, which can 

be viewed in axial, sagittal and coronal planes 
(16) 

 3D images can be generated using computer 
programs (16) 

 Ionizing radiation exposure  
 Not indicated for routine dental care 
 Inaccurate measurement of enamel thickness due to 

limited spatial resolution (14) 
 Thin enamel cannot be visualized and measured (14, 

15, 17)  
 High cost 
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Cone beam 
computed 

tomography 
(CBCT) 

 

Brokos et al., 
2015 (18) 

 Non-destructive 
 In vivo and in vitro imaging 
 Provides 2D, and 3D images viewed from any 

plane (16) 
 Lower radiation dose and cost than 

conventional CT (16) 
 Better hard tissues resolution than conventional 

CT (18) 
 Comparable to Micro-CT for volumetric 

measurement and dentin thickness (19-21) 
 Availability in many dental clinics (18) 

 Ionizing radiation exposure  
 Not indicated for routine dental care 
 Image sharpness affected by patient motion 

(heartbeat and breathing) and partial-volume effect 
artifact (18, 22) 

 High cost 

X-ray Micro-
computed 

tomography 
(Micro-CT) 

Sua and Kono, 
2005 (23); 
Olejniczak and 
Grine, 2005 (24); 
Olejniczak and 
Grine, 2006 (17); 
Algarni et al., 
2016 (10) 

 Non-destructive 
 In vivo for small animals and in vitro imaging 

(25) 
 Provides 2D, and 3D images with high 

resolution (25) 
 Allow accurate enamel thickness measurement 

(24) 
 Allows detecting very small changes in enamel 

volume (25) 
 Faster processing time than histological 

methods (25) 

 For human teeth, available only for in vitro 
evaluation 

 Ionizing radiation exposure 
 Difficulty in visualizing very thin enamel areas (less 

than 0.01mm) in raw Micro-CT images of highly 
mineralized teeth (17) 

Ultrasonography 

 

Barber and 
Lobene, 1969 
(26); Ng et al., 
1989 (27); 
Huysmans and 
Thijssen, 2000 
(28); Louwerse et 
al., 2004 (29); 
Tagtekin et al., 
2005 (30); 
Dwyer-Joyce et 

 Non-destructive 
 In vivo and in vitro imaging 
 No ionizing radiation used 
 Real-time 1D, 2D, and 3D imaging 
 Highly agreed with histology (35)  
 Portable 

 Produce unreliable measurements in curved enamel 
surfaces (35) and thin enamel of less than or about 
0.5 mm thick (28)  

 Can not reliably detect enamel changes less than 
0.12 mm (33) or even less than 0.33 mm (29)  

 Difficult repositioning of the probe causes poor 
measurement repeatability (28, 29, 33) 

 Large beam diameter cause uncertainty in the 
measurement position (26) 
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al., 2010 (31); 
Harput et al., 
2011 (32); Slak et 
al., 2011 (33); 
Sindi et al., 2014 
(34); Sindi et al., 
2015 (35) 

 Require a coupling medium and contact between the 
transducer tip and tooth surface (28, 30) 

 Probe may slightly displaced on enamel covered 
with coupling agent, which cause measurement 
variability (28, 33)  

 Necessitate moving the probe several times until a 
satisfactory waveform is obtained (30, 31) 

 Ultrasonic velocity is affected by enamel prism 
orientation (27, 32, 33) 

 Probe’s angulation, deviation from perpendicular 
position, causes unknown measurement variation 
(29) and loss of DEJ signal (31) 

 Weak echo signal in areas with curved DEJ as 
incisal surface (34) 

Micrograph or 
macrophotograph 
of physical cross-

section 

 

Olejniczak and 
Grine, 2006 (17); 
Smith et al., 2006 
(36); Mahoney et 
al., 2010 (37) 
 

 Allow accurate enamel thickness measurement 
in a particular section (17) 

 Data on enamel thickness using histology are 
widely available (36) 

 Destructive and causes irreversible damage (17) 
 Does not allow longitudinal monitoring of the 

examined tooth area (38) 
 Provide only 2D image (25, 37) 
 Only for in vitro evaluation 
 Difficult to precisely locate and obtain the section of 

a specific site (39)  
 Small details in specimen may be lost during 

processing of the cut site (39, 40) 
 High chance of loosing the specimens during 

sectioning process (41), thus using the method for 
studies may require large number of samples 

 Require sample processing, which is time 
consuming (40) 

1.(Alvesalo and Tammisalo, 1981); 2.(Stroud et al., 1994); 3.(Harris and Hicks, 1998); 4.(Grine et al., 2001); 5.(Ang et al., 2017); 6.(Hsieh et al., 2013); 
7.(White and Pharoah, 2004); 8.(Wilder-Smith et al., 2009); 9.(Chan et al., 2013); 10.(Algarni et al., 2016); 11.(Machoy et al., 2018); 12.(Alghilan et al., 2019); 
13.(Katkar et al., 2018); 14.(Grine, 1991); 15.(Spoor et al., 1993); 16.(Frederiksen, 2004); 17.(Olejniczak and Grine, 2006); 18.(Brokos et al., 2015); 19.(Wang 
et al., 2011); 20.(Maret et al., 2010); 21.(Xu et al., 2017);  22.(Ye et al., 2012); 23.(Suwa and Kono, 2005); 24. (Olejniczak and Grine, 2005); 25.(Dong et al., 
2014); 26.(Barber et al., 1969); 27.(Ng et al., 1989); 28.(Huysmans and Thijssen, 2000); 29.(Louwerse et al., 2004); 30.(Tagtekin et al., 2005); 31.(Dwyer-Joyce 
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et al., 2010); 32.(Harput et al., 2011); 33.(Slak et al., 2011); 34.(Sindi et al., 2014) 35.(Sindi et al., 2015); 36.(Smith et al., 2006); 37.(Mahoney, 2010); 
38.(Soviero et al., 2012); 39.(Huysmans and Longbottom, 2004); 40.(Ricketts et al., 1998); 41.(Rhodes et al., 1999) 
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