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Sarah Sultan A. Alangari
A NOVEL APPROACH TO AESTHETICALLY TREAT ARRESTED CARIES

LESIONS

In this thesis, we proposed and investigated the efficacy and safety of dental bleaching as
a non-invasive aesthetic treatment option for stained arrested caries lesions (s-ACLs).
Chapter 1 reports the suitability of this approach in extracted human teeth, as well as in a
selected clinical case. Visual improvement in the color lighteness of the s-ACLs was
observed and reported in photographs. In order to systematically study the impact of
dental bleaching on the s-ACLs, we developed in vitro models simulating the
development of metallic and non-metallic s-ACLs (Chapter 2). Human dental specimens
were submitted to incipient caries-like lesion formation, followed by a 5-day cycling
protocol based on remineralization and staining episodes. The created lesions were then
bleached (simulating in-office/40% hydrogen peroxide). Color change was measured
spectrophotometrically at baseline, after lesion creation, staining/remineralization cycling
and bleaching; while mineral loss and lesion depth were quantified by transversal
microradiography after staining/remineralization cycling. Metallic s-ACLs were darker,
more remineralized and more difficult to bleach, compared to the non-metallic ones
(p<0.05). In Chapter 3, we tested the efficacy and safety of different dental bleaching
systems (simulating at-home/15% carbamide peroxide and in-office/40% hydrogen
peroxide) using the in vitro models previously developed. Similar methods and outcomes
were used, with the addition of demineralization after bleaching to simulate and test

changes in caries susceptibility. At-home bleaching showed greater efficacy in color



improvement compared to in-office (p<0.05), but also increased susceptibility to further
demineralization (p<0.05), regardless of the type of stain. Overall, bleached non-metallic
s-ACLs were more susceptible to demineralization compared to metallic ones (p<0.05).
Within the limited laboratory testing conditions, we concluded that dental bleaching can
improve the aesthetics of s-ACLs, with efficacy being dependent on the nature of the
stain. At-home bleaching presented greater efficacy, but also raised some potential safety
concerns, which should be further investigated in clinical conditions. In-office bleaching
protocol showed to be an effective and safe procedure for the aesthetic treatment of

stained arrested caries lesions.

Anderson T. Hara, DDS, MS, PhD, Chair
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GENERAL INTRODUCTION

During the last decades, aesthetic dental treatments have been highly prevalent in clinical
practice [1]. With the improvements in diagnostic tools and dental materials conservative
therapeutic approaches have been established. This has directed the clinician's attention to
minimal invasive and conservative treatment strategies [2]. Active caries lesions can be
arrested by preventive measures, including different remineralizing techniques and
materials such as fluoride [3-5]. However, during remineralization stains are likely to
incorporate within the caries lesion, which may potentially result in a noticeable and

unaesthetic dark discolored lesion [6, 7].

The standard aesthetic treatment to manage stained arrested caries lesions (s-ACLs)

usually involves surgical intervention [1, 8, 9]. This is concerning, as patients nowadays
have a better perception of aesthetic dental care, demanding treatments with optimum
health and function along with improved aesthetics [1, 10]. Therefore, a sensible strategy
is to start with the least invasive approach and progress to the most invasive one, as

needed.

Bleaching has been one of the most common non-invasive treatments for discolored teeth
since it has been shown to be effective, predictable and economical [11]. In this respect,
it eliminates discolorations, minimizes unnecessary surgical treatment and reduces the
possibility of iatrogeny. Therefore, we consider it to be an advantageous option to treat

darkly s-ACLs.



There is a need, however, to establish and test this novel approach before adopting it

to treat s-ACLs clinically. In this thesis we aimed to evaluate the efficacy and safety of
the proposed approach, by assessing its effects on the physical properties and
demineralization susceptibility of s-ACLs artificially created in vitro. Our hypothesis was
that bleaching systems would improve the esthetics of s-ACLs. The hypothesis has been
formulated on the basis of preliminary laboratory/clinical data, showing that carbamide
peroxide and hydrogen peroxide gels can substantially improve the aesthetics of ACLs.
The hypothesis was tested by pursuing three specific aims, each related to each of the

three chapters of this thesis.

* Specific Aim 1: to report and present the efficacy of a conservative
approach for the treatment of s-ACL, based on the use of dental bleaching
systems on both naturally stained ACL in extracted teeth as well as in a

clinical case (Chapter 1).

* Specific Aim 2: to develop laboratory models, utilizing a modified pH-
cycling model (based on demineralization/remineralization episodes) to create
remineralized stained caries-like lesions, based on metallic/non-metallic stains,
and to test the efficacy of bleaching on the aesthetic treatment of the created

lesions by evaluating color change and mineral content (Chapter 2).

* Specific Aim 3: to evaluate the efficacy of different bleaching systems on

artifically created remineralized-stained caries-like lesions utilizing different



stain types and to assess the susceptibility of the treated lesions to further

demineralization by evaluating color change and mineral content (Chapter 3).



CHAPTER ONE

A Conservative Approach to Aesthetically Treat Stained Arrested Caries Lesions

Summary

Aesthetic treatment of stained arrested caries lesions (ACLs) has mostly been done using
invasive restorative techniques. The aim of this paper was to propose and report the
efficacy of a conservative approach based on dental bleaching to esthetically treat these
lesions, both experimentally (extracted teeth) and clinically. In part one, ten extracted
human teeth with stained ACLs in either pits and fissures or smooth surface were selected
and treated with 15 % carbamide peroxide gel, 4 h per day, for a total of six days. Part
two reports a clinical case of pit and fissure stained ACLs in four posterior teeth, which
were treated with 40 % hydrogen peroxide in-office bleaching. Digital photographs were
taken in both parts to document the efficacy of the treatment. The lesions showed
noticeable increase in color lightness indicating the efficacy and suitability of the
proposed approach. By using the conservative clinical technique presented, the aesthetics
of most stained ACLs could be improved, eliminating the need of invasive restorative

treatments.



Introduction

During the last decades, aesthetic dental care has been one of the most prevalent

treatments in clinical practice. Patients nowadays demand treatments with not only

optimum health and function but also improved aesthetics.' In this regard, advances in
dental materials and diagnostic technologies have improved leading to conservative
treatment strategies, emphasizing minimally invasive and cost-effective treatments.”
Incipient caries lesions can be conservatively treated using different remineralizing

agents. Arrested caries lesions (ACL), on the other hand, are remineralized lesions that are
no longer active, presenting highly mineralized surfaces,’ along with a frequent and
undesirable dark discoloration, due to pigment incorporation during the remineralization

process. This scenario may cause some patients to psychologically refuse the unaesthetic

appearance of the dark ACL,' commonly managed by surgical intervention.*

To satisfy the aesthetic demand when dealing with ACL, a sensible strategy is to consider
treatment options from the least to the most invasive ones. Bleaching has been considered
the first line of treatment for discolored natural teeth since it is non-invasive, effective,
predictable and cost-effective.” Moreover, dental bleaching does not exacerbate the
mineral loss of existing caries lesions.®’ In this respect, we propose bleaching to be a
suitable and advantageous option to aesthetically treat stained ACL. If successful, this
approach may eliminate the need for more invasive aesthetic surgical treatments. In this
report, we present the efficacy of dental bleaching systems to improve the color of stained

ACL in extracted teeth (Part 1), as well as in a clinical case (Part 2).



Report

Part 1, Laboratory experiment

Ten previously extracted permanent human teeth with darkly-stained ACLs were chosen.
They were stored in 0.1 % thymol (Thymol; Sigma-Aldrich Corporate, St Louis, USA) at
4 °C in a refrigerator (Kenmore; Whirlpool, Michigan, USA) and obtained after local
institutional review board approval (Indiana University IRB # NSO 911-07). ACLs were
divided based on the surface of interest into pit and fissure (5 teeth) and smooth surface (5
teeth). Baseline images of the ACLs were captured by a digital camera (Nikon D3100;
Nikon, Tokyo, Japan), under controlled light conditions and saved in JPG format.
According to the manufacturer instructions, 15 % carbamide peroxide (Opalescence PF;
Ultradent Products, Utah, USA) was applied (0.5 — 1.0 mm thick layer) on the stained
surface and pit and fissures, and kept for 4 h per day. This procedure was performed for a
period of six consecutive days (Figures 1.1 and 1.2). After each bleaching treatment,
specimens were rinsed with running deionized water for 1 min and blotted-dried. During
and after treatment, teeth were stored at 37 °C with an approximately 100 % relative

humidity.

Part 2, Clinical case report

A 31-year-old medically fit female patient was seen at the Department of Cariology,

Operative Dentistry and Dental Public Health, at Indiana University School of Dentistry.



The patient signed a written informed consent prior to screening and received oral soft

and hard tissue examinations.

The patient reported dissatisfaction about her generalized yellowish teeth, along with the
dark discoloration of ACLs present in the pits and fissures of her left maxillary and right
mandibular 1 molars and 2™ premolars. In order to register the severity of the ACLs,
they were classified using the International Caries Detection and Assessment System
(ICDAS; grading details at: https://www.icdas.org).® Baseline scores ranged from 2 to 4

(Figure 1.3).

Focusing on the least invasive approach, treatment options for the pits and fissures were
discussed, including bleaching or minimally invasive composite restorations. The patient
indicated the desire to remove the discoloration, but declined any procedure that included
tooth preparation. After explanation of potential risks and benefits of treatment options,
the patient chose to perform in-office bleaching on her upper and lower yellowish stained

teeth (anteriors and premolars), as well as on the discolored pits and fissures of the left

maxillary and right mandibular 1* molars and 2™ premolars.

Teeth were cleaned with pumice (Pumice Preppies; Whip Mix Corporate, Kentucky,
USA), air-dried and initial digital photographs were taken. 40 % hydrogen peroxide
(Opalescence Boost; Ultradent Products, Utah, USA) was applied on the upper and lower
teeth along with the discolored pits and fissures for 20 min, removed, and then applied

again for another 20 min, and finally rinsed with water. After the second application, the



patient reported temporomandibular joint discomfort (due to the long chair-treatment
time) along with mild sensitivity associated with the upper and lower incisors. No
sensitivity was reported on the posterior teeth. The patient was satisfied with the overall
whitening result and did not want to do a third cycle of bleaching. At the end of Parts 1
and 2, all teeth were photographed and re-evaluated. Figures 1.1, 1.2 and 1.3 show the

visual improvement in color along with the ICDAS scores, for reference.

Discussion

Arrested carious lesions may present dark discoloration, but are otherwise inactive and

require no surgical treatment unless they affect form, function and aesthetics.’

Discoloration can be due to the presence of trapped organic debris and metallic ions
within the tooth structure, amino-acids released during proteolysis processes and food
pigments uptake from the oral environment.'® Studies have suggested that the blackish
discoloration, in particular, results from the presence of ferric sulfide, a byproduct from

the reaction between iron present in saliva or gingival fluid and hydrogen sulfide formed

by bacteria.'""'* To the authors’ knowledge, the present report is the first attempt to
aesthetically treat stained ACL by using dental bleaching systems. Part 1 (extracted teeth)
employed a home bleaching agent based on a 15 % carbamide peroxide gel. There was a
visual color improvement in most of the ACLs (Figures 1.1 and 1.2). The relatively low
concentration of carbamide peroxide used required relatively long periods of contact with

the tooth structure to be effective.



Based on these promising results of Part 1, and also on the wealthy of knowledge in the
literature regarding the safety of dental bleaching procedures, this technique was
applied in a selected clinical case. Higher concentration of bleaching agent (40 %

hydrogen peroxide) was used, according to a standard in-office bleaching protocol.

This approach was considered primarily because the patient demanded fast bleaching
results. In addition, it has the advantage of being site specific, prevents accidental gel
ingestion, and avoids the discomfort associated with wearing trays.'® After the second
bleaching cycle (total of 40 min of application) the patient was satisfied with the overall
bleaching results, and refused additional bleaching. It is possible that a third cycle
specifically on the pits and fissures could potentially lead to further improvement of the

color lightness.

The conservative approach showed notable visual color improvement in most of the
ACLs in extracted teeth, and also clinically. Interestingly, this remarkable improvement
in aesthetics also changed most of the baseline ICDAS scores, from one to three units
toward a less extensive caries lesion code. It is noteworthy to mention that ICDAS is
used for classification and assessment of caries progression, and not primarily intended
for the assessment of color changes in the caries lesion, although lesion color is an
important component of the visual examination. As an example, the ICDAS score for
Sample S5 (Figure 1.1) was 4 at baseline and changed to 1 after bleaching. It is
reasonable to assume that some dentists would surgically remove and restore the lesion

at the baseline state.



Despite differences on treatments philosophies (whether to ‘open’ and restore or not),
bleaching that particular lesion could directly affect the treatment decision, as not many
dentists would surgically treat the same tooth after bleaching, based on color assessment.
Cavitated lesions (ICDAS codes 3-6), on the other hand, may improve in color lightness

after bleaching, yet their ICDAS scores will remain unchanged.

The results of this report show that the proposed procedure, although very useful from an
aesthetic standpoint, may have potential implications on the use of ICDAS as a tool to
monitor the progression/arrest of caries lesions. Further speculating, bleaching stained
lesions may also negatively affect the ability of caries detection methods to distinguish

sound from affected enamel (brown spot/ white spot lesions), especially those based on

light excitation wavelengths differentiation such as fluorescence spectroscopy.'*

The color change during the bleaching treatment is related to the oxidative free radicals as
they break the double bonds of the chromophore molecules,'” alter their configurations
and subsequently, change their optical properties.' This results in an improved color
lightness that gradually blends with the surrounding tooth color. The color improvement
seemed to be more noticeable in orange/brown discolorations compared to the dark
brown/black ones. The different response of stains to bleaching agents, might be
explained by the different stain history of each tooth (type, depth), therefore, the

bleaching agent may not be as efficacious in different stained lesions.

10



Even if the final desired esthetic result is not achieved, the need for tissue removal would
be less extensive resulting in a minimized restoration. In such case, immediate resin

bonding to the bleached surface should be carefully considered, as it may reduce the

restoration bonding strength'® due to resin polymerization inhibition.'”'®

Despite the aesthetic benefits, bleaching may also cause changes in the morphological

structure of the inactive lesion, increasing its surface roughness'® and possibly making it

more prone for plaque accumulation. In such circumstances, there may be a potential risk
for reactivation and progression of the caries lesion.”” Therefore, implementation of

preventive measures based on topical fluoride application may be necessary.*’ Other

measures involving the use of sealants and resin infiltration, a technique that consists of

filling/sealing the porosities present in the caries lesion,?' can also be considered.?!

However, a similar concern on the potential polymerization inhibition, as mentioned

above, also applies to these resin-based materials deserving further investigation.

In conclusion, dental bleaching showed to be a promising conservative and cost effective

aesthetic treatment for stained arrested caries lesions. Clinicians should carefully consider

selecting appropriate cases based on safety and effectiveness.

11



Figure 1.1: Color improvement of arrested caries lesions (pit and fissure) treated

with 15 % carbamide peroxide bleaching agent at baseline, day 2 and day 6.

Sample Baseline Day 2 5 Day 6

S1

S2

S3

S4

S5

*ICDAS score: 0: Sound tooth; 1: First visual change in enamel; 2: Distinct visual

change in enamel; 4: Underlying dentin shadow.
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Figure 1.2: Color improvement of arrested caries lesions (smooth surface) treated

with 15% carbamide peroxide bleaching agent at baseline, day 2 and day 6.

Sample

S6

S7

S8

S9

S10

Baseline

Day 2

Day 6

*ICDAS score: 6: Extensive cavity with visible dentin.
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Figure 1.3: A case report showing color improvement of mandibular and maxillary

arrested pits and fissures treated with 40 % hydrogen peroxide bleaching agent.

Sample Baseline After treatment

2nd 1 %

Premolar

1 st
Molar

2nd 1%*

premolar

1St

%k
Molar 4

*ICDAS score: 1: First visual change in enamel; 2: Distinct visual change in

enamel; 4: Underlying dentin shadow.
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CHAPTER TWO

Aesthetic Management of Artificial Stained-Remineralized Enamel and Dentin

Caries Lesions

Summary

Objective: Non-invasive aesthetic treatment options for stained arrested caries lesions
have not been explored. This study aimed to develop laboratory models to create stained-
remineralized caries-like lesions (s-RCLs) and to test the efficacy of bleaching on their

aesthetic treatment.

Materials and Methods: Human dental specimens were embedded, and their color was
measured spectrophotometrically at baseline and after demineralization. Specimens were
randomly divided into four groups (n=14) based on the tested staining/remineralization
protocols for a total of 5 days: G1-control (no staining/no remineralization); G2-no
staining/remineralization in artificial saliva (AS); G3-non-metallic staining/AS; G4-
metallic staining/AS. The mineral loss (AZ) and lesion depth (L) were measured using
transverse microradiography along with color change (AE). Specimens were subjected to
bleaching and color was re-evaluated. Data were analyzed using ANOVA models

followed by Fisher’s PLSD tests (a=0.05).

Results: s-RCLs created in G4 were significantly (p<0.001) darker than G3, G2 and G1

regardless of substrate type and condition. s-RCLs in G2, G3 and G4 showed

significantly lower AZ and L than G1 (all p<0.001), confirming their remineralized status.

18



G4 exhibited significantly lower AZ and L (better remineralization) compared to G2
(p<0.001). Bleaching treatment was more effective in non-metallic than metallic- stained

lesions regardless of substrate type and condition (p<0.001).

Conclusion: The proposed models created distinct simulated s-RCLs. Non-metallic
stained lesions were lighter and more responsive to bleaching compared to metallic

stained lesions.

Clinical Relevance The developed experimental models will allow us to further

investigate efficacy and safety of different aesthetic clinical management strategies of s-

RCLs.
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Introduction

Arrested caries lesions (ACLs) present highly mineralized surfaces [1], along with
frequent and undesirable dark discolorations due to pigment incorporation in the
remineralization process. The pigmentation may be exacerbated if remineralization is
driven by a metallic salt, such as silver diamine fluoride [2]. Aesthetic management
options for a stained ACL (s-ACL) include surgical interventions [3], such as dental
microabrasion and placement of restorations [4]. However, microabrasion can cause
significant loss of the tooth structure (up to 200 um) [5], while inadequate restorations
may result in poor marginal adaptation [6], plaque retention, sensitivity, secondary caries,

and possibly periodontal disease [7].

We have previously proposed dental bleaching as a non-invasive option to aesthetically
treat s-ACLs [8]. To further understand the clinical impact of this approach, it is
necessary to test its efficacy. In vitro simulation allows for the creation of standardized
stained lesions and for the use of very sensitive evaluation methods; both aspects that
would not be possible to study under clinical conditions. Therefore, the development of an
in vitro simulation model is necessary. Common discoloration causes of s-ACLs may
involve food pigments, by- and end- products released during the proteolytic processes
and the presence of trapped organic debris and metallic ions within the tooth structure [9].

Evidence shows that metallic stains are more difficult to treat [10, 11].

20



In the present study, we proposed two in vitro models to create stained-remineralized
caries-like lesions (s-RCLs), based on the incorporation of metallic and non-metallic
pigments during the remineralization of previously developed caries-like lesions [12-14].
These models will allow the study of efficacy and safety aspects related to the dental

bleaching treatment of s-RCLs.

Materials and Methods

Experimental design

In this study we tested the simulation of two in vitro models for the creation of s-RCLs,
on both enamel and dentin substrates. Artificial caries-like lesions were created, stained
and then remineralized using different protocols, involving metallic and non-metallic
staining. Sound enamel and dentin specimens were treated in parallel to understand
differences between extrinsic (sound) and intrinsic (demineralized) staining and their
aesthetic management. The following main factors were considered:
staining/remineralization at four levels (negative control, positive control, non-metallic
and metallic); and substrate condition at two levels (sound and demineralized). These

factors were tested on both enamel and dentin substrates, independently.

The study outcomes were color change (AE) measured at three time points (after

demineralization, staining/remineralization cycling, and bleaching); and mineral content

(AZ) and lesion depth (L), measured after staining/remineralization cycling. Color
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measurements were performed by spectrophotometry, while mineral loss and lesion depth

were determined by transverse microradiography (TMR).

Specimen preparation

Enamel and root dentin slabs (4 x 4 x 2 mm”®) were sectioned from human molars (crown
and root) using a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA).
Specimens were embedded in acrylic resin blocks (10x10x8 mm?®), (Varidur; High
Performance Mounting Kit; Buehler, Lake Bluff, IL, USA), each block consisted of one
slab of enamel and dentin (Figure A.1). They were flattened using a sequence of 500,
1200, 2400 and 4000 grit silicon carbide paper (MDFuga, Struers Inc., Cleveland, OH,
USA), polished with 1-um diamond suspension (Struers Inc., Cleveland, USA) then
sonicated in a detergent solution (Micro-90, International Products Corporation,

Burlington, USA).

Following the polishing procedure, the specimens were placed under running deionized

water for 3 min. Specimens were stored at approximately 100% relative humidity at 4 °C

in a refrigerator (Kenmore; Whirlpool, MI, USA).

Caries-like lesion creation

Adhesive unplasticized polyvinyl chloride tapes (TapeCase Ltd., Wheeling, USA) were

used to cover half of the surface (2 x 4 mm?) of each specimen (enamel and dentin),
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leaving the other half exposed. The lesion was initiated by placing specimens in a
carboxymethylcellulose (CMC) demineralizing solution as described by Lippert et al.,
(2011) [15]; briefly, specimens were demineralized for seven days in a solution
containing 0.1 M lactic acid, 4.1 mM Ca (as CaCl>-2H,0), 8.0 mM PO4 (as KH2PO4) and
1.0% w/v CMC (Sigma-Aldrich Co., St. Louis, MO, USA), with pH adjusted to 5.0, at

37°C.

Staining, remineralization and cycling

Artificial saliva solution (2.20 g/l gastric mucin, 1.45 mM CaCl,-2H»0, 5.40 mM
KH>POs4, 28.4 mM NaCl, 14.9 mM KCI, pH 7.0) was used as the remineralizing medium

[16].

After demineralization, specimens were subdivided into four groups based on the
different remineralizing protocols (Table 2.1). Group 1 (negative control) was stored
in 100% relative humidity throughout the experiment, with no immersion in artificial
saliva or any other treatment. Group 2 (positive control) was immersed in artificial
saliva which was changed daily. Group 3 (non-metallic stain) was stored in a combined
coffee (The Folger Coffee Company Inc., Orrville, OH, USA) and tea (Nestea, Nestle
Inc., Glendale, CA, USA) solution prepared based on the manufacturer’s instructions
and used immediately after preparation. Specimens were kept in a container with a
stirring bar in an incubator (~37°C) for 8 h of staining, then they were rinsed,

allowed to air dry followed by application of 2% sodium fluoride (NaF) gel (Sultan
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Healthcare Inc., York, PA, USA) for 4 min, before being immersed in artificial saliva
overnight. Group 4 (metallic stain) was stored in a staining solution with iron based on

the protocol described by Stookey et al. [17].

Specimens (Figure A.2) were placed on a rotating rod (~37°C incubator), which
alternately exposed them to air and to a solution (800 ml / cycle, total of 4 1)
consisting of trypticase soy broth, Micrococcus luteus BA13 (American Type Culture
Collection, Manassas, VA, USA), coffee (Instant Folgers Crystals; Folgers, Orrville,
OH, USA), tea (Nestea; Nestl¢, Glendale, CA, USA), gastric porcine mucin (American
Laboratories, Omaha, NE, USA), and ferric chloride (Fisher Scientific, Fair Lawn, NJ,
USA). After each cycle (8 h/day) specimens were rinsed, allowed to air dry, followed by
treatment with 38% SDF Advantage Arrest (Elevate Oral Care LLC, West Palm Beach,
FL, USA) for 2 min [18] then immersed in artificial saliva overnight. During the 5
days of cycling, all specimens were stored in artificial saliva (replaced daily) overnight

in an incubator.

Color assessment

L*a*b* (Commision Internationale de 1’Eclairage) values were taken for each specimen.

Measurements were performed using a spectrophotometer, Minolta Chroma meter CR-

241 (Minolta Camera Co., Osaka, Japan) with a focus of 0.3 mm. Calibration of the

spectrophotometer was conducted using a ceramic tile supplied by the manufacturer.
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Color measurements were taken at baseline, and after demineralization, cycling and

bleaching.

All measurements were repeated three times. The means of the L*a*b* values were
measured and the color difference (AE) was calculated using the following equation,
representing color changes after demineralization (AEpemin: demineralization- baseline),
cycling (AEcycling: staining-demineralization) and bleaching (AEgicaching: bleaching-
staining): AE ={(AL*)*+(Aa*)*+(Ab*)*} ", where AE is the color difference and AL*,
Aa*, Ab* represent changes in lightness, red- green coordinate, and yellow-blue

coordinate, respectively.

Lesion mineral content and lesion depth assessment

Specimens were mounted on acrylic rods and sectioned with a hard tissue microtome
(Silverstone-Taylor Hard Tissue Microtome, Series 1000 Deluxe, USA). One section
from enamel (100 um +/- 20 um) and dentin (180 um +/- 20 um) were obtained from
each specimen, including both the sound and demineralized areas. The sections were
kept moist to prevent dehydration, and were mounted with an aluminum step wedge
on high- resolution glass plates Type I A (Microchrome Technology Inc., San Jose,

Calif., USA) then X-rayed at 20 kV and 30 mA at a distance of 42 cm for 65 min.

The film was developed in a Kodak d-19 developer for 3 min, placed in a stop bath

(Kodak 146-4247) for 45 s, and then fixed (Kodak 146-4106) for 3 min. All plates
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were then rinsed in deionized water for 15 min and air dried. Microradiographs were
examined with a Zeiss EOM microscope in conjunction with the TMR software
v.3.0.0.11 (Inspektor Research Systems BV, Amsterdam, The Netherlands). A window
(approx. 400 x 400 um) representative of the entire lesion area and not containing
any cracks, debris, or other alterations was selected for analysis. Sound enamel and
sound dentin were defined at 87% [15] and 48% mineral volume respectively in order

to determine mineral loss (AZ) and lesion depth (L).

Dental bleaching efficacy

After transverse microradiography (TMR) analysis, specimens (cut surface) were
covered with acid-resistant nail varnish (Sally Hansen Advanced Hard as Nails Nail
Polish, USA) except for the area exposed to the bleaching agent. Specimens were
bleached using 40% hydrogen peroxide (pH 6.0 to 8.5) (Opalescence® Boost, Ultradent
Products, Inc., South Jordan, UT, USA). A 0.5-1.0 mm thick layer of the bleaching gel
was applied to the specimen surface, and kept for 20 min. Based on the manufacturer’s
instructions, the treatment consists of three 20 min applications for a total of 60 min of
treatment time. After each application, the bleaching gel was wiped using a cotton pellet.
Finally, after the third bleaching application each specimen was rinsed with running

deionized water for 1 min, blotted dry then stored moist at 4°C (Figure A.3).
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Statistical analysis

The color change calculated after demineralization, staining/remineralization cycling, and
bleaching for each dental substrate was analyzed using three-way ANOVA, with factors
for stain type, substrate condition and time points as well as all two-way and three-way
interactions among the factors. Specimen and condition combination were allowed to
have difference variances, and random effects were added to the model. The mineral loss
and lesion depth change after treatment was analyzed using two-way ANOVA for each
substrate, with factors for stain type and substrate condition as well as interaction

between stain type and condition.

All pair-wise comparisons from ANOVA analysis were made using Fisher’s Protected
Least Significant Differences to control the overall significance level at 5%. Prior to
the study, calculations showed that with a planned sample size of 14 per group, the
study was designed to have 80% power to detect a 2.2 AE difference between groups,

assuming a 5% significance level and standard deviation of 2.0.

Results

Color change

For both enamel and dentin, means of color change were significantly different among
stain types, substrate conditions and time points (all p<0.0001). All two-way and three-
way interactions among stain types, substrate conditions and time points were significant

(p<0.0001), (ANOVA in appendix 1 and 2 ).
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In lesioned enamel, G4 presented significantly (p<0.001) darker stains after cycling
compared to G3, G2 and G1, with no significant difference in control groups. G3 was
more responsive (p<0.001) to bleaching compared to G4, G1 and G2, however no
differences were found in control groups (Table 2.2). In sound enamel, G4
presented significantly (p<0.001) darker stains after cycling compared to G3, G2 and
G1, however no significant difference was found in G3, G2 and G1. No significant

differences were found among groups after bleaching (Table 2.3).

In lesioned and sound dentin, G4 showed significantly (p<0.001) darker stains after
cycling compared to G3, G2 and G1, with no significant difference in control groups. G3
was more responsive (p<0.001) to bleaching compared to the other groups with no

significant differences between them (Table 2.4 and 2.5).

The numerical values and comparisons within and among treatments for stain types,

substrate conditions and time points for lesioned and sound enamel are found in Tables

2.2 and 2.3 respectively; while lesioned and sound dentin are in Tables 2.4 and 2.5

respectively.

Mineral loss and lesion depth

Significant differences were found for stain type, substrate condition and their
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interaction (all p<0.001) (ANOVA in appendix 3, 4, 5 and 6), for both outcomes
studied (mineral loss and lesion depth), in both enamel and dentin. Regarding lesioned
enamel, G4 had the least significant (p<0.001) change in mineral loss and lesion
depth (indicating SDF surface protective effect) compared to controls. G3 was not
significantly different from G4 and G2, yet, significantly different (p<0.001) from G1

(Table 2.6).

In lesioned dentin, G4 had the least significant (p<0.001) change in mineral loss and
lesion depth compared to G3, G2 and G1. Regarding mineral loss, groups: G3, G2 and
G1 were significantly (p<0.001) different between each other. Regarding lesion depth,
G3 and G2 were not significantly different yet significantly (p<0.001) different from

G1 (Table 2.7).

The numerical values and comparisons within and among treatments for stain types and

substrate conditions for enamel and dentin are in Tables 2.6 and 2.7 respectively.

Discussion

The different cycling protocols used in this study: artificial saliva (positive control), NaF
(non- metallic stain) and SDF and iron (metallic stain) resulted in remineralized lesions

with the stains (non-metallic, metallic) confined within the tooth structure, resulting in a
model that may simulate a clinical case of s-RCL. In the present study, the color change

after staining (AE range 5.3-49.3) was greater than 3.3 units. It is known that AE values
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equal or greater than 3.3 are considered clinically perceptible, indicating that our staining

process resulted in a distinct visual discoloration in all specimens [19].

Despite differences amongst study protocols, our TMR results were similar to other
studies, as the three experimental groups (G2, G3 and G4) treated with artificial saliva,
NaF and SDF respectively, showed significant remineralization compared to the negative
control group G1 [12, 13, 15, 20, 21]. In the present study, we tested the remineralization
efficacy by comparing treatment groups. We observed that SDF had lower AZ and L
values compared to NaF which indicates that SDF is more effective than NaF in

enhancing remineralization [22, 23].

This might be because the metallic model was remineralized using the higher fluoride
concentration present in SDF compared to NaF (44,800 ppm F versus 905 ppm F). This is
in agreement with previous studies, in which relatively high levels of fluoride were
necessary to enhance remineralization and decrease demineralization [2, 23-27].
Furthermore, the mechanism of remineralization (SDF versus NaF) is different, as NaF
facilitates remineralization by calcium, fluoride and phosphate deposition on the tooth
surface to form calcium fluoride and fluoridated apatite crystals [28], which are acid

resistant and present lower solubility than enamel [29, 30].

On the other hand, SDF forms a range of insoluble or sparingly soluble compounds

including calcium fluoride, silver phosphate, and silver protein complexes [31, 32]. These

precipitate on the dental surface, forming an insoluble protective layer that decreases
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demineralization [31-34]. The overall combined effect of these factors might have played
a substantial role in groups treated with SDF compared to NaF groups. This observation is
in line with some reports suggesting that the synergistic effect of combining fluoride with

other agents, including iron, calcium or tin, enhances remineralization [35, 36].

To better represent a clinical condition of a patient seeking professional bleaching, an in-
office bleaching agent was used, as it is known to have high concentrations of hydrogen
peroxide in order to penetrate deeper into the histological structure, increase

the oxidative power and result in a fast bleaching result [37]. Metallic stains had
substantial significant increase in AE (black discoloration) compared to non-metallic
stains (orange/brown discoloration) but were less responsive to bleaching treatment
compared to the non- metallic model, which had the highest significant improvement in

color change compared to all groups.

The different response of non-metallic/metallic stains to the same bleaching treatment
might be explained by the different stain type, depth and chemical composition of each
model, which is in agreement with a previous study [8]. Therefore, the response to
bleaching agent may not be as efficacious in G4 compared to G3. This can be explained
by the bleaching process, as peroxide agents (highly unstable) dissociate upon tooth
contact into water, oxygen, and free radicals. They increase the surface micro-
porosities [38] resulting in enhanced oxidation of complex organic stains [37] represented
in the orange/brown discoloration from coffee and tea in G3. However, the dark

discoloration in G4 arose from the silver component in SDF and iron from the staining
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solution, which cannot be broken down and bleached like organic chromophores [11].
This may support our findings of significantly better color improvement in non-metallic

stains compared to metallic stains.

To better represent differences in staining susceptibility, we used different substrate
conditions (sound versus demineralized). We observed that previously demineralized
dental surfaces significantly incorporated more stains within the lesion during
remineralization and were more difficult to bleach compared to sound substrates. This
might be justified by the changes within the substrate structure throughout the
demineralization process. As the pore size in the dental structure enlarged [39], it allowed
for a substantial amount of non-metallic stains present in G3 and metallic stains in G4
during cycling to penetrate deeper and to be incorporated within the lesioned structure
compared to the intact sound surface. These discolorations indicate that staining was
successfully created within the tooth structure. This is in agreement with another study
which found that during cycling, demineralized enamel surfaces were more susceptible

to absorb external stains than sound enamel [40].

In general, dentin behaved similarly to enamel even though they were not directly
comparable. However, the overall staining level in dentin was higher compared to
enamel, especially in G4. Although both substrates were exposed to SDF, the difference
in stain susceptibility might be explained by the substantial differences between their

structures [41].
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The darker stains in dentin might be due to the volume of silver in SDF and to the fact
that SDF penetrated deeper into dentin structure, depositing more stain compared to
enamel [11]. Caries lesions progress faster in dentin than in enamel, due to structural
and compositional differences, which, in turn, results in more stain incorporation into
dentin than enamel. Furthermore, the remineralization process in dentin is hampered
because of the presence of organic matrix and therefore more difficult to achieve than in
enamel [42]. As spontaneous mineral precipitation on the dentin organic matrix is
unlikely to happen. [43]. Also, the structure of the collagen cannot be significantly
denatured to serve as a scaffold for the growth of the mineral crystals [23]. Moreover, as
the dentin carbonate ion substitutes for the phosphate ions in the crystal structure is
high, it results in defects and calcium deficient regions, which negatively affects the
remineralization process. This is supported by studies that have shown that approximately
1 out of 10 phosphate ions in enamel is replaced by carbonate compared to 1 out of 5 in

dentin [44].

We proposed developing a stained-remineralized caries-like lesion model to facilitate
testing bleaching treatment efficacy in vitro. Another application of this model includes
using it as a screening tool. Despite the advantages of in vitro protocols with regards to
their ability to be highly standardized and to allow for the control of different variables
(lesion type, depth, stain), the significant limitation is their inability to simulate the

complex biological processes involved in creating s-RCL.
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In summary, the simulated s- RCLs proposed will allow us to further investigate
mechanistic aspects related to the efficacy and safety of different bleaching
treatments as conservative options for the aesthetic management of these lesions, in a
quick, affordable and systematic fashion. It is essential to understand the different
variables (stain types and remineralizing agents) that contribute to development of s-
RCL models. The different stains (non- metallic and metallic) created light and dark
discolorations respectively, in which the non-metallic model had better bleaching
efficacy compared to the metallic model. These observations not only give us a better
mechanistic understanding of the process, but also suggest specific clinical

recommendations for the aesthetic management of stained-remineralized lesions.

Conclusion

The laboratory models developed in this investigation were able to create stained-
remineralized caries like lesions in both enamel and dentin. Non-metallic stains were
lighter in color and more responsive to bleaching treatment compared to metallic

stains.
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Table 2.1: Group definitions based on the staining and treatment protocol.

Groups

Type of staining

Remineralization protocol

G1 (Negative control)
G2 (Remin-control)
G3 (Non-Met)

G4 (Met)

No staining
No staining
Non-metallic stain

Metallic stain

No

saliva

Saliva

2% NaF
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Table 2.2: Color change (AE) means (standard-deviation) after demineralization,

cycling, and bleaching for lesioned enamel.

+ + +
Gl'OllpS AEDemin AECycling AEBleaching

G1 (Negative control) | 10.0(1.9) |A/a 2.0(1.1) |B/a* 52@34) |[C/a
G2 (Remin-control) 8.4 (3.0) Ala 3.0(3.9) |B/a* 44(124) |Bla*
G3 (Non-Met) 8.8 (3.9) Ala 21.9(7.8) B/b 24.1(7.1) B/b

G4 (Met) 13.0(4.5) A | 49.3(53) Blc 14.6 (6.8) |A/c

Uppercase letters indicate significant difference within treatment (row, p<0.05); while
lower case among treatments (column, p<0.05).
* Indicate no significant difference in enamel substrate condition (demineralized vs.

sound).

AEpemin: demineralization-baseline, AEcycling: staining-demineralization and AEBieaching:

bleaching-staining.
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Table 2.3: Color change (AE) means (standard-deviation) after demineralization,

cycling, and bleaching for sound enamel.

Groups AEDemin. AECycling AEgieaching

G1 (Negative control) 4.2 (2.4) Ala 2.9 (1.1) | A/a*| 10.2 (3.1) B/a
G2 (Remin-control) 4.1 (2.6) Ala 45 (3.0) | A/a*| 7.2 (2.5) | B/a*
G3 (Non-Met) 4.9 (2.3) Ala 53 (33) | A/a| 89 (3.6) B/a
G4 (Met) 3.3(1.7) Ala| 2463.4) | Bb | 83 (3.5 Cla

Uppercase letters indicate significant difference within treatment (row, p<0.05); while

lower case among treatments (column, p<0.05).

* Indicate no significant difference in enamel substrate condition (demineralized vs.

sound).

AEpemin: demineralization-baseline, AEcycling: staining-demineralization and AEBieaching:

bleaching-staining.
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Table 2.4: Color change (AE) means (standard-deviation) after demineralization,

cycling, and bleaching for lesioned dentin.

Groups AEDemin AECycling AEBicaching

G1 (Negative control)| 5.2 (3.2) Ala 42(2.4) | A/a* | 11.6(2.8) | B/a*
G2 (Remin-control) 3.7(1.5) A/b*| 2.1(1.3) | Ala* | 10.6(5.4) | B/a*
G3 (Non-Met) 3.9(1.6) A/ab | 50.8 (9.8) B/b 43.0 (9.8) C/b
G4 (Met) 5024 A/ab | 58.0 (4.9) B/c 11.4(4.0) | Cla*

Uppercase letters indicate significant difference within treatment (row, p<0.05); while

lower case among treatments (column, p<0.05).

* Indicate no significant difference in dentin substrate condition (demineralized vs.

sound).

AEpemin: demineralization-baseline, AEcycling: staining-demineralization and AEBieaching:

bleaching-staining.
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Table 2.5: Color change (AE) means (standard-deviation) after demineralization,

cycling, and bleaching for sound dentin.

Groups AEDemin AECycling AEBieaching

G1 (Negative control)| 2.3 (1.0) Ala 2.3 (0.7) A/a*| 8.6 (3.2) B/a*
G2 (Remin-control) 2.9 (2.3) A/a* | 3.1 (2.8) Ala*| 6.8 (2.4) B/a*
G3 (Non-Met) 2.0(1.0) Ala | 24.2(6.6) B/b | 16.1(5.3) C/b
G4 (Met) 2.0(L.5) Ala | 62.2(3.7) B/c | 8.5 (3.0) C/a*

Uppercase letters indicate significant difference within treatment (row, p<0.05); while

lower case among treatments (column, p<0.05).

* Indicate no significant difference in dentin substrate condition (demineralized vs.

sound).

AEpemin: demineralization-baseline, AEcycling: staining-demineralization and AEBieaching:

bleaching-staining.
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Table 2.6: TMR parameters (mineral loss, lesion depth) means (standard-deviation)

of sound and lesioned enamel surface after different remineralizing treatments.

AZ (vol%min X pm) Lesion depth (um)

Groups Demin Sound Demin Sound

G1 (Negative | 970 (325) A/a | 288 (91)] B/a | 53.6 (13.5) | A/a [ 17.3(9.9)[B/a

control)

G2 (Remin- | 646 (114)| A/b | 198 (62) | B/ab| 36.6 (8.6) | A/b | 10.5(4.2) B/b

control)

G3 (Non-Met.)| 550 (155)|A/bc | 191 (73) | B/ab| 31.1 (11.6) | A/be| 9.6 (3.4) | B/b

G4 (Met.) 468 (74) |Alc | 178 (36) | B/b | 25.8 (7.4) | Alc | 8.9 (2.4) | B/b

Uppercase letters indicate significant difference between substrate condition (row,
p<0.05), for each outcome measure. Lower case letters indicate significant difference

among treatments (column, p<0.05).
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Table 2.7: TMR parameters (mineral loss, lesion depth) means (standard-deviation)

of sound and lesioned dentin surface after different remineralizing treatments.

AZ (vol%min X pm) Lesion depth (um)

Groups Demin Sound Demin Sound

GI1 (Negative | 1595 (288)| A/a| 389 (55) | B/a |102.9 (15.1) | A/a| 21.5(2.6)| B/a
control)

G2 (Remin 1274 (166)| A/b| 312 (50) | B/a | 82.8(14.2) | A/b| 16.2 (1.9) B/ab
control)

G3 (Non-Met.)| 1074 (163)| A/c| 275(92) |B/ab | 76.3 (9.6) | A/b| 14.4 (3.3)| B/ab
G4 (Met.) 819 (187)| A/d| 194 (63) | B/b | 61.4(13.7) | A/c| 9.1 (2.5) B/b

Uppercase letters indicate significant difference between substrate condition (row,

p<0.05), for each outcome measure. Lower case letters indicate significant difference

among treatments (column, p<0.05).
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CHAPTER THREE

Dental Bleaching Efficacy and Impact on Demineralization Susceptibility of

Artificially-Induced Stained-Remineralized Caries Lesions

Summary

Objectives: To evaluate the efficacy of different bleaching systems on artifically created
stained-remineralized caries lesions; and to assess the susceptibility of bleached lesions to

further demineralization.

Material and Methods: Human enamel specimens were sectioned, polished,
demineralized, and randomly divided into 6 groups (n=21) to create either non-metallic
(non-Met: G1, G2 and G3) or metallic (Met: G4, G5 and G6) stained/remineralized
lesions. G1 and G4 received no treatment, while G2 and G5 were treated with 15%
carbamide peroxide (at-home bleaching protocol; 4h/day x 7), and G3 and G6 with 40%
hydrogen peroxide (in-office bleaching protocol; 20min x 3). Lesion mineral loss and
depth were measured by transversal microradiography, color change by
spectrophotometry. Susceptibility to demineralization was tested after bleaching
treatment. Outcomes were analyzed using ANOV A models followed by Fisher’s PLSD

tests (a=0.05).
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Results: Metallic-stained lesions were significantly darker (all p<0.001) and more
difficult to bleach (p<0.005) than non-Met ones. For both stain types, at-home bleaching
protocol was more effective than in-office (p<0.005); however, it also increased the lesion
susceptibility to demineralization (p<0.05). After bleaching, non-Met lesions were more

susceptible to demineralization compared to Met lesions (p<0.05).

Conclusion: At-home bleaching protocol (15% CP) presented greater bleaching efficacy
compared to in-office bleaching protocol (40% HP). However, it was associated with
increased susceptibility of enamel to subsequent demineralization especially in non-Met

lesions.

Clinical Relevance: Bleaching stained-arrested caries lesions may lead to aesthetically

satisfactory results depending on the type of stain involved, as well as on the bleaching

system used.
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Introduction

Aesthetic dentistry is considered an essential part of the restorative dental practice [1],
yet options regarding aesthetic treatment of stained arrested caries lesions are few and
mostly confined to surgical intervention [2]. The major drawback of invasive approaches
is the potential contribution to the repeat restoration cycle [3]. Therefore, the
development of minimally invasive treatment options would benefit the aesthetic

treatment of stained arrested caries lesions.

Dental bleaching is considered a non-invasive, effective, safe, predictable and
inexpensive procedure that may be indicated for the aesthetic treatment of these
discolorations [4]. Despite the benefits of color improvement, bleaching has been
reported to negatively affect the physical properties of the tooth structure, by
decreasing surface hardness and increasing surface porosity [5, 6]. These changes have
shown to potentially increase the susceptibility of the bleached enamel substrate to

further demineralization [7].

We have previously reported dental bleaching to successfully improve the aesthetics of
naturally stained arrested caries lesions [8]. We further explored this concept by
developing a stained-remineralized-caries-like lesion (s-RCL) model and characterizing
some of the enamel physical properties. In this study, we evaluated the efficacy of
different bleaching systems on the artificially created s-RCLs utilizing different stain

types, and we also assessed their susceptibility to further demineralization.
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Materials and Methods

Experimental design

This study investigated three factors: stain type at two levels (non-metallic and metallic),
bleaching treatment at three levels (control, at-home and in-office), and the susceptibility
of bleached s-RCL to demineralization at two levels (yes and no). The experimental units
were human enamel slabs embedded in acrylic blocks and polished (n=21). The study
outcomes were color change (AE) measured at 3 time points (after demineralization,
cycling and bleaching); mineral content (AZ) and lesion depth (L) measured after
cycling; and mineral content change (AAZ) and lesion depth change (AL) measured after a
second demineralization. Color measurements were performed by spectrophotometry,
while mineral loss and lesion depth were measured by transverse microradiography

(TMR).

Specimen preparation

Enamel slabs (4 x 4 x 2 mm®) were sectioned from human molars using a low-speed
diamond saw (Isomet, Buehler, Lake Bluff, IL, USA). After collection and during the
preparation process, the teeth were stored in 0.1% thymol solution. The bottom and top
sides of the slabs were sequentially ground flat using silicon carbide grinding papers
(Struers RotoPol 31/RotoForce 4 polishing unit, USA). One hundred twenty six

specimens were embedded in an acrylic resin (Varidur; High Performance Mounting Kit;
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Buehler, Lake Bluff, IL, USA). The specimen surface was flattened and sequentially
ground using #500-, 1200-, 2400- and 4000-grit silicon carbide papers (MDFuga, Struers
Inc., Cleveland, OH, USA), polished with 1-um diamond suspension (Struers Inc.,
Cleveland, USA), then sonicated in a detergent solution (Micro-90, International
Products Corporation, Burlington, USA). Following the polishing procedure, the
specimens were placed under running deionized water for 3 min. Specimens were stored

at approximately 100% relative humidity at 4 °C.

Caries-like lesion creation

Enamel caries-like lesions were created using the protocol described by Lippert et al.,
(2011) [9]. Briefly, specimens were immersed for seven days in a solution containing 0.1
M lactic acid, 4.1 mM Ca (as CaClz . 2H>0), 8.0 mM POy (as KH2PO4) and 1.0% w/v
carboxymethylcellulose (Sigma-Aldrich Co., St. Louis, MO, USA), pH adjusted to 5.0
using KOH at 37°C. Specimens were rinsed, dried, then stored at 100% relative humidity

at 4 °C until use.

Staining, remineralization and cycling

After demineralization, specimens were subdivided into six groups (Table 3.1). Groups 1,

2 and 3 (non-metallic stain) were stored in a staining solution containing coffee (The

Folger Coffee Company Inc., Orrville, OH, USA) and tea (Nestle Inc., Glendale, CA,

USA) freshly prepared. Specimens were kept in a container with a stirring bar in an
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incubator (~37°C) for the 8 h of staining, then they were rinsed, allowed to air dry
followed by application of 2% sodium fluoride (NaF) gel (Sultan Healthcare Inc., York,
PA, USA) for 4 min, before being immersed in saliva over night. Groups 4, 5 and 6

(metallic stain) were stained based on the protocol described by Stookey et al. [10]

Specimens were placed on a rotating rod (~37°C incubator), which alternately exposed
them to air and to a solution consisting of trypticase soy broth, Micrococcus luteus BA13
(American Type Culture Collection, Manassas, VA, USA), coffee (Instant Folgers
Crystals; Folgers, Orrville, OH, USA), tea (Nestea; Nestl¢, Glendale, CA, USA), gastric
porcine mucin (American Laboratories, Omaha, NE, USA), and ferric chloride (Fisher
Scientific, Fair Lawn, NJ, USA). After each cycle (8 h/day) specimens were rinsed,
allowed to air dry, followed by treatment with 38% silver diamine fluoride (SDF;
Advantage Arrest, Elevate Oral Care LLC, West Palm Beach, FL, USA) for 2 min [11]

then immersed in saliva over night.

Artificial saliva solution (2.20 g/l gastric mucin, 1.45 mM CaCl,.2H,0, 5.40 mM

KH>POs4, 28.4 mM NaCl, 14.9 mM KCI, pH 7.0) [9] was used as the remineralizing

medium. During the 5 days of cycling, all groups (1 to 6) were stored in artificial saliva

(replaced daily) overnight in an incubator.

Color assessment
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L*a*b* values (Commision Internationale de 1’Eclairage) were taken for each specimen
at baseline, and after demineralization, cycling and bleaching. All measurements were
repeated 3 times, and performed using a spectrophotometer, Minolta Chroma meter CR-
241 (Minolta Camera Co., Osaka, Japan), with a light beam diameter of 0.3 mm.

Calibration of the spectrophotometer was conducted using a ceramic tile supplied by the

manufacturer.

The means of the L*a*b* values were measured and the color difference (AE) was
calculated using the following equation, representing color changes after
demineralization (AEpemin: demineralization-baseline), cycling (AEcyciing: Staining-
demineralization) and bleaching (AEgieaching: bleaching-staining):

AE={(AL*) +(Aa*)"+(Ab*)*}

where AE is the color difference and AL*, Aa*, Ab* represent changes in lightness, red-

green coordinate, and yellow-blue coordinate, respectively.

Lesion mineral content and lesion depth assessment

Specimens were mounted on plastic rods and sectioned with a hard tissue microtome
(Silverstone-Taylor Hard Tissue Microtome, Series 1000 Deluxe, USA). One section, 100
um +/- 20 um, was obtained from each specimen. The sections were kept moist to
prevent dehydration, and were mounted with an aluminum step wedge on high-
resolution glass plates Type I A (Microchrome Technology Inc., San Jose, Calif., USA)

then X-rayed at 20 kV and 30 mA at a distance of 42 cm for 65 min.
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The exposed plate was developed (in a Kodak d-19 developer) for 3 min, placed in a stop
bath (Kodak 146-4247) for 45 s, and then fixed (Kodak 146-4106) for 3 min. All plates
were then rinsed in deionized water for 15 min and air-dried. Microradiographs were
examined under a microscope (Zeiss EOM, Hitachi Denshi Ltd., Thornwood, NY, USA)
in conjunction with the TMR software v.3.0.0.11 (Inspektor Research Systems BV,
Amsterdam, The Netherlands). A region of interest (approx. 400 x 400 pm) representative
of the entire lesion area and not containing any cracks, debris, or other artifacts was
selected for analysis. Sound enamel was defined at 87% mineral volume [12] in order to

determine overall mineral loss (AZ) and mean lesion depth (L).

Dental bleaching efficacy test

Group 1 and 4 (control) were kept moist in an incubator for 8 h, then stored moist at 4°C.
Group 2 and 5 were treated with at- home bleaching protocol, 15% carbamide peroxide
(CP) home bleaching agent (pH 6.5), (Opalescence PF, Ultradent Products, Inc., South
Jordan, UT, USA). The bleaching gel was painted on the top surface of each specimen
(0.5-1.0 mm thick) and kept for 4 h each day [1] in an incubator at 37°C for a total

treatment of 1 week.

After bleaching, specimens were rinsed with running distilled water for 1 min to remove
the bleaching agents, blot dried and stored in a moist environment at 4°C. Group 3 and 6
were bleached using in-office bleaching protocol, using 40% hydrogen peroxide (pH 6.0 to

8.5) (Opalescence® Boost, Ultradent Products, South Jordan, UT, USA). A 0.5-1.0 mm
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thick layer of the bleaching gel was applied to the specimen surface, allowing the gel to
remain on the teeth for 20 min. Based on the manufacturers instructions, the treatment

consisted of three 20 min applications for a total of 60 min of treatment time

After bleaching, specimens were rinsed with running distilled water for 1 min to remove
the bleaching agents, blot dried and stored in a moist environment at 4°C. Group 3 and 6
were bleached using in-office bleaching protocol, using 40% hydrogen peroxide (pH 6.0 to
8.5) (Opalescence® Boost, Ultradent Products, South Jordan, UT, USA). A 0.5-1.0 mm
thick layer of the bleaching gel was applied to the specimen surface, allowing the gel to
remain on the teeth for 20 min. Based on the manufacturers instructions, the treatment

consisted of three 20 min applications for a total of 60 min of treatment time.

After each cycle, the bleaching gel was wiped by a cotton pellet. Finally, after the third

bleaching cycle, each specimen was rinsed with running deionized water for 1 min. blot

dried then stored moist at 4°C.

Susceptibility to demineralization test

Each group (n=21) was further divided into two subgroups, either submitted to second

demineralization (n=11) or not (n=10).

The sides of each sample (demineralized group) was covered by nail polish, and further

demineralized utilizing the same demineralization solution used previously (CMC) for a
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total of 7 days. TMR verified the final mineral content of the lesions, and the mineral loss

change (AAZ) and lesion depth change (AL) were calculated.

Statistical analysis

The color changes (after demineralization, after cycling, and after bleaching), mineral loss
and lesion depth change (after cycling and after 2" demineralization) were analyzed using

four-way ANOVA, with factors for stain type, bleach treatment, susceptibility to 2™
demineralization, and time points, as well as all two-way, three-way and four-way
interactions among the factors. Same specimen measured at different time was allowed to

have difference variances.

The mineral loss change (AAZ) and lesion depth change (AL) were analyzed using three-

way ANOVA with factors for stain type, bleach treatment and susceptibility to 2™
demineralization, as well as two-way and three-way interactions among the factors. All
pair-wise comparisons from ANOVA analysis were made using Fisher’s Protected Least

Significant Differences to control the overall significance level at 5%.

Results

Color change
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Means of color change (AE) were significantly different within stain types, bleaching

treatments and time points (p<0.0001), but was not within susceptibility to 2"

demineralization (ANOVA in appendix 7).

Metallic stains (G1, G2 and G3) presented significantly (p<0.001) darker stains after
staining/remineralization cycling compared to non-metallic stains, however they were
significantly more difficult to bleach (p<0.005). At-home bleaching protocol in both non-
metallic and metallic groups (G2 and G5) was more (p<0.005) effective (indicating
lighter color) than in-office bleaching protocol. The mean values of AE and comparisons
within and among treatments for stain types, bleaching treatments and time points are in

Table 3.2.

Mineral loss and lesion depth

The mineral loss (AZ) after the staining/remineralization/cycling, and mineral loss change
(AAZ) after 2™ demineralization were significantly different regarding stain types,

bleaching treatments, susceptibility to 2™ demineralization and time points (p<0.05).

(ANOVA in appendix 8 and 9). The lesion depth (L) and lesion depth change (AL) after
cycling and 2™ demineralization was significantly different regarding stain types,

bleaching treatments, susceptibility to 2™ demineralization and time points (p<0.001).

(ANOVA in appendix 10 and 11).

59



After the 2™ demineralization, the non-demineralized bleached subgroups: G2, G3, G5
and G6 (non-metallic/metallic) had significantly (p< 0.05) more mineral loss change
(AAZ) compared to G1 and G4 (control). After cycling, AZ and L were significantly
(p<0.05) lower in metallic stains compared to non-metallic stains for all groups, which

indicate a better remineralization of SDF compared to NaF.

Within each treatment subgroup (G1-G6), demineralized subgroups had significant
increase in AAZ (p<0.001) and AL (p=<0.05) compared to non-demineralized subgroups

(more susceptible to demineralization) except for AAZ in G6 and AL in G5. Regarding

subgroups submitted to 2" demineralization, non-metallic stains (G1,G2 and G3) had
significant increase in AAZ compared to metallic stains (G4,G5 and G63) in regards to in-
office and at-home bleaching groups (p<0.05). Within bleaching treatments submitted 2™
demineralization, at-home bleaching protocol (metallic/non-metallic groups) demonstrated
significant increase in AAZ (p<0.001) compared to in-office AAZ (p=0.05). The
numerical values and comparisons within and among treatments for stain types,

bleaching treatments and time points are in Table 3.3 and 3.4 respectively.

Discussion

This study tested the efficacy and safety of two different bleaching systems using a

previously developed remineralized-stained caries like-lesions in-vitro model. This

allowed standardization of the lesions reducing variability, and a systematic and well

controlled test of color change, mineral loss and lesion depth.
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Color change (AE) was used to verify the creation of stained lesions and bleaching
efficacy of the tested systems/techniques. Johnston and Kao (1989) speculated that AE
values exceeding 3.3 units are clinically perceptible [13]. In this regard, the AE range in
this study after staining (non metallic: 16.7-18.5; metallic: 58.2-59.1) suggests
remarkable clinically visible changes. Both the Non-Met and Met conditions had a
significant increase in AE becoming darker, as indicated by the decrease in L* values
(Appendix 12) compared to the color measured before the staining/remineralizing cycles.
These results indicated successful incorporation of the stains during remineralization of

the created lesions.

Metallic stained lesions were significantly darker than non-metallic, which can be
explained by the different chemical composition (organic versus metallic stains) and
depth of the created lesions [8]. They were also significantly more difficult to bleach,
possibly due to the mechanism of action of peroxides, as they tend to oxidize organic
chromogens present in non-metallic stains (orange/brown). Conversely, metallic

compounds can not be easily degraded by oxidation [8, 14].

The bleaching products tested contained 15% CP (at-home) or 40% HP (in-office). At-
home bleaching protocol caused significant color improvement in both metallic and non-
metallic s-RCLs compared to in-office, despite the difference in concentration of
hydrogen peroxide (15% CP (~5% HP) versus 40% HP). However, it should be kept in
mind that the at home bleaching protocol had longer time exposure (4 versus 1 h) and

application duration (7 versus 1 day), which resulted in a total of 28 h exposure compared
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to only 1 h of the in-office treatment. This agrees with previous studies suggesting that
longer enamel bleaching time caused better color improvement regardless of the
concentration of bleaching agents [15-20]. In this regard, in-office bleaching systems with
longer application time might be more appropriate for this type of application and should

be considered in future tests.

Existing literature reports mixed findings considering the side effects of bleaching on the
increase of enamel susceptibility to demineralization [5, 7, 14, 21]. The contrasting results
may be due to study variables, such as substrate type, the concentration, contact and
treatment time of the bleaching gels and different evaluation techniques, among other
factors. In our study, we observed that the mineral content change (AAZ) of subgroups
not subjected to 2™ demineralization was significantly higher in bleached groups
compared to control in both groups (non-metallic and metallic). As the bleaching agent
contacts the tooth structure it develops focal areas of very shallow demineralization [22].
This indicated that bleaching promoted mineral loss from enamel structure, which is in

agreement with previous studies [6, 23, 24].

However, studies have shown that the increase in enamel susceptibility to
demineralization after bleaching can be reduced when specimens were stored in saliva
(human or artificial), simulating what would happen in the mouth [25-27]. Saliva was not
used during bleaching in our study, as we focused on the effect of different bleaching

systems solely by eliminating other variables such as saliva and fluoride. Further studies
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could be established by introducing saliva during bleaching to evaluate its effect on

remineralization.

After the 2™ demineralization, non-metallic stained lesions showed significantly more
mineral loss (AAZ) when bleached by the at-home protocol (G2) followed by in-office
(G3) and then the control group, which supports our findings in bleaching. At-home
bleaching protocol had longer surface time exposure, which resulted in deeper penetration
of the gel into the tooth structure and oxidizing more stains. This process resulted in better
color improvement, but also undesirably higher mineral loss change compared to in-office
[28]. Metallic groups also represented significantly more mineral loss and lesion depth
when treated with at-home bleaching protocol, which is consistent with the findings of the
non-metallic groups. This might be explained by the SDF insoluble surface protective
layer, which caused a lower response to the bleaching agent, and minimized

demineralization within the lesions [29].

In an attempt to combine efficacy and safety, dental practitioners should carefully
consider selecting appropriate cases of s-RCLs treated with bleaching agents, as darker
stains treated with in-office bleaching protocol might need further bleaching treatment
(more than one visit) or at home bleaching for longer time periods to produce clinically

satisfactory esthetic results which may replace the traditional surgical treatment.
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Conclusion

Within the limitations of this in vitro study, we concluded that remineralized-stained
lesions treated with at-home bleaching protocol (15% CP) resulted in greater efficacy in
color improvement compared to an in-office bleaching protocol (40% HP). However, it
was associated with increased susceptibility to subsequent enamel demineralization,

especially in non-met stained lesions.
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Table 3.1: Group definitions based on the staining, treatment and bleaching

protocol.
Groups Type of Remineralization | Bleaching and
staining treatment protocol demineralization
Yes
Gl Non-Metallic | 2% NaF Control No
Yes
G2 Non-Metallic | 2% NaF At-home No
Yes
G3 Non-Metallic | 2% NaF In-Office No
Yes
G4 Metallic 38% SDF Control No
Yes
G5 Metallic 38% SDF At-home No
Yes
G6 Metallic 38% SDF In-Office No

2% NaF: Sodium fluoride gel, SDF: Silver diamine fluoride solution, At-home: 15%

Carbamide peroxide bleaching gel, In-Office: 40% Hydrogen peroxide bleaching gel.
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Table 3.2: Color change (AE) means (standard-deviation) after demineralization,

staining, and bleaching.

Groups AE Demin" AE Staining” AE Bleaching”
Gl 4.0(2.0) | A/ab | 18.5(3.1)| B/a 5.6(4.0)| A/a*
(Control)
Is) G2 30(L.5) | Ala 16.7(3.8)| B/a | 20.6(3.9)| C/b
o =
= = (At-home)
= °
g | =
g g |G3 502.3) | Ab* | 17.33.6)| B/a| 17.1(3.5)| Blc
Eﬂ Z
] (In-office)
=
g G4 6.4(3.8) | A/la | 58.3(4.8)| B/a 8.3(4.2) | A/a*
=)
~ (Control)
G5 503.00| A/a | 5823.2)| B/a| 29.04.2) | Chb
© (At-home)
=
(]
= | G6 6.2(29) | A/a* | 59.1(3.9)| B/a | 23.3(6.6) | Clc
(In-office)

Uppercase letters indicate significant difference within treatment (row, p<0.05); while

lower case between treatments (column, p<0.05).

*: Indicate no significant difference between stain type (Non-metallic vs. Metallic).

AEpemin: demineralization-baseline, AEsuining: Staining-demineralization and AEgicaching:
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bleaching-staining.
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Table 3.3: Lesion mineral content (AZ) means (standard-deviation) after

remineralization/staining cycling, and mineral content change (AAZ) after second

demineralization.

AZ (vol%minx pm)

AAZ (vol%min x pm)

Groups After cycling Non-demin Demin
Gl 525@87) | § -11(12) | A/a* | 121(72) | B/a*
(Control)
= G2 564 (212)| § 96 (91) A/b* | 313 (188)| B/b
Q
Q
S .2 | (At-home)
AR
=y 5
= =
s Cq') G3 557(75) | § 75 (43) A/b* | 206 (98) | Blc
4 Z
E (In-office)
E
Q
g G4 460 (47) | § -8 (42) A/a* | 126 (43) | B/a*
Q
~ (Control)
G5 474 (49) | § 93(33) | A/b* | 205(73) | B/b
2
§ (At-home)
(@]
=
G6 487 (62) | § 70 (34) A/b* | 132 (45) | Ala
(In-office)
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Uppercase letters indicate significant difference within treatment (row, p<0.05); while
lower case among treatments (column, p<0.05).

*: Indicate no significant difference between stain type (Non-metallic vs. Metallic).

§: Indicate significant difference between stain type.

*: AAZ = AZ TMR bleaching/2nd demin — AZ TMR cycling.
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Table 3.4: lesion depth (L) means (standard-deviation) after

remineralization/staining cycling, and lesion depth change (AL) after second

demineralization.
L Lesion depth(um) AL Lesion depth (um) *
Groups After cycling Non-demin Demin
Gl 33.8(12.7)| § -1.0 (2.1) | A/a* | 16.3(18.9)| B/a
(Control)
G2 322(09.2) | § 6.0 (11.0)| A/ab*| 39.4 (17.1)| B/b
3 .2 | (At-home)
g 3
g g
gﬁ 2& G3 30.0(6.4) | § 83(7.6) | A/b* | 19.3(10.1)| B/a*
e z
s (In-office)
7]
Ei
E G4 239(54) | § -29(4.4)| Aa*| 58(4.5) | Bl/a
2]
5
g (Control)
Q
&
o G5 253M4.2)| § 5.7(6.0) | A/a*| 9.1(43) | Ala
=
° (At-home)
=
G6 247(6.9) | § 52(5.3) | A/a* | 18.0(10.6)| B/b*
(In-office)

Uppercase letters indicate significant difference within treatment (row, p<0.05); while

lower case among treatments (column, p<0.05).
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*: Indicate no significant difference between stain type (Non-metallic vs. Metallic).

§: Indicate significant difference between stain type.
" AL =(L TMR bleaching/2nd demin — L TMR cycling).
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GENERAL DISCUSSION

Due to differences on the treatment philosophies of stained arrested caries lesions
(s-ACLs), whether to restore or not, it is reasonable to assume that the diagnosis and
treatment decision associated with these lesions can be misleading for some dentists [12].

Therefore, some s-ACLs may be unnecessarily restored to improve their aesthetics [9].

Bleaching agents improve the color lightness of s-ACLs, making them gradually blend
with the surrounding tooth, improving its aesthetics. Our research proposed a novel
conservative approach to aesthetically treat s-ACLs, verifying its efficacy and potential
safety concerns. Two commonly used dental bleaching protocols were tested, namely in-

office and at-home bleaching.

The 1% paper (chapter 1) proposed the use of bleaching systems to conservatively
improve the aesthetics of ACLs. The potential of this novel approach was shown both in-
vitro and clinically. The promising results led us to further investigate the physical
properties related to this approach, by developing stained remineralized caries-like lesion
(s-RCL) model (chapter 2) to facilitate testing the bleaching treatment efficacy and safety
in-vitro. The proposed model artificially created remineralized (saliva, fluoride) and

stained (non-metallic and metallic) lesions.

In chapters 2 and 3, we exposed artificial caries lesion to two clinically common stain

types during cycling. These tested stains were used to clinically characterize a non-
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metallic model (orange/brown stains) related to organic chromogens (dietary stains,
tobacco, etc.) and metallic model (black stains), found in stains from medicines
(containing iron supplements, metal salts, etc.) and cationic antiseptics. These different
cycling groups (non-metallic and metallic) were designed to mimic the dynamic
variations in stains and mineral saturation (remineralization) as to better simulate different

clinical situation of s-ACLs.

We observed that different stain types had different responses to bleaching treatment. In
the 3" paper (chapter 3), we studied the efficacy of different bleaching protocols
(simulating at-home/15% carbamide peroxide and in-office/40% hydrogen peroxide) on
these artificially created lesions, along with its safety by evaluating the model

susceptibility to further demineralization after bleaching.

Based on the wealthy of knowledge in the literature discussing safety of dental bleaching
procedures, our studies (chapter 1,2 and 3) have shown that both bleaching systems
improved the aesthetics of s-ACLs, with efficacy being dependent on the nature of the

stain and bleaching agent.

In general, at-home bleaching protocol presented greater efficacy in color improvement
especially in the non-metallic model (organic stains), yet enamel was more susceptible to
subsequent demineralization compared to in-office systems. This limitation might be
compensated clinically by the remineralization action of saliva, as this fluid presents

buffering capacity and is supersaturated in calcium and phosphate ions [13]. Topical
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fluoride application is another measure that can enhance the remineralization process [14].
This understanding will allow clinicians to carefully consider selecting appropriate cases,
based on stain types, and bleaching systems, to produce optimum clinical satisfactory

result with combined safety and efficacy.

Bleaching ACLs clinically would serve as a non-invasive, effective, safe, predictable and
inexpensive approach to improve the aesthetics of ACLs [11]. Despite these benefits,
bleaching has been reported to cause tooth sensitivity [15], and increase tooth surface
roughness possibly making it more prone for plaque accumulation [16]. Further
speculating, bleaching stained lesions may also negatively affect the capability of caries
detection methods to differentiate sound from affected enamel (brown spot/ white spot
lesions), especially those based on light excitation wavelengths differentiation such as

fluorescence spectroscopy [17].

Also, it may have a potential implication on the use of ICDAS as a tool to monitor the
progression/arrest of caries lesions. Moreover, in some cases bleaching may not result in a
complete elimination of the discoloration and would require additional surgical
intervention. However, there is still a benefit as the amount of tissue removal after
bleaching would be less extensive resulting in a restoration with a minimum thickness.
Finally, clinicians should carefully consider immediate resin bonding to the bleached
surface. When the bleaching agent dissociates into free radicals [18] it forms an oxygen
inhibiting layer, which potentially interferes with resin polymerization and subsequently

reduces the restoration bonding strength [19, 20]. This is an important topic for further
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consideration, by evaluating the bond strength between the bleached surface of such

created lesions and restorations.

The simulated s-ACLs created in our study allowed us to further investigate mechanistic
aspects related to the efficacy and safety of different bleaching protocols of these lesions,
in a quick, cost effective and systematic fashion. Other applications would include using

these lesions in laboratory as screening tests for different bleaching agents and protocols.

Additionally, in-vitro tests have the advantage of carrying out different variables
investigated under highly controlled conditions compared to in-vivo. On the other hand,
the significant limitation of these models is their inability to simulate the complex
biological processes involved in creating stained ACL’s. This includes the continuous
presence of oral bacteria, saliva, antimicrobial enzymes and proteins, different organic and
non-organic stains all of which may affect the s-RCL model development.

There is a need for more clinical data to support bleaching as aesthetic treatment for s-

ACLs, investigating different bleaching systems, concentrations and different stain types.
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GENERAL CONCLUSION

Overall, bleaching can improve the aesthetics of stained arrested caries lesions; however it
depends on the type of staining involved, as well as on the bleaching system used.
The presented in vitro experimental models were able to create simulated stained-

remineralized-caries-like lesions.

Non-metallic stains were lighter in color and more responsive to bleaching treatment
compared to metallic stains. The at-home bleaching protocol presented greater efficacy
compared to in-office. However, it was associated with increased susceptibility to

subsequent demineralization especially in non-metallic stained lesions.
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APPENDICES

Appendix 1: Color change ANOVA comparison of two-way and three-way
interactions among stain type, substrate condition (demineralized or sound) and

time points in enamel.

Effect NumDF DenDF FValue ProbF Sig
Stain type 3 260 163.18 <.0001
Condition 1 260 160.11 <.0001
Time 2 260 108.49 <.0001
Stain type *Condition 3 260 54.11 <.0001
Stain type *Time 6 260 195.64 <.0001
Condition*Time 2 260 27.86 <.0001
Stain type 6 260 26.50 <.0001

*Condition*Time
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Appendix 2: Color change ANOVA comparison of two-way and three-way
interactions among stain type, substrate condition (demineralized or sound) and

time points in dentin.

Effect NumDF DenDF FValue ProbF Sig
Stain type 3 260 305.51 <.0001 *
Condition 1 260 88.31 <.0001 *
Time 2 260 1169.61 <.0001 *
Stain type *Condition 3 260 49.63 <.0001 *
Stain_type*Time 6 260 733.46 <.0001 *
Condition*Time 2 260 24.52 <.0001 *
Stain type 6 260 29.60 <.0001 *

*Condition*Time

Appendix 3: Mineral loss ANOVA comparison of the interaction between stain type

and substrate condition (demineralized or sound) in enamel.

Effect NumDF DenDF FValue ProbF

Stain type 3 52 17.82 <.0001
Condition 1 52 421.93 <.0001
Stain type *Condition 3 52 15.59 <.0001
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and substrate condition (demineralized or sound) in enamel.

Appendix 4: Lesion depth ANOVA comparison of the interaction between stain type

Effect NumDF DenDF FValue ProbF

Stain type 3 52 16.70 <.0001
Condition 1 52 451.41 <.0001
Stain type *Condition 3 52 12.15 <.0001

and substrate condition (demineralized or sound) in dentin.

Appendix 5: Mineral loss ANOVA comparison of the interaction between stain type

Effect NumDF DenDF FValue ProbF

Stain type 3 52 44.71 <.0001
Condition 1 52 1059.27 <.0001
Stain type *Condition 3 52 20.11 <.0001
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Appendix 6: Lesion depth ANOVA comparison of the interaction between stain type

and substrate condition (demineralized or sound) in dentin.

Effect NumDF DenDF FValue ProbF

Stain type 3 52 36.96 <.0001
Condition 1 52 1340.98 <.0001

Stain type *Condition 3 52 11.42 <.0001

Appendix 7: Color change ANOVA comparison of two-way, three-way and four-

way interactions among stain type, bleach, 2"! demineralization and time points.

Effect NumDF DenDF FValue | ProbF Sig
Stain type 1 114 933.14 | <.0001 *
Bleach 2 114 43.73 <.0001 *
2" demin 1 114 0.12 0.7314
Time 2 114 4741.70 | <.0001 *
Stain type*Bleach 2 114 0.76 0.4682
Stain type*2"® demin 1 114 0.04 0.8501
Stain type*Time 2 114 1676.61 | <.0001 *
Bleach*2"! demin 2 114 0.82 0.4414
Bleach*Time 4 114 48.24 <.0001 *
Time*2™ demin 2 114 0.73 0.4826
Stain type *Bleach*2" demin 2 114 1.79 0.1709
Stain type *Bleach*Time 4 114 1.31 0.2695
Stain type *Time*2™ demin 2 114 0.96 0.3858
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Bleach*Time*2"! demin

114

3.07

0.0192

Stain type*Bleach*Time*2™

114

2.22

0.0712
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Appendix 8: Mineral loss (after cycling and 2" demineralization) ANOVA

comparison of two-way, three-way and four-way interactions among stain type,

bleach, 2"! demineralization and time points.

Effect NumDF | DenDF FValue ProbF Sig
Stain type 1 114 290.14 <.0001 *
Bleach 2 114 9.83 0.0001 *
2™ demin 1 114 21.50 <.0001 *
Time 1 114 278.08 <.0001 *
Stain type*Bleach 2 114 0.84 0.4336
Stain type*2nd demin 1 114 4.47 0.0367 *
Stain type*Time 1 114 4.53 0.0355 *
Bleach*2™ demin 2 114 2.90 0.0591
Bleach*Time 2 114 23.69 <.0001 *
Time*2™ demin 1 114 85.83 <.0001 *
Stain type*Bleach*2™ demin 2 114 1.88 0.1580
Stain type*Bleach*Time 2 114 1.59 0.2085
Stain type*Time*2"® demin 1 114 4.13 0.0445 *
Bleach*Time*2"! demin 2 114 1.91 0.1521
Stain type*Bleach* Time*2™ 2 114 1.22 0.2980

demin
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Appendix 9: Mineral loss (AAZ) ANOVA comparison of the interaction of two-way

and three-way among stain type, bleach and 2"* demineralization.

Effect NumDF DenDF FValue ProbF Sig
Stain type 1 114 4.53 0.0355 *
Bleach 2 114 23.69 <.0001 *
Demin2 1 114 85.83 <.0001 *
Stain type*Bleach 2 114 1.59 0.2085
Stain type*2™ 1 114 4.13 0.0445 *
Bleach*2™ demin 2 114 1.91 0.1521
Stain type*Bleach*2™ 2 114 1.22 0.2980
demin
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Appendix 10: Lesion depth (after cycling and 2"! demineralization) ANOVA

comparison of the interaction of two-way, three-way and four-way among stain

type, bleach, 2"* demineralization and time points.

Effect NumDF DenDF FValue  ProbF sig
Stain type 1 114 100.74 <.0001 *
Bleach 2 114 7.27 0.0011 *
2™ demin 1 114 55.80 <.0001 *
Time 1 114 145.41 <.0001 *
Stain type*Bleach 2 114 5.20 0.0069 *
Stain type*2nd demin 1 114 35.09 <.0001 *
Stain type*Time 1 114 19.60 <.0001 *
Bleach*2™ demin 2 114 3.99 0.0212 *
Bleach*Time 2 114 12.70 <.0001 *
Time*2™ demin 1 114 65.45 <.0001 *
Stain type*Bleach*2"! demin 2 114 3.06 0.0508
Stain type *Bleach*Time 2 114 4.79 0.0100 *
Stain type *Time*2" demin 1 114 11.85 0.0008 *
Bleach*Time*2" demin 2 114 1.26 0.2869
Stain type *Bleach*Time*2™ demin 2 114 6.86 0.0015 *
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Appendix 11: Lesion depth (AAL) ANOVA comparison of the interaction of two- way

and three-way among stain type, bleach and 2"! demineralization.

Stain type 1 114 19.60 <.0001 *

Bleach 2 114 12.70 <.0001 *

2" demin 1 114 65.45 <.0001 *

Stain type*Bleach 2 114 4.79 0.0100 *

Stain type*2™ demin 1 114 11.85 0.0008 *
Bleach*2™ demin 2 114 1.26 0.2869

Stain type*Bleach*2™ demin 2 114 6.86 0.0015 *

Appendix 12: Color coordinates (AL, Aa, Ab) means after demineralization, staining,

and bleaching.

G1 (control) 72.1 |22 34 |545 |-05 72 1545 |-0.7 9.4

G2 (At-home) | 71.3 | -1.9 53 554 |-0.1 84 736 |-29 |-10

G3 (In-office) | 70.0 |-1.7 [4.7 |53.5 |-0.1 80 |[67.7 |-29 |0.1
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G4 (control) 71.0 | -1.7 3.7 133 | 4.8 5.5 183 | 4.7 7.1
G5 (At-home) | 70.6 | -1.6 3.6 12.9 5.2 6.1 | 409 4.9 0.5
G6 (In-office) | 71.2 | -2.0 6.0 12.9 4.3 43 | 347 5.5 6.0
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Figure A.1. Photograph of two specimens after demineralization. A: Dentin slab, B:
Enamel slab. The right side of each specimen represents the demineralized surface

while the left side represents the sound surface.
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Figure A.2. Photograph of the cycling machine. A: Rotating rod carrying

specimens, B: Metallic staining solution.
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Figure A.3. Photographs of the specimens, after cycling (left) and after bleaching
(right). A/E: Negative control, B/F: Remin-control, C/G: Non-metallic stain, D/H:

Metallic stain.

After Cycling After bleaching
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