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Abstract

Color science plays a central role in contemporary restorative and esthetic dentistry, influencing
both diagnostic accuracy and treatment longevity. This doctoral dissertation integrates two
independent yet conceptually connected studies that explore the diagnostic and preventive potential
of color-related phenomena in clinical dentistry. By focusing on the optical behavior of restorative
materials and the color susceptibility of tooth structures, this work aims to establish a coherent
framework for understanding how color science can contribute to early detection of disease and
maintenance of esthetic outcomes.

Part I investigates whether recurrent caries beneath resin composite restorations can be visually
detected through the material, with particular emphasis on universal-shade resin composites based
on structural color. Through a series of in vitro experiments involving standardized artificial caries
models, the study examined instrumental color difference (AEoo) and visual detectability by dentists
and lay observers. The findings demonstrated that structural-color-based composites such as
Omnichroma transmit and reflect underlying chromatic information more readily than
pigment-containing conventional composites, thereby enhancing the visibility of caries-simulating
colors. These results suggest that the inherent optical properties of universal-shade composites may
facilitate earlier recognition of recurrent caries by both clinicians and patients, supporting timely
intervention.

Part II addresses a contrasting but complementary issue: the prevention of post-bleaching
pigmentation. While bleaching effectively improves tooth brightness, the procedure temporarily
increases enamel roughness and susceptibility to extrinsic discoloration. This study evaluated the
capacity of fluoride varnishes to inhibit early staining immediately after bleaching. Both Clinpro
White Varnish and Enamelast significantly reduced AEoo after exposure to coffee, and scanning

electron microscopy revealed partial restoration of enamel surface morphology. These findings



indicate that varnish application provides a physical barrier and promotes remineralization, thereby
preserving whitening effects during the high-risk early period following bleaching.

Together, these studies illustrate how the principles of dental color science—optical transmission,
color stability, material translucency, and surface—light interactions—can be harnessed for both
diagnostic and preventive purposes. By situating restorative material optics and enamel
susceptibility within a unified conceptual framework, this dissertation underscores the importance of
integrating color-related knowledge across clinical domains. The results contribute to the
development of materials and clinical protocols that enhance early detection of pathology and

support long-term esthetic outcomes in restorative dentistry.
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Part I:
Visibility of Recurrent Caries Through Universal Shade
Resin Composite Restorations

Chapter 1: Introduction

1.1 Background and Clinical Significance

Dental resin composites have become the material of choice for direct restorations in
contemporary dentistry, owing to advancements in adhesive technology and filler design that
have significantly enhanced their mechanical properties, handling, and esthetic harmony with
natural dentition [1-3]. With the growing global demand for minimally invasive and esthetically
pleasing dental treatments, composite resins are now widely applied in both anterior and
posterior restorations [4,5].

However, despite their widespread application and numerous advantages, the detection of
recurrent caries—Ilesions that develop at the margins or beneath existing restorations—remains
one of the persistent challenges in restorative dentistry [6,7]. In contrast to primary caries, which
often present with visible cavitation or discoloration, recurrent caries may be masked by intact
restorative materials, resulting in delayed diagnosis and, consequently, more extensive structural
damage [7,8]. Dentists often rely on a combination of visual-tactile inspection and radiographic
analysis; however, these methods have limited sensitivity in detecting subsurface lesions,
particularly when the restoration is optically dense or closely mimics the surrounding tooth
structure [9,10].

In Japan, the burden of dental caries remains considerable. According to a national survey
conducted by the Ministry of Health, Labour and Welfare, more than 90% of adults have

experienced dental caries, and approximately 30% have untreated lesions [11]. Notably,



recurrent caries is a leading cause of tooth extraction among middle-aged and older adults,
accounting for approximately 40% of extractions in individuals over the age of 40 [11]. The
progression of recurrent caries is often insidious, gradually extending into the dentin and
potentially leading to pulpitis, particularly in teeth that have undergone prior endodontic
treatment [7]. Such teeth may lack the ability to elicit pain responses, further obscuring clinical
diagnosis [10].
1.2 Characteristics and Detection of Recurrent Caries

Recurrent caries lesions exhibit diverse morphological and chromatic characteristics depending
on their etiology and stage of progression [12]. Acute lesions, more common in younger patients,
are typically associated with soft, light-yellow dentin, whereas chronic lesions, frequently
observed in older adults, tend to present as hard, brown to blackish-brown discoloration [12,13].
This chromatic variability may serve as a diagnostic aid, provided that the overlying restorative
material allows sufficient light transmission or color reflection from the underlying substrate.
Current clinical strategies for detecting recurrent caries include direct visual inspection, bitewing
radiography, fiber-optic transillumination, and, more recently, fluorescence-based detection
systems [7,10]. Nevertheless, these diagnostic modalities are subject to operator-dependent
variability and may lack accessibility or consistency in routine clinical practice[ 14]. Given the
limitations of current diagnostic approaches, there is an unmet clinical need for novel strategies
that support the early detection of recurrent caries. This study explores the potential role of
restorative materials themselves—specifically their inherent optical properties—as passive
diagnostic aids, a concept that has received little prior investigation.
1.3 Optical Properties of Universal Shade Composites

Universal shade composites achieve shade adaptation through various optical mechanisms

[1,15-17]. Some materials rely primarily on structural coloration, while others utilize enhanced



light-scattering properties [16,18-20]. Because these materials are designed to respond to
surrounding tooth color, their translucency and optical responsiveness may influence how
underlying structures appear through the restoration.

1.4 Rationale and Research Gap

Universal shade resin composites (UCs), by design, exhibit optical responsiveness to their
surrounding environment. This characteristic—originally intended to enhance shade
adaptation—also implies that color changes occurring beneath the restoration may be more
readily transmitted to the surface. If recurrent caries were to develop and produce discoloration
at the cavity floor, it is conceivable that such changes might become visible earlier when the
restoration is made with UCs rather than with conventional pigment-based composites.

Despite this clinically relevant possibility, the degree to which UCs actually allow underlying
discoloration to be perceived has not been thoroughly investigated. Existing research on UCs has
largely focused on esthetic integration and shade-matching performance, while their influence on
the detectability of subsurface changes has remained insufficiently explored. Moreover, studies
employing natural teeth face considerable variability in dentin color and lesion morphology,
making it difficult to isolate the effect of the restorative material itself.

To address this limitation, the present study simulated recurrent caries by using artificial teeth
with standardized color markers, and evaluated the visibility of underlying discoloration through
different types of resin composites.

1.5 Objectives and Hypotheses

This in vitro study aimed to evaluate whether color differences in simulated recurrent caries
lesions are visually perceptible when restored with either universal shade or conventional resin
composites.

The objectives of this study were twofold:



(1) to quantify the color differences (AEow) between stained cavity floors and the adjacent
restored areas using photographic image analysis; and

(2) to evaluate the visual detectability of these color differences by dental professionals through
a structured questionnaire-based assessment.

The following null hypotheses were tested in this study:

Ho(1): There is no significant difference in AEw values depending on the simulated caries color.
Ho(2): There is no significant difference in AEw values depending on the type of restorative
material.

Ho(3): The type of restorative material does not affect the subjective detectability of underlying

discoloration by observers.

Chapter 2: Literature Review

2.1 Overview of Recurrent Caries

Recurrent caries, also referred to as secondary caries, represents a clinically significant condition
that can develop adjacent to existing restorations [6,7]. Recurrent caries is defined as a carious lesion
that develops at the interface between an existing restoration and the adjacent tooth structure,
typically resulting from marginal leakage, incomplete caries removal, or the retention of cariogenic
biofilm [7,10,21]. Recurrent caries often remains undetected until it reaches an advanced stage, as it
may not present with clear clinical symptoms or visible surface changes [14].

Numerous epidemiological studies have highlighted the high prevalence of recurrent caries,
particularly among populations with a history of extensive restorative dental treatment [5,22]. For
example, studies have reported that up to 50% of the reasons for replacing posterior composite
restorations are attributable to secondary caries [5,23]. These lesions are clinically significant not

only due to their high prevalence but also because they frequently require more invasive



interventions, such as restoration replacement, endodontic retreatment, or even tooth extraction
[20,23].
2.2 Diagnostic Challenges and Current Modalities

Visual-tactile examination and bitewing radiography remain the standard diagnostic approaches in
routine dental practice; however, a systematic review by Brouwer et al. (2016) demonstrated that
these methods exhibit considerable variability in diagnostic accuracy, with suboptimal sensitivity
and specificity, particularly for detecting recurrent or subsurface lesions [10].

Adjunctive diagnostic technologies, including quantitative light-induced fluorescence (QLF),
DIAGNOdent, and optical coherence tomography (OCT), have been proposed as alternative tools
for detecting recurrent caries [7,24-27]. Although these methods provide enhanced sensitivity for
caries detection, their clinical application is often limited by factors such as high cost, limited
availability, and operator-dependent variability [28]. Moreover, these adjunctive diagnostic tools are
not routinely implemented in general dental practice, particularly in resource-limited settings [28].

Hence, there is a continued need for accessible, passive diagnostic aids—such as the inherent
optical properties of restorative materials—that could assist in the early detection of sub-restorative
pathology.

2.3 Optical Behavior of Conventional Resin Composites

Resin composites are complex restorative materials composed of a polymer matrix and dispersed
inorganic fillers [1]. The optical behavior of resin composites is influenced by several factors,
including the type and size of fillers, the concentration of pigments, and the refractive index of the
resin matrix [19]. Traditionally, dentists were required to select a composite resin shade that most
closely matched the surrounding tooth structure—a process known as shade-taking [29,30].
However, achieving optimal shade matching often relied heavily on the clinician’s experience and

skill [31]. In addition, maintaining an inventory of multiple composite shades imposed logistical and



economic burdens on dental practices [17].

To address these limitations, universal shade composites were developed with the concept of
adapting to all cavity shades using a single material [16,17].

2.4 Development and Characteristics of Universal Shade Composites

Universal shade composites (UCs) are designed to provide shade adaptation across a broad range of
tooth colors using a single composite material. Unlike conventional composites, in which the final
color is predominantly determined by added pigments, UCs achieve shade integration through a
combination of optical design, including structural coloration, controlled translucency, and
light-scattering behavior [16,17]. The balance between pigment incorporation and optical
mechanisms varies by product, giving rise to multiple categories within the UC family.

One representative example is Omnichroma (OMI), a material that employs structural color
technology. Structural coloration arises from the interaction of visible light with uniformly arranged
supranano-sized spherical fillers, producing color through optical interference rather than
pigment-based absorption [16,18]. The ordered filler architecture in OMI allows its appearance to be
strongly influenced by surrounding and underlying tooth structures, leading to dynamic shade
adaptation. Several studies have demonstrated OMI’s ability to harmonize with a wide variety of
tooth shades under standardized conditions, reflecting the unique optical behavior associated with
structural coloration [32].

In contrast, Essentia Universal (ESS) represents a UC that utilizes a microhybrid filler system
combined with pigments. In ESS, light transmission and scattering within the filler—resin matrix
promote optical blending with adjacent tooth tissues, while pigmentation contributes to baseline
shade reproduction [19,20]. This scattering-based shade matching mechanism differs fundamentally
from structural coloration and provides a more conventional but optimized approach to esthetic

integration.



Across multiple investigations, UC materials—including both structural color-based and
light-scattering—based systems—have demonstrated favorable shade-matching performance and
clinical usability, contributing to simplified shade selection and reduced inventory needs [33-35].
However, because these materials often exhibit higher translucency than pigment-dominated
composites, their optical responsiveness to underlying substrates may also influence the visibility of
discoloration beneath restorations—an aspect relevant to the present study.

2.5 Color Measurement in Dentistry

The quantification of color differences in dental materials is typically conducted using colorimetric
systems such as CIELab* and CIEDE 2000 [36,37]. CIEDE2000 is currently regarded as the most
accurate model for evaluating perceptual color differences, as it incorporates weighting functions for
hue, chroma, and lightness to better reflect human visual perception [36]. A AEoo value greater than
1.0 is generally considered perceptible to the human eye, whereas a value exceeding 3.3 is often
regarded as clinically unacceptable in the context of restorative dentistry [38,39].

Photographic analysis utilizing digital image correction tools, such as CASMATCH, enables
objective evaluation of color differences [40,41]. In addition, visual assessments involving calibrated
observers—such as dentists and laypersons—offer practical insight into the perceptibility of color
changes under simulated clinical conditions [42].

2.6 Visual Detection of Subrestorative Discoloration

Universal shade composites have been reported to be susceptible to the influence of the underlying
background color [43].

Clinically, when cavities are deep—such as in cases involving caries-stained dentin or where the
pulp chamber color becomes visible through the restoration—this optical effect may result in visibly
inadequate shade matching and compromise the esthetic outcome [44].

Therefore, the use of blockers or masking agents is sometimes required, particularly in deep



posterior cavities or anterior Class IV restorations [45,46].
2.7 Limitations of Existing Evidence
While the high translucency of universal shade composites may present esthetic challenges in
certain clinical scenarios, this very property could offer a novel advantage: enabling the visual
detection of subrestorative discoloration associated with caries progression or staining.
However, the extent to which this optical characteristic can aid in the early identification of

pathological changes remains underexplored under standardized conditions.



Chapter 3: Materials and Methods

3.1 Preparation of Spe

cimens

The composition and characteristics of the materials used in this study are summarized in Table 1.

Table 1. Materials use

d in this study.

Material Filler Type (Percent

Percent per

(Code) per Weight) Composition Weight Manufacturer Lot
2-Propenoic Acid, 2-Methyl-, (1- Methylethylidene) Bis [4,1- 10-30
Phenyleneoxy (2-Hydroxy-3,1-Propanediyl)] Ester
Estelite Sigma Supra-nano spherical Triethylene Glycol Dimethacrylate 5-10 Tokuyama Dental,
Quick A3 filler 2. 6-Di-tert-Butvl-p-Cresol <1 Tokyo, J3051
(ET) (82) 0D DUy pLreso Japan
p-Methoxyphenol <1
Titanium Dioxide <0.1
7,7,9(0r7,9,9)-Trimethyl-4,13-Dioxo-3,14-Dioxa-5,12-Diazah 10-30
exadecane-1,16-Diyl Bismethacrylate
Omnichroma Supra-na;ri? spherical 2,2"-Ethylenedioxydiethyl Dimethacrylate 1-5 ok Dental | 019E89
(OMI) (1796; 2,6-Di-tert-Butyl-p-Cresol <1 Okuyama Lienta
DI-Bornane-2,3-Dione <1
Mequinol <1
Urethane Dimethacrylate 10-25
Essentia . . Ytterbium Trifluoride 5-10
. Microhybrid filler . .
Universal (Octahydro-4,7-Methano-1H-Indenediyl) Bis (methylene) GC, Tokyo, Japan 2003091
81 : 2.5-5
(ESS) Bismethacrylate
2-(2H-benzotriazol-2-yl)-p-cresol 0.1-0.2

Detailed composition and material characteristics of the three composite resins used in the present study.

The table lists the type of filler particles, principal chemical constituents, their respective weight percentages,

manufacturers, and lot numbers. This information was compiled based on data provided by the manufacturers and

supplemented, where neces

sary, by previous reports.

The present study employed artificial teeth fabricated from synthetic resin material (product code:

AS5A-500; Nissin, Kyoto, Japan), which are commonly used in laboratory settings for dental research

and simulation purposes. These artificial teeth were selected to ensure consistency and

standardization in both anatomical morphology and optical characteristics across all specimens,

thereby minimizing variability that could arise from using natural teeth with inherent anatomical

differences. In order to establish a reproducible and controlled experimental model, standardized

Class V cavities were prepared on the buccal surfaces of the artificial teeth. Each cavity was

designed to have a uniform dimension, specifically 2.5 mm in length (mesiodistal), 3.5 mm in width

(occlusogingival), and 2.0 mm in depth (axial), which are dimensions frequently used in in vitro



restorative studies to mimic clinical class V lesions. The cavity preparation was carried out using a
cylindrical-shaped diamond rotary instrument (FG 401, Shofu, Kyoto, Japan), under continuous
water irrigation to prevent overheating and potential distortion of the resin tooth substrate during
preparation. The cavity preparation protocol followed a consistent technique to minimize
operator-induced variability. The overall cavity design and preparation protocol are schematically

illustrated in Figure 1.

2.5mm
Depth | 3.5mm
2.0mm

Preparation of standard cavity Impressions taking for replication
(A5A-500, NISSIN) using Memodil 2 (Kulzer)

Black Brown Light Brown Yellow Control The cavities were respectively filled with
ET, OM], and ESS, each of these

A dot 1 mm in diameter was marked in the center of the cavity floor using specimens were light irradiated for 40

oil-based magic pens (Mackey, ZEBLA) and left to dry naturally for 15 minutes. seconds (n.:S). ) o
Each specimen was stored in 37°C distilled

water for 24 hours and polished.

Figure 1. Sample preparation procedures of the specimens.

To simulate various clinical presentations of recurrent caries, which often manifest as discoloration
beneath existing restorations, the cavity floors were artificially marked to replicate the appearance of
underlying carious dentin. Specifically, the center of each cavity floor was marked with a 1.0 mm
diameter dot using oil-based ink pens (Zebra, Tokyo, Japan). Four different colors—namely, black,
brown, light brown, and yellow—were used to represent different stages and types of dentin
discoloration observed in clinical settings. These colors were carefully chosen to reflect the hues
typically associated with softened dentin due to either acute or chronic carious processes. Following

the marking procedure, the specimens were left undisturbed to air dry at room temperature for a
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duration of 15 minutes, allowing the pigments to set thoroughly and adhere stably to the cavity
surface. This ensured that the artificial discoloration would remain fixed throughout subsequent
restorative and analytical procedures.

The cavities were then restored using three types of resin composite materials: one conventional
shade composite and two universal shade composites (UCs). The conventional material used was
Estelite Sigma Quick A3 (ET; Tokuyama Dental, Tokyo, Japan), a widely used composite resin with
pigment-based color matching. The universal shade composites used were Omnichroma (OMI;
Tokuyama Dental, Tokyo, Japan) and Essentia Universal (ESS; GC, Tokyo, Japan), both of which
are marketed as single-shade systems designed to match a wide range of tooth colors through optical
blending rather than pigment-based coloration.

To isolate the inherent optical properties of the composite materials and to prevent any
confounding effects introduced by bonding agents, no adhesive system was applied prior to
restoration. In accordance with widely accepted clinical protocols for composite resin restorations,
particularly in anterior and cervical regions, a conventional incremental layering technique was
employed. Each cavity was restored by placing the composite resin in two to three horizontal
increments, depending on the cavity depth, with care taken to avoid air entrapment and to ensure
adaptation to cavity walls. After each increment was placed and carefully contoured, light
polymerization was performed using a high-intensity light-emitting diode (LED) curing unit
(Pencure 2000, Morita, Tokyo, Japan), delivering an output of 2000 mW/cm? within a wavelength
range of 450—470 nm.

Each layer was light-cured for 20 seconds, and the final increment was additionally polymerized
for 40 seconds to ensure complete curing of the outer surface. This stratified approach was chosen
not only to replicate clinical techniques more faithfully, but also to minimize polymerization

shrinkage stress and to promote better optical integration within the restoration.
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In addition to the marked specimens, a series of control samples was prepared using the same
restorative materials, but without any color marking on the cavity floor. These unmarked
restorations served as reference controls, providing baseline data for comparison with the stained
specimens during subsequent colorimetric evaluation.

After the completion of the restoration procedures, all samples were stored in distilled water at a
controlled temperature of 37°C for a period of 24 hours to simulate intraoral hydration and to allow
for potential post-curing changes. Following this storage period, the restorations were polished using
a two-step procedure. First, a silicon rubber polishing point (White Point CA, Shofu, Kyoto, Japan)
was applied, followed by a disk-type polishing system (Super Snap, Shofu, Kyoto, Japan). Each
polishing step was performed for 30 seconds, and care was taken to apply uniform pressure and
motion to standardize the surface finish across all specimens.

After the completion of polishing, the final appearance of the restored specimens was recorded
photographically for each group. Representative specimens (n = 5 per group) are presented in Figure
2, which visually illustrates the differences in appearance among the various discoloration
conditions and resin composite materials. These photographic images serve as a preliminary

qualitative reference for subsequent quantitative color analysis and interpretation.
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12mm

Black

Brown

Light Brown

Yellow

Figure 2. Representative images of the polished specimens in each experimental group.

Each row corresponds to a different background color condition applied to the cavity floor (Black, Brown, Light

Brown, Yellow, and Control), while each column represents a different composite resin material used for

restoration (ET = Estelite Sigma Quick A3; OMI = Omnichroma; ESS = Essentia Universal). All restorations were

polished under standardized conditions. The specimen dimensions were 12 mm in height and 8 mm in width,

corresponding to the standardized cavity dimensions used in this study.
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3.2 Photographic Analysis

In this study, a photographic analysis was conducted to objectively evaluate the color characteristics
of the restored specimens. To achieve high reproducibility and accuracy in image capture, all
photographs were taken in a specially prepared darkroom environment that eliminated any influence
from external ambient lighting. The only source of illumination was a standardized D65 light source
(FL20S-D-EDL-D65 20W, Toshiba, Tokyo, Japan), which is widely recognized in colorimetric
evaluation for its high color rendering index (Ra = 98) and daylight-mimicking color temperature of
approximately 6500 K. Two identical light sources were positioned at a 45° angle from the left and
right sides of the specimen, at a horizontal distance of 10 cm. This geometry was carefully selected
to provide even illumination and to minimize shadows and glare.

All images were acquired using a dental-specific digital camera (EyeSpecial C-IV, Shofu, Kyoto,
Japan), which was mounted on a tripod and fixed at a constant shooting distance of 100 mm from
the specimen. The camera was equipped with preset exposure and white balance settings to ensure
uniformity across all images. During photography, the camera was controlled remotely to avoid
motion blur and parallax error. In each image, a color correction chart (CASMATCH, BearMedic,
Ibaraki, Japan) was placed adjacent to the specimen. A representative example of this photographic
setup is presented in Figure 3, Panel 1, which shows a restored specimen positioned next to the
CASMATCH color chart on a black background. This background was selected to simulate the
optical characteristics of the oral cavity and to enhance contrast. The chart provided standardized
color references used for subsequent digital correction of tone and gray balance during image
analysis. This chart includes multiple standard color patches, which served as reference points for

post-capture image calibration.
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Figure 3. Photographic analysis and measurement strategy.

Panel 1: Restored specimen photographed against a black background with an adjacent CASMATCH color
reference chart for calibration. This setup ensured consistent lighting and enabled post-processing correction of
tone and contrast.

Panel 2: Diagram showing the locations of the three color measurement points used in the analysis. The central
point corresponds to the area directly over the discolored background, while mesial and distal points are each 1

mm from the center. These positions were used to calculate AEs values based on the CIEDE2000 formula.

The photographs were imported into image processing software (Adobe Photoshop 2021, Adobe
Systems Inc., San Jose, CA, USA), where color calibration was performed by adjusting the white
balance and contrast using the CASMATCH chart. The eyedropper sampling tool was set to average
a 5x5 pixel square to minimize pixel noise. Color balance correction was applied to the entire image
using the color chart reference levels, producing consistent tone and luminance values throughout
the dataset.

For quantitative color analysis, the images were converted to the CIE Lab* color space. This
colorimetric system, recommended by the International Commission on Illumination (CIE), allows
for perceptually uniform quantification of color differences. As shown in Figure 3, Panel 2, color
values were recorded at three predefined points on each specimen: (i) the center of the restored

cavity, (ii) a point I mm mesial to the center, and (ii1) a point 1 mm distal to the center. These

15



locations are schematically illustrated in Figure 3, Panel 2, where red dots indicate the exact
measurement sites. The central point is positioned directly above the discolored cavity floor, while
the mesial and distal points are equidistantly placed to assess contrast with adjacent unaffected
regions. This configuration was designed to allow consistent, reproducible quantification of
localized color masking effects. Each measurement was repeated three times at each site to reduce
variability, and the average of the three readings was used for subsequent analysis.

AEoo was calculated using the CIEDE2000 formula, which accounts for differences in lightness
(AL'), chroma (AC"), and hue (AH"), and includes a weighting function (R_T) for interactive terms.

The following formula was used for this purpose:

=+ i =+ l.l‘l:
AL’ _+ AC' _+ AH' _+R AC' AH' (1)
K5, KeSe KySy "\KcSc/\KySy

where ki, kc and ku are usually set to 1.0 under standard conditions. In this study, AEw was defined

AE =

as the color difference between the central cavity region and the mean value of the mesial and distal
reference points.

This rigorous photographic and analytical protocol was adopted in order to simulate intraoral
visualization conditions as accurately as possible and to provide a clinically relevant assessment of
color masking performance in resin-based restorative materials.

3.3 Visual Analysis

In addition to instrumental colorimetric evaluation, a human visual assessment was carried out in
order to explore how underlying discoloration through resin-based composite restorations may be
perceived by observers with varying backgrounds. This approach was designed to simulate real-life
clinical and non-clinical viewing conditions and to assess the perceptual impact of background color

differences across different resin composite systems. Unlike instrumental measurements, visual

16



assessments introduce human judgment, perceptual sensitivity, and experiential influence into the
evaluation of restorative materials, providing insight into how such color differences may be
recognized by both professionals and laypersons in actual dental settings.
3.3.1 Preparation of Test
A total of 75 specimens—representing all combinations of three composite resin materials and five
background color conditions (black, brown, light brown, yellow, and control)—were prepared in
advance. From this pool, three sets of evaluation trays were created. Each tray included 15
specimens, one from each experimental group, randomly selected and randomly arranged. This
irregular arrangement prevented any visual learning effect and avoided predictable sequencing
during the evaluation process. Each tray was labeled with non-identifiable codes to ensure full
blinding of the samples.
3.3.2 Participants
A total of 50 human observers were recruited and categorized into two equal groups: 25 licensed
dental professionals and 25 general volunteers without any prior professional or academic
background in dentistry. All participants were screened for eligibility, which required:
Age of 18 years or older
Visual acuity of at least 0.6 (uncorrected) or 0.8 (corrected) in both eyes
Absence of diagnosed color vision deficiencies
This pre-screening ensured that the participants could reasonably discern visual differences in color
under controlled lighting conditions.
3.3.2.1 Dental Professionals
As shown in Table 2, the group of licensed dental professionals consisted of 13 males and 12
females, reflecting a nearly balanced gender distribution.

Their clinical experience levels varied widely, encompassing the full spectrum of early-career to
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senior practitioners. As detailed in Table 3, 7 individuals were dental residents with less than 1 year
of experience, 8 were graduate students with 1-5 years, 4 were junior faculty members (defined as
instructors with less than 10 years post-graduation), and 6 were senior faculty members (defined as
instructors with more than 10 years of experience after graduation).

Regarding age, Table 4 summarizes the distribution as follows: 13 participants in their 20s, 6 in their
30s, 2 in their 40s, and 4 in their 50s. This wide age and experience distribution allowed for
examination of potential influences of both chronological age and professional maturity on

perceptual acuity.

Table 2. Gender Distribution of the Participants (Dentists).

Male Female
Number 13 12

Table 3. Clinical Experience Distribution of the Participants (Dentists).

Resident (<1Y) Grad Student (1-5Y) Junior Faculty ! Senior Faculty 2

Number 7 8 4 6
! Instructor class less than 10 years after graduation. ? Instructor class more than 10 years after
graduation.

Table 4. Age Distribution of the Participants (Dentists).

20s 30s 40s 50s
Number 13 6 2 4

3.3.2.2 General Volunteers

The general volunteer group also displayed a diverse demographic composition. As seen in Table 5,
there were 17 males and 8 females in this cohort. Their age distribution (Table 6) was broader than
that of the dentists, including participants in their 20s (n = 14), 30s (n = 4), 40s (n = 2), 50s (n = 2),
60s (n = 2), and even one participant in their 70s (n = 1). These individuals came from various
occupational backgrounds, such as students, office workers, and retirees, and none had formal

training in dental, medical, or paramedical fields.
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Table 5. Gender Distribution of the Participants (Volunteers).

Male Female
Number 17 8

Table 6. Age Distribution of the Participants (Volunteers).

20s 30s 40s 50s 60s 70s

Number 14 4 2 2 2 1

3.3.3 Visual Evaluation Protocol
Prior to the evaluation, each participant was shown a control sample without any background
discoloration as a reference point. The evaluation was conducted in a controlled indoor environment
under neutral white lighting (approximately 5500 K), with a fixed viewing distance of 30 cm. Each
specimen on the tray was presented sequentially. The participant was allowed a maximum of 2
seconds to view each sample and respond.
The response options were binary, designed to minimize cognitive bias and hesitation:

1. “Color difference is noticeable”

2. “Cannot determine / Not noticeable”
In addition to individual judgments, participants were also asked to choose one specimen per tray
that they considered to have the most obvious color difference. This resulted in 75 such
forced-choice responses per group (25 participants x 3 trays). These responses allowed for
evaluation of inter-group tendencies in recognizing extreme cases of perceptible background color.
3.3.4 Rationale and Relevance

The decision to include both dentists and non-dentist participants was based on the distinct roles

these groups play in the real-world detection of recurrent caries. Dentists represent the perspective of
trained professionals who routinely evaluate restorations during periodic examinations. Their ability
to notice subtle discolorations beneath composite materials is central to early clinical detection. In

contrast, non-dentist participants model the perspective of patients or general individuals who may
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observe their teeth in a mirror during daily activities. If a material allows discoloration to be visibly
detected by laypersons, it may prompt earlier self-recognition of potential problems and facilitate
timely dental visits.

By analyzing the perceptual responses of both groups, the study aims to clarify how restoration
translucency and blending characteristics influence two complementary pathways of detection:
professional diagnosis in clinical settings and patient-driven awareness in everyday life. This dual
evaluation enhances the relevance of the findings, as the clinical implications of material selection
extend not only to diagnostic accuracy but also to patient-perceived esthetics and self-monitoring
behavior.

3.4 Statistical Analysis
To derive valid and reliable conclusions from the data collected in both the photographic and visual
assessments, a series of statistical analyses were conducted using a structured and standardized
approach. The main objectives of the statistical evaluation were to:
1. Determine whether there were statistically significant differences in color masking
performance between the tested composite materials (ET, OMI, and ESS)
2. Evaluate the effect of background color (black, brown, light brown, yellow, control) on color
differences and visual detectability
3. Investigate potential interaction effects between material type and background color
All statistical analyses were performed using IBM SPSS Statistics, version 29.0 (IBM, Armonk, NY,
USA). The level of statistical significance was set at o = 0.05 for all tests.
3.4.1 Photographic Analysis (AE«» Measurement)
To assess color differences between the center of the restoration and the peripheral reference points,
AEw was employed. For this continuous numerical outcome, a two-way analysis of variance

(ANOVA) was conducted with two independent variables:
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1. Material type (ET, OMI, ESS)
2. Cavity floor color (Black, Brown, Light Brown, Yellow, Control)
The dependent variable was the measured AEo value.

When a significant interaction between material and color was observed in the two-way ANOVA,
simple main effects were explored using Bonferroni-corrected pairwise comparisons to control for
multiple testing error.

This method allowed identification of whether specific combinations of materials and background
colors yielded significantly different color masking outcomes, and whether certain materials were
more sensitive to background discoloration.

3.4.2 Visual Analysis (Observer Response Rate)

For the categorical data obtained from the visual assessment (i.e., “noticeable” vs. “not noticeable”),
the results were summarized as frequencies and proportions for each material-color combination.
The percentage of “noticeable” responses was calculated separately for the dentist group and the
volunteer group.

Because each experimental specimen was evaluated multiple times by the same panel of observers,
the primary unit of analysis was the specimen rather than the individual response. To avoid
pseudoreplication and overestimation of statistical power, no formal inferential tests (e.g., ¥ or
Fisher’s exact test) were performed. Instead, the visual data were analyzed descriptively, focusing on
patterns and trends across materials and background colors and on their correspondence with the
photographic AEoo results.

Additionally, observers were asked to select the most perceptible sample in each tray. This
forced-choice task was analyzed by aggregating the total number of “votes” received for each
material-color combination. These vote counts were summarized as frequencies and rankings,

stratified by participant group.
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Chapter 4: Results

4.1 Photographic Analysis

In this section, the results of the photographic colorimetric evaluation are presented. AEow were
calculated using the CIEDE 2000 formula for each specimen, quantifying the perceptual difference
in color between the center of the restoration and adjacent reference areas located 1 mm mesially
and distally. This approach allowed for an objective assessment of the extent to which each
composite resin material was able to visually mask the underlying background color.

4.1.1 Mean AEs Values and Standard Deviations

The mean AEw values and standard deviations for each combination of composite material and
background color are summarized in Figure 4. These data reflect the raw measurement values
obtained directly from the photographic images and provide a clear indication of the degree of color
variation across conditions.

As evident in the graph, ET consistently demonstrated low AEoo values across all five background
conditions, including discolored and control groups. This suggests that ET possesses strong masking
capabilities and is minimally affected by underlying color variation.

In contrast, both OMI and ESS exhibited significantly higher AEo values, particularly in the black,
brown, and light brown background conditions. These elevated values indicate that background
discoloration remained more visually detectable through these materials, reflecting their higher

translucency and environmental responsiveness.
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Figure 4. Mean AEw values = SD for each material-color combination (n = 5 per group).

Two-way analysis of variance revealed a significant interaction between the three materials and the five colors (F
(8,74) =122.19, p < 0.001). The Bonferroni method was used to examine the simple main effect for each level of
each factor, and no significant differences were found between the five colors in the ET. In the OMI, there were
significant differences among all five colors (p < 0.001), and in the ESS, there were significant differences among
all groups, except between Brown and Black (p < 0.01). No significant differences were found between the ET,
OMLI, and ESS groups and the control group.
4.1.2 Statistical Analysis: Two-Way ANOVA and Interaction Effect

A two-way analysis of variance (ANOVA) was performed to examine the main effects and
interaction effects of material type (ET, OMI, ESS) and background color (Black, Brown, Light

Brown, Yellow, Control) on AEew values.
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The results demonstrated a statistically significant interaction effect between the two factors (F(8,
74)=122.19, p <0.001), indicating that the influence of background color on perceived color
difference varied depending on the composite material, and vice versa.

To further explore this interaction, a Bonferroni-corrected simple main effects analysis was
conducted: For ET, no statistically significant differences were observed among the five background
colors, suggesting that this material maintained consistent masking performance regardless of
discoloration. For OMI, statistically significant differences were detected between all five color
conditions (p < 0.001), indicating high sensitivity to background variation. For ESS, significant
differences were found between all pairs of background colors except between Brown and Black (p
<0.01).

When comparing materials within each color group: For Black, Brown, Light Brown, and Yellow,
all pairwise comparisons between ET, OMI, and ESS yielded significant differences (p < 0.05). For
the Control group, no statistically significant differences were found among the three materials.
4.1.3 Estimated Marginal Means and Interpretation
To facilitate visual interpretation of the interaction effect, the estimated marginal means of AEoo
values were calculated and plotted, as shown in Figure 5. These estimated means account for
variation within groups and provide a smoothed representation of the trends observed.

In this figure, distinct response patterns are evident for each material: OMI and ESS both showed a
rising trend in AEo values from Control to Black, indicating greater color difference—and thus
greater detectability of underlying discoloration—as the background darkened. ESS mirrored this
trend, although its sensitivity to background color was slightly lower than OMI. The Brown—Black
comparison showed no significant difference, aligning with post hoc results. ET, by contrast,
displayed minimal variation in AEo values across all backgrounds, reaffirming its superior masking

stability.

24



These trends reinforce the meaning of the significant interaction effect identified in the ANOVA: the
degree to which background color influences color difference is not uniform across materials.
Moreover, for the four discolored backgrounds (Black, Brown, Light Brown, Yellow), the
relationship ET < ESS < OMI was observed consistently. However, such a trend was not present in
the Control group, further underscoring that material performance diverges only when underlying

discoloration is present.
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Figure 5. Estimated marginal means of AEgo. Error bar: 95% CI. The trend of AEy among the five colors of the
materials is different, and there appears to be a difference between the colors in OMI and ESS, except between
Black—Brown in ESS. However, it can be seen that there is less difference between the five colors in ET. This
difference in the AEq trends among the five colors of the three materials indicates an interaction. The graph also
shows that Black, Brown, Light Brown, and Yellow have the same data trend of ET < ESS < OMI, while Control
does not show such a clear trend. Thus, the difference in the trends of ET, ESS, and OMI among the five colors
indicates the meaning of the interaction effect.

4.2 Visual Analysis

To complement the objective photographic analysis presented in the previous section, a subjective

visual detectability assessment was conducted. In this evaluation, human participants were asked to
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judge whether the central region of each restored specimen appeared visually different from the
surrounding restoration. The binary response format (“noticeable” or “not noticeable / cannot
judge”) enabled straightforward quantification of color detectability for each combination of
composite material and background color.

4.2.1 Overall Trends in Visual Judgments

The total number of “noticeable” responses was compiled for each of the 15 experimental groups (3
materials x 5 background colors), stratified by participant group (dentist vs. volunteer). As shown in
Table 7, the data are presented as percentages of specimens judged to be “noticeably discolored”

under each condition.

Table 7. Percentage of “noticeable” calculated from visual analysis results'.

Black Brown Light Yellow Control
Brown

ET 72 47 23 3 8

Dentist OMI 99 97 93 1 4
ESS 99 79 59 8 3
ET 72 29 27 4 15
Volunteer  OMI 100 77 60 5 12
ESS 96 49 36 11 11

! Values in the table are in percent (%).

Several key trends can be observed: OMI exhibited the highest percentage of “noticeable” responses
in the Black and Brown conditions for both dentists (99% and 97%, respectively) and volunteers
(100% and 77%). This suggests that this material offers less optical masking in darker backgrounds.
ET, on the other hand, showed consistently low detectability, with especially low values in the
Yellow (3—4%) and Control (8-15%) conditions, indicating superior masking performance. ESS
exhibited intermediate behavior, with relatively high detectability in Black (99% dentist, 96%
volunteer) and Brown (79% dentist, 49% volunteer), but lower visibility in Yellow and Control

conditions.
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These results demonstrate a general hierarchy of masking effectiveness across materials:

ET > ESS > OMI (in terms of masking, i.e., inverse of detectability).

The data also reinforce the observation that darker background colors were more likely to be
perceived through the restoration.

4.2.2 Complementary Analysis of “Not Noticeable” Responses

To provide an inverse perspective on the same data, Table 8 summarizes the percentage of
specimens judged as “not noticeably discolored” in each group. While numerically complementary
to Table 7, this presentation allows clearer visualization of conditions under which restorations were

perceived as successfully masked.

Table 8. Percentage of “not noticeable” calculated from visual analysis'.

Black Brown Light Yellow Control
Brown
ET 28 53 77 97 92
Dentist OMI 1 3 7 99 96
ESS 1 21 41 92 97
ET 28 71 73 96 85
Volunteer OMI 0 23 40 95 88
ESS 4 51 64 89 89

! Values in the table are in percent (%).

ET demonstrated high rates of “not noticeable” judgments in the Yellow (97% dentist, 96%
volunteer) and Control (92% dentist, 85% volunteer) groups. OMI, by contrast, was rated as “not
noticeable” in less than 10% of Black/Brown conditions, confirming its tendency to transmit or
reveal underlying hues. ESS showed more variation, with a notable difference between dentist and
volunteer groups in the Brown background (21% vs. 51%), suggesting observer-dependent variation
in masking perception.

Together, Tables 7 and 8 provide a comprehensive picture of how different composites perform in
visually concealing various types of underlying discoloration.

4.2.3 Between-Group Comparison: Dentists vs. Volunteers
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When comparing dentist and volunteer responses across all materials and background conditions,
certain patterns emerged: Dentists tended to report higher detectability in brown and light brown
conditions compared to volunteers, possibly due to their clinical experience in distinguishing subtle
color discrepancies. However, both groups agreed on the poor masking performance of OMI in dark
backgrounds and on the consistently superior masking of ET, indicating strong inter-group
concordance in general trends.

4.2.4 Visual Summary and Clinical Relevance

The percentage data are graphically represented in Figure 6, which visualizes the “noticeable”
response rate by material and background color. The figure highlights the interaction between
composite translucency and underlying hue, with universal shade composites showing greater
susceptibility to color transmission.

These findings suggest that while universal shade composites offer excellent optical blending in
some cases, they may also reveal underlying pathology, particularly when the background is
darkened due to caries or staining. Conversely, conventional pigment-based composites like ET may

be more suitable when complete masking is the clinical priority.

Visual Detectability by Material and Background Color
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Figure 6. Percentage of “noticeable” responses by material and background color.
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These visual trends closely mirrored the photographic AEos results, in which OMI consistently showed the
greatest influence of background discoloration, ESS exhibited an intermediate response, and ET demonstrated the
most stable masking performance across all color conditions.

4.3: Forced Choice Results

In addition to binary visual judgments, participants were asked to identify, from each of the three
test trays, the single specimen that appeared most noticeably discolored. This forced choice task was
designed to simulate a clinical scenario in which a practitioner must prioritize one restoration as the
most esthetically compromised or diagnostically suspicious. Because participants were restricted to
choosing only one sample per tray, these responses represent relative perceptual salience, rather than
absolute detectability.

4.3.1 Overview of Selection Frequency

A total of 150 forced-choice selections were recorded (50 participants x 3 trays). If the perceptual
differences among the specimens were negligible, each of the 15 material-color combinations would
be expected to receive a comparable number of selections. However, the actual distribution was
highly non-uniform, with certain combinations—particularly OMI-Black—receiving a
disproportionately large number of votes. The detailed voting distributions for dentists and
volunteers are shown in Table 9 and Table 10. Notably, specimens restored with OMI over black
and brown backgrounds were overwhelmingly selected as the “most noticeable” in their respective
trays. Specifically: OMI + Black background received the highest number of votes overall (n = 43),
representing nearly 29% of all forced choices. OMI + Brown background also received a high
number of selections (n = 29). Other OMI groups (e.g., Light Brown) received moderate votes,
while the Control group was rarely chosen.

By contrast, specimens restored with ET, especially over Control or Yellow backgrounds, were

almost never selected, indicating their high masking performance and low perceptual salience.
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The ESS groups occupied an intermediate position, with Brown and Light Brown backgrounds

drawing moderate attention.

Table 9. Voting results of the visual analysis for dentists.

Rank Material Color Votes
Ist OoMI Black 58
2nd ESS Black 12
3rd OMI Light Brown 3
4th OMI Brown 1
5th ET Black 1

Table 10. Voting results of visual analysis for volunteers.

Rank Material Color Votes
1st OMI Black 42
2nd ESS Black 28
3rd OMI Brown 2
4th ET Black 2
5th OMI Light Brown 1

4.3.2 Between-Group Comparisons

When results were stratified by participant group (dentist vs. volunteer), the general pattern of
preferences remained consistent: Both groups predominantly selected OMI + Black and OMI +
Brown. Dentists showed slightly higher selection frequencies for ESS + Brown, possibly due to
greater sensitivity to marginal discoloration. Volunteers more frequently selected OMI + Light
Brown, suggesting that even subtle discolorations in translucent materials may be perceptible to
untrained eyes.
4.3.3 Interpretation and Clinical Relevance

The forced choice results underscore a central finding of this study: universal shade composites,
especially those with high translucency like OMI, are more likely to transmit underlying

discoloration to the surface in a way that is perceptible and even prominent to both professionals and

laypersons.
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This characteristic may be interpreted positively or negatively depending on clinical context: In
esthetic zones, such visibility may be undesirable and prompt reconsideration of material selection
or use of additional masking strategies (e.g., blockers or opaque liners). In contrast, when early
detection of recurrent caries or marginal staining is the goal, this property may offer diagnostic
benefits, alerting clinicians and patients to potential substructure changes without requiring invasive
intervention.

Conversely, ET’s lack of perceptual prominence in any forced choice condition suggests strong
masking reliability, but also a possible limitation in revealing early-stage discoloration beneath

restorations.

Chapter 5: Discussion

5.1 Overview of Key Findings

This study evaluated the visibility of recurrent caries simulated by standardized coloration beneath
three types of resin composites: a conventional pigment-based material (ET) and two UCs, OMI and
ESS. Using both quantitative colorimetric analysis and subjective visual evaluation, the findings
consistently demonstrated that UC materials—particularly OMI—enhanced the detectability of
underlying discoloration, whereas ET tended to obscure it.

These results suggest that UC materials possess optical properties that not only allow for esthetic
integration but may also assist in the early identification of secondary carious lesions through
enhanced color transmission or blending of underlying hues.

5.2 Interpretation of Photographic Analysis

The photographic analysis using AEw as a measure of color difference revealed significant

interactions between material type and discoloration color. Specifically, ET showed minimal

variation in AEe values across the five color groups, suggesting that its pigment-based formulation
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masks underlying color effectively. In contrast, OMI exhibited the highest AEoo values across most
discolorations, consistent with its structural color-based translucency.

These findings are consistent with previous reports indicating that structural-color composites, such
as OMI, allow the transmission of ambient light and reflect the chromatic characteristics of
background [16]. As demonstrated in the present study, this optical behavior may be beneficial in
revealing underlying pathological discoloration beneath the restoration.

ESS, while still a UC, produced more moderate AEo values than OMI. This may be attributable to
differences in filler type and size—microhybrid fillers in ESS cause more scattering than OMI’s
suprananoparticles, potentially diffusing color signals and lowering detectability. Previous studies
support this notion, noting that ESS exhibits greater light diffusion, leading to a softer blending
effect [47].

5.3 Visual Analysis and Clinical Implications

The visual detection component further corroborated the photographic analysis, revealing
significantly higher identification rates for black and brown discolorations when using UCs,
especially OMI. Even among non-dentist volunteers, dark-colored simulated lesions were more
readily identified through OMI than ESS or ET.

Importantly, this visibility was consistent across both professional and lay observers, indicating that
the effect is not limited to clinical expertise but may also support patient self-recognition. This is of
potential clinical value: if patients can visually detect a darkened area beneath a translucent
restoration, they may be more likely to seek professional consultation at an earlier stage of recurrent
caries progression.

However, yellow and light brown discolorations—colors typically associated with early or acute

caries—were not consistently detected, even through UCs. This highlights a limitation in using
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passive visual detection and suggests that such techniques are currently more suited for chronic
caries visualization.
5.4 Implications for Material Selection

The study's findings underscore a potential paradigm shift in material selection, particularly in
high-risk populations where recurrent caries monitoring is a priority. While conventional composites
provide superior masking and esthetics in ideal conditions, UC materials may serve dual functions:
offering esthetic integration and aiding in caries surveillance.

OMI may be particularly useful in post-treatment scenarios where future lesion recurrence is likely.
Conversely, ESS may offer a middle ground between blending and concealment, depending on
clinical demands.

Nonetheless, the decision to use UC materials should be balanced with considerations such as
cavity depth, esthetic priority, and patient compliance. In esthetically demanding anterior
restorations, high translucency may be inappropriate if the underlying substrate includes discolored
dentin or metal posts.

5.5 Study Limitations
Several limitations of the present study must be acknowledged:
1. In vitro setting: While artificial teeth allowed for standardization, they do not fully replicate
the optical heterogeneity of natural enamel and dentin.
2. Color simulation: The use of oil-based markers to simulate caries, while standardized, may
not perfectly replicate the optical properties of real demineralized dentin.
3. Exclusion of adhesive systems: The study deliberately omitted bonding agents to isolate
resin color effects. In clinical settings, adhesive layers may alter optical pathways.
5.6 Rejection of Null Hypotheses

Based on the presented data, the following conclusions regarding the null hypotheses can be drawn:
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Ho(1): Rejected. Significant differences in AEw values were observed based on the simulated
discoloration.
Ho(2): Rejected. Resin material type significantly influenced the color differences.
Ho(3): Rejected. The visibility of discoloration varied by material and was consistently
perceived across different observer groups.

5.7 Future Directions

In line with the present findings, further research is currently underway using human extracted
teeth to validate the optical behavior of universal shade composites under more clinically relevant
conditions. Unlike artificial teeth, natural enamel and dentin exhibit considerable variability in
translucency, scattering, and intrinsic coloration, all of which may influence the extent to which
underlying discoloration becomes perceptible through restorative materials. By employing extracted
human teeth with authentic dentin substrates and caries-like discolorations, we aim to clarify how
these materials perform in a setting that more closely reflects the complex optical environment of
actual clinical cavities.

Additionally, ongoing work seeks to examine the influence of adhesive layers, cavity depth, and
enamel thickness on color transmission through universal shade composites. These factors were
intentionally standardized or omitted in the present in vitro model but represent essential variables in
real practice. Incorporating them into future experimental designs will provide a more
comprehensive understanding of how universal shade composites behave when interacting with
natural tooth structures.

Collectively, these efforts are expected to extend the clinical relevance of the present findings and
contribute to the establishment of guidelines for selecting restorative materials based not only on
esthetic requirements but also on their potential role in supporting early visual detection of

secondary caries.

34



Chapter 6: Conclusion

This in vitro study investigated the visibility of simulated recurrent caries through three types of
resin composites—one conventional pigment-based material ET and two universal shade composites
(OMI and ESS) . Using both quantitative photographic analysis and subjective visual evaluation, the
study demonstrated that:

1. Universal shade composites, particularly OMI, allow significantly greater transmission or
reflection of underlying discoloration compared to conventional resin composites. This was
evidenced by higher AEw values and greater detection rates for simulated caries colors.

2. The type of discoloration markedly affected detectability. Dark colors such as black and
brown were consistently more visible across materials, whereas lighter hues (light brown and
yellow) were less perceptible, regardless of the composite used.

3. Visual assessments by both dentists and laypersons confirmed that UC materials enhanced
the detection of underlying discoloration. This suggests that UC composites may assist not
only in professional diagnostics but also in prompting earlier patient visits for caries
evaluation.

These findings collectively refute the null hypotheses and underscore a novel clinical potential of
universal shade composites: they may serve not only as esthetic restorative materials but also as
passive visual aids for the early detection of recurrent caries.

While further clinical validation is required, particularly in natural tooth structures and long-term
observations, this study lays the groundwork for integrating material optical properties into caries
surveillance strategies. The use of translucent restorative materials could be especially beneficial in
high-risk patients where monitoring is critical.

In conclusion, universal shade composites represent a promising evolution in restorative material

science—offering both esthetic harmony and functional transparency. Their application may shift
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the paradigm of caries detection from instrument-based diagnostics to visually supported,

patient-involved monitoring in routine dental care.
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Part II:
Prevention of Tooth Discoloration Using Fluoride
Varnish Immediately After Bleaching

Chapter 7: Introduction

7.1 Background and Clinical Significance

In modern society, tooth whitening has become one of the most popular aesthetic dental treatments,
aimed at providing tooth color and overall smile appearance. According to clinical statistics, the
demand for tooth whitening treatments has increased year by year, and there are currently a variety
of tooth bleaching products available on the market for in-clinic or home use [48]. Tooth bleaching
is widely accepted as an effective method for esthetic improvement and contributes to a beautiful
smile [48,49]. Most of these bleaching agents use hydrogen peroxide or carbamide peroxide as the
main ingredients, which achieve whitening effects by releasing oxygen free radicals and
decomposing colored molecules in teeth [49].
7.2 Enamel Alterations Induced by Bleaching

Although bleaching can effectively improve the beauty of teeth in the short term, the durability of
its effects is still a challenge. Studies demonstrated that color rebound after the bleaching procedure
remains the crucial concern, and effective strategies are needed to ensure long-lasting results [50,51]
[50] [51]. Change in tooth color after bleaching is caused by external staining agents such as coffee,
wine, and tobacco. In addition, immediately after bleaching, demineralization of the enamel leads to
changes in the microstructure of the tooth surface, making it more prone to staining by external
factors [52-57]. It has been reported that the roughened enamel surface observed immediately after
tooth bleaching is a temporary effect and can be remineralized by saliva [58,59]. Manufacturers

recommend avoiding coffee, wine, and other substances known to cause discoloration for 24 h after
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bleaching due to the increased risk of discoloration [60,61]. Therefore, the whitening effect in the
early stage after bleaching has become a clinical problem that needs to be addressed and new
approaches are required to maintain bleaching effects.
7.3 Rationale for Using Fluoride Varnish

Traditionally, patients are advised to avoid drinking colored beverages or eating foods with strong
pigments after bleaching, especially in the early stages [49]. However, compliance with these
recommendations varies, and there is no guarantee that the tooth surface will not be completely
stained. For this reason, we explored the use of materials with remineralization potential to protect
the tooth surface structure and reduce the risk of early re-staining. Fluoride varnish was developed
from the late 1960s to the early 1970s to prolong the contact time between fluoride and the tooth
enamel [62]. This material has been shown to be effective in noninvasive dental treatment, primarily
by promoting enamel remineralization, typically at a fluoride concentration of 22,600 ppm (5%)
[63,64]. Fluoride varnish adheres to the tooth surface as a thin layer for an extended period,
facilitating the deposition of calcium fluoride in enamel [65]. This precipitate acts as a fluoride
reservoir, which is thought to promote the formation of fluorapatite [63]. These properties enable the
use of fluoride varnish to prevent dental caries and to treat dentin hypersensitivity [66-72].
7.4 Mechanistic Basis and Hypothesis for Varnish Application After Bleaching

Currently, the commonly used fluoride varnish products in clinical practice includes Clinpro White
Varnish (CW) and Enamelast Fluoride Varnish (EN). CW is a fluoride varnish containing tricalcium
phosphate [73]. It typically remains on tooth surfaces, forming a film that gradually wears off within
24 h. Sodium fluoride and tricalcium phosphate are dissolved and released as ions [74,75]. EN is a
xylitol-containing fluoride varnish specifically formulated to enhance adhesion, thereby increasing
its retention on the tooth surface and promoting fluoride release and uptake [76,77]. Although the

role of fluoride varnish in enamel remineralization is well established, its potential as a preventive
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barrier against discoloration occurring shortly after bleaching has not been fully evaluated. We
hypothesized that the application of a fluoride varnish—a long-lasting material—immediately after
bleaching could modify the enamel surface through remineralization and inhibit discoloration. As
the risk of discoloration is particularly high during the first 24 h after bleaching, immediate fluoride
varnish application may represent an effective strategy to preserve whitening outcomes.
7.5 Purpose of the Study

Therefore, this study aimed to assess the effectiveness of fluoride varnish in preventing
discoloration immediately after bleaching. The null hypothesis was that there would be no
significant difference in the color difference values in the fluoride varnish groups compared to the

control group after 24 h.

Chapter 8: Literature Review

8.1 Overview of Tooth Bleaching Techniques

Tooth whitening is an increasingly popular esthetic procedure that relies primarily on hydrogen
peroxide or carbamide peroxide for the degradation of chromogenic molecules in enamel and dentin
[48,49]. Both in-office and at-home bleaching products are widely available, and their clinical
effectiveness for improving smile esthetics has been well documented [48-51].
8.2 Enamel Surface Alterations Following Bleaching

Bleaching agents are known to cause transient alterations in enamel microstructure, such as
heightened surface roughness, enhanced porosity, and partial mineral loss, resulting from their
demineralizing action [52-57]. These alterations increase enamel’s susceptibility to discoloration by
external pigments such as coffee and wine. Although saliva contributes to natural remineralization
over time [58,59], the first 24 hours after bleaching remain a period of elevated staining risk, leading

manufacturers to recommend avoidance of chromogenic substances during this interval [60,61].
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8.3 Mechanisms of Early Re-Discoloration

The roughened enamel surface created immediately after bleaching facilitates pigment uptake from
common dietary staining agents [52-57]. This phenomenon explains the clinically observed “color
rebound” shortly after whitening procedures, which remains a major concern in maintaining
bleaching effects [50,51].

8.4 Fluoride Varnish and Enamel Remineralization

Fluoride varnish, introduced in the late 1960s and early 1970s, was designed to prolong fluoride
contact with enamel [62]. With a high fluoride concentration (22,600 ppm), varnish promotes
remineralization through calcium fluoride deposition and fluorapatite formation, enhancing enamel
resistance to acid and external challenges [63-65]. It is also widely used for caries prevention and
treatment of dentin hypersensitivity [66-72].

Commonly used clinical products include Clinpro White Varnish (CW)—containing tricalcium
phosphate—and Enamelast (EN), a xylitol-containing varnish formulated to improve adhesion and
fluoride uptake [73-77].

8.5 Preventive Potential of Fluoride Varnish Against Post-Bleaching Discoloration

Although the remineralizing effects of fluoride varnish are well established [62-65], its role as a
protective barrier during the high-risk early post-bleaching period has not been fully investigated.
Given that staining susceptibility peaks within the first 24 hours after bleaching, fluoride varnish
may help prevent early discoloration by modifying the enamel surface and limiting pigment
absorption.

8.6 Evaluation of Early Discoloration

Color difference (AEw) calculated using the CIEDE2000 formula is widely used to evaluate

staining and esthetic outcomes. Recent studies have proposed clinical acceptability thresholds for

AEw, allowing objective assessment of preventive strategies [78]. Scanning electron microscopy
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(SEM) further enables characterization of enamel surface morphology and has been used extensively

in bleaching and remineralization research [52-57].

Chapter 9: Materials and Methods

9.1 Experimental Materials
The experimental materials used in this study were Clinpro White Varnish (CW; Solventum, Saint
Paul, MN, USA) and Enamelast Fluoride Varnish (EN; Ultradent, South Jordan, UT, USA). The

compositions of the tested materials are listed in Table 11.

Table 11. Materials used in this study

Material Percent per

(code) ppm F Composition weight Manufacturer Lot
pentaerythritol glycerol ester of colophony resin 30-75
n-hexane 10-15
ethyl alcohol 1-15
Clinpro White Varnish sodium fluoride 1-5 Solventum, Saint Paul,
(CW) 22,600 flavor enhancer 1-5 MN, U.S. 9660455
thickener 1-5
food-grade flavor 1-5
modified tricalcium phosphate <5
synthetic resin <50
Enamelast Fluoride ethyl alcohol <15
ish 22 600 sodium fluoride ‘ <5 Ultradent Products, BWB4Y
Varnis ’ methyl ester of hydrogenated rosin <5 South Jordan, UT, U.S.
(EN) citric acid <3
xylitol -

9.2 Preparation of Specimens

The required sample size was determined based on a power analysis using G*Power software
(version 3.1, Heinrich-Heine-University Diisseldorf, Germany). Assuming a medium-to-large effect
size (f=0.4), an alpha level of 0.05, and a statistical power of 0.8, the minimum sample size
required for one-way ANOV A with three groups was calculated to be 9 per group. Accordingly, a
total of 54 bovine teeth, purchased from Yokohama City Shokuniku Kosha (Yokohama, Japan),
were used to prepare enamel specimens for two independent experiments (Exp 1 and Exp 2), each
consisting of three groups (n =9). The specimens were randomly assigned to six groups in total, as

illustrated in Figure 7.
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Figure 7. The experimental groups in this study. Abbreviation: NC, no varnish control; CW, Clinpro White

Varnish; EN, Enamelast.

The specimen preparation procedure is illustrated in Figure 8. Bovine incisors were stored at —

20 °C until use. Before specimen preparation, the teeth were thawed under running tap water at

room temperature (23 °C) for 30 min. Each tooth was cleaned with a scalpel to remove soft tissue

and the roots were sectioned using a trimmer (MT-10 Model Trimmer, Morita, Tokyo, Japan).

Square specimens measuring 7 mm x 7 mm %X 2 mm (1 mm enamel and 1 mm dentin in thickness)

were prepared using a diamond saw (Isomet; Buehler, Manassas, VA, USA). Each specimen was

fixed in an acrylic tube (10 mm inner diameter and 10 mm height) using self-curing acrylic resin

(Unifast II Clear, GC, Tokyo, Japan).

The enamel surfaces were manually polished under running water using silicon carbide paper

(Sankyo-Rikagaku, Tokyo, Japan) with grit sizes of #600, #800, #1000, and #1200, for 30 s,

followed by sonication in distilled water at room temperature for 3 min (FU-2H, Tokyo Garasu
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Kikai, Tokyo, Japan) to remove debris after the use of each grit. For each grit, to standardize the
surface. To remove residual organic material, 10% sodium hypochlorite solution was applied to the
pulpal side for 1 min, followed by rinsing with distilled water for 30 s. This was followed by the
application of 35% phosphoric acid gel (K-Etchant Gel; Kuraray Noritake, Tokyo, Japan) to the
pulpal side for 10 s, then rinsed again with distilled water for 30 s. The specimens were finally
sonicated in distilled water at room temperature for 5 min to remove debris. After preparation, the

specimens were stored in distilled water until the experiment.

U
o » .@ .

Acrylic tube Acrylic resin
A total of 27 enamel segments were
prepared from bovine teeth. Samples were embedded in acrylic tubes with acrylic resin.
=
Color NC2 | ] Color
measurement T measurement
» CW-1 (:f\*zéf » » (tfw/ﬂ
cw-2 L _J
Coffee Tooth bleaching with 35%HP. cw Coffee
SiC #600 to #1200. EN-2 ( Expl Immersed for 24h
10% sodium hypochlorite was applied to the pulp side for 1 minute and rinsed. e Exp2: Immersed for 4 hours, brushed for
40% phosphate gel was applied to the pulp side for 10 seconds and rinsed. EN 10 seconds (polishing brush 1000 rpm),

Specimens were ultrasonicated for 3 minutes and immersed in coffee at 38°C for 14 days. and immersed for 20 hours.

Figure 8. Sample preparation procedures of the specimens. Abbreviation: SiC, silicon carbide paper; HP, hydrogen
peroxide ; NC, no varnish control; CW, clinpro white varnish; EN, enamelast fluoride varnish.
9.3 Color Measurement

The detailed procedure of color measurement after the sample preparation is illustrated in Figure 8.
The specimens were immersed in coffee and stored at 37 °C for 14 d with reference to previous
studies [79] [80]. The pulp side of each specimen was filled with Unifast II Clear, and the CIE
L*a*b* values were measured at the center of the enamel surface using a spectrophotometer

(CM-2600d, Konica Minolta, Tokyo, Japan) with a small-area view setting (SAV: ¢3 mm/@6 mm)
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under a D65 standard illuminant. Measurements were performed in a dark room against a black
background.

A total of 54 specimens with L* values ranging from 30 to 45 were selected and divided into six
groups (n =9 each) based on the L* value. The groups were as follows: Groups (NC-1, NC-2) —no
application after bleaching (control); Groups (CW-1, CW-2) — application of CW after bleaching;
and Groups (EN-1, EN-2) — application of EN after bleaching.

Office bleaching was performed using 35% hydrogen peroxide (Hi-Lite; Shofu, Kyoto, Japan).
According to the manufacturer's instructions, the bleaching paste was mixed and applied to the
enamel surface, left for 5 min, and then irradiated for 3 min using a light-curing device (Pencure
2000, Morita; irradiation intensity: 2,000 mW/cm?), followed by a 1-min resting period. This cycle
was repeated three times. After bleaching, CIE L*a*b* values were measured.

The bleached enamel surfaces were dried, and a thin layer of fluoride varnish was applied using an
applicator brush. CW was applied to CW-1 and CW-2 and EN was applied to EN-1 and EN-2. The
varnish was left undisturbed for 3 min. Subsequently, the specimens were immersed in coffee.

Two experimental protocols were used for each group.

Exp 1: Immersion in coffee for 24 h after bleaching.

Exp 2: Simulation of a clinical scenario in which patients brush their teeth after varnish application.
The specimens were subsequently immersed in coffee for 24 h after bleaching. After 4 h of
immersion, the samples were removed, brushed, and reimmersed. Brushing was performed for 10 s
at 1,000 rpm using a Robinson brush (Mersage brush, Shofu).

The specimens were rinsed with water, blot-dried, and subjected to color measurements. The color
difference (AEw) was calculated based on the CIE L*a*b* values measured immediately after
bleaching and after 24 h immersion in the staining solution using the CIEDE2000 color difference

formula (1).
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9.4 Scanning Electron Microscope (SEM) Observation

SEM specimens were prepared by cutting 3 mm X 3 mm sections from the central portion of bovine
teeth. Each specimen was subjected to one of the following treatments: (a) no bleaching; (b) after
bleaching; (c) CW application after bleaching; (d) EN application after bleaching; (e) CW
application after bleaching and brushing 4 h later; and (f) EN application after bleaching and
brushing 4 h later. After gentle blot-drying using a Kimwipe, representative specimens from each
group were randomly selected and the specimens were sputter-coated with Pt-Pd for 120 s. The
specimens were then mounted on aluminum stubs and enamel surfaces were examined using a
scanning electron microscope (SEM; S-4800, Hitachi, Tokyo, Japan). The entire surface of each
specimen was first surveyed at low magnification, and representative areas showing characteristic
features were selected for detailed imaging.

9.5 Statistical Analysis

AEo values were analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s

honestly significant difference (HSD) test. All statistical analyses were performed using SPSS

version 28 (IBM, Armonk, NY, USA). Statistical significance was set at p < 0.05.

Chapter 10: Results

10.1 Color Measurements

Figure 9 presents the results of the color measurement tests.

In Exp. 1, the mean AEo values for NC-1, CW-1, and EN-1 are 14.27, 4.74, and 5.70, respectively.
A significant difference was observed between the intervention and the control groups. The AEo
values of the fluoride varnish groups immediately and 24 h after bleaching were approximately

one-third of those in the control group.
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In Exp. 2, the mean AEw values for NC-2, CW-2, and EN-2 are 22.51, 17.05, and 8.96, respectively.

Again, a statistically significant difference was observed between the intervention and the control

groups.
Exp1 Exp 2
40 40
(E NC1 . B NC-2
30 ] cw- 04 1 cw-2
A A
g ] EN1 3 [ EN-2
< xR
> 20- > 20- ? B
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NC-1 CW-1 EN-1 NC-2 CW-2 EN-2

Figure 9. AEoo values after coffee immersion for 24 h under two conditions: Exp 1 (without brushing) and Exp 2
(with brushing 4 h after varnish application). NC-1/NC-2: no treatment after bleaching; CW-1/CW-2: application
of Clinpro White Varnish; EN-1/EN-2: application of Enamelast. Groups sharing the same letter are not
significantly different (p < 0.05). Lower AEw values indicate better prevention of discoloration.
10.1 SEM Observations

Figure 10 presents SEM images of enamel surfaces under different conditions. After bleaching
(Figure 10b), the enamel surface exhibited irregular pit morphology with increased roughness,
indicating microstructural damage due to demineralization. In contrast, when fluoride varnish was
applied immediately after bleaching (Figure 10c,d), surface irregularities were markedly reduced in
both CW and EN groups. In the brushed groups (Figure 10e,f), the surface appearance resembled
that of the bleached enamel (Figure 10b). However, in the EN group (Figure 10f), some pits

remained partially occluded, suggesting the presence of residual varnish even after brushing.
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Figure 10. SEM images of enamel surfaces under different conditions. (a) No bleaching; (b) After bleaching; (c)
CW application after bleaching; (d) EN application after bleaching; (¢) CW application after bleaching and

brushing after 4 h; (f) EN application after bleaching and brushing after 4 h.

Figure 11 presents images of the brushed samples. After CW application and brushing, no varnish
residue was observed on the enamel surface (Figure 11a). In contrast, the EN-treated brushed sample

exhibited visible remnants of a varnish layer (Figure 11b).

10.0kV 11.5mm 100um

(b)

Figure 11. SEM images of fluoride varnish remnants on enamel surfaces after brushing. (a) CW application after

bleaching and brushing after 4 h; (b) EN application after bleaching and brushing after 4 h.

47



Chapter 11: Discussion

11.1 Overview of Main Findings

The present study investigated whether applying fluoride varnish to bovine enamel immediately
after bleaching could prevent discoloration caused by external pigments, as assessed by color
difference after immersion in coffee for 24 h. Our findings showed that fluoride varnish application
significantly reduced discoloration compared to the control group.

Discoloration occurring after bleaching is a common concern associated with esthetic tooth
whitening procedures. Previous studies have suggested that the enamel surface becomes temporarily
demineralized and morphologically altered after bleaching, increasing its susceptibility to external
pigments such as those found in coffee and wine [52-57]. Despite the widespread use of fluoride
varnish for remineralization [62-65], its potential to inhibit discoloration immediately after bleaching
has not yet been thoroughly examined.

In this study, we evaluated the effectiveness of applying fluoride varnish immediately after
bleaching to reduce early discoloration on bovine enamel surfaces. In addition to statistical
significance, the clinical relevance of the observed AEo values should be considered. A recent study
reported that the clinical acceptability threshold for AEs ranges from 1.80 to 2.84 [78]. In this study,
although the AFE values for all groups exceeded the clinical acceptability threshold, those in the
varnish groups (particularly CW-1 and EN-1) were closest to this threshold, whereas the control
group showed much higher values. The reduction in AEw achieved by fluoride varnish application
can be regarded as both statistically significant and clinically beneficial. A detailed analysis of the
results suggests that the discoloration-inhibiting effect of the fluoride varnish is primarily
attributable to two factors.

11.2 Physical Surface Protection by Fluoride Varnish
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First, the physical coating effect of the varnish likely contributed to the inhibition of discoloration.
Immediately after bleaching, the tooth surface becomes temporarily roughened and readily absorbs
pigments [52-57]. Fluoride varnish is believed to form a protective layer on the enamel surface,
thereby physically blocking pigment adhesion. This effect was particularly evident in Exp. 1, where
the fluoride varnish groups showed AEw values approximately one-third of those in the control
group. This indicates that fluoride varnish can reduce the risk of discoloration within 24 h of
bleaching.

11.3 Remineralization Effects and Microstructural Recovery

Second, the remineralization-promoting effect of fluoride varnish may have also contributed to the
suppression of discoloration. After bleaching, the enamel undergoes changes resembling
demineralization, resulting in microstructural alterations [54]. The presence of fluoride may promote
remineralization, improve the surface integrity of the enamel, and reduce pigment adherence. In fact,
previous studies have reported that enamel remineralization progresses following fluoride varnish
application [81-83].

This remineralization process may involve not only the direct incorporation of fluoride into the
enamel lattice to form fluorapatite, but also the deposition of calcium fluoride-like globules that
function as reservoirs of fluoride ions [84-87]. These globules can gradually dissolve under acidic
conditions, releasing fluoride to promote remineralization precisely when needed most, such as
during dietary acid challenges [86,87]. The formation of fluorapatite has been reported to enhance
the acid resistance of enamel [84]. This may help prevent the penetration of staining agents. Initial
mineral deposition is also known to fill microdefects and surface porosities caused by bleaching
[86,88], which may mechanically hinder pigment penetration.

Therefore, the mechanism of discoloration prevention by fluoride varnish is thought to involve two

main actions: enhancement of enamel remineralization and formation of a temporary surface barrier.
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These effects work together to inhibit the adhesion and penetration of staining agents during the
initial period following bleaching.
11.4 Influence of Saliva, Varnish Composition, and Brushing

Under clinical conditions, the presence of saliva could substantially augment these processes
[85,89]. Saliva supplies not only calcium and phosphate ions necessary for remineralization but also
buffers pH fluctuations, creating a favorable environment for mineral deposition [84,86,89]. The
ionic interplay between fluoride and salivary calcium/phosphate enhances the formation of stable
mineral phases, accelerating surface repair [84,85,89]. Although our study was conducted in distilled
water, the effects observed here may be underestimated compared to what might occur in vivo,
where saliva's dynamic flow and composition would provide additional protective and reparative
benefits [84,86,89]. Future studies incorporating artificial saliva or dynamic pH cycling protocols
would be valuable for validating these synergistic effects and for clarifying the kinetics and
durability of fluoride varnish-induced remineralization.

Furthermore, it is important to consider that the rate and depth of remineralization can vary
depending on the varnish formulation, the frequency of acid exposure, and individual variations in
salivary composition [84,89]. The microlayer of calcium fluoride formed by varnish application may
differ in morphology and stability between products, influencing the degree of long-term enamel
protection [84,86]. Additionally, the potential for varnish components to interact with acquired
enamel pellicle or biofilm could modulate fluoride bioavailability at the enamel surface [86,89].
These complex interactions highlight the need for comprehensive in situ or clinical studies that can
capture the multifactorial nature of enamel remineralization in the oral environment.

11.5 Comparison with Other Preventive Agents and Broader Clinical Implications

Fluoride varnish may offer advantages over other fluoride-containing products, such as gels or

mouth rinses, when used immediately after bleaching. While gels and rinses provide fluoride to
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promote remineralization, they generally require repeated applications and do not form a durable
protective coating on the enamel surface [90,91]. In contrast, fluoride varnish can be applied quickly,
forms a temporary protective layer, and simultaneously promotes remineralization through sustained
fluoride release [65]. Furthermore, the high viscosity and adhesive properties of varnishes enable
them to remain on the tooth surface for extended periods, even in the presence of saliva, thereby
enhancing fluoride uptake by enamel [84,86]. Unlike gels and rinses, varnishes reduce dependence
on patient compliance and can deliver a controlled, localized high concentration of fluoride at the

site of application [84,89]. These features make fluoride varnish particularly valuable for mitigating
sensitivity and supporting enamel protection in high-risk patients during the critical early period
following bleaching.

Although this study focused on enamel surfaces, it is known that bleaching agents can also affect
restorative materials, such as composite resins, potentially causing surface roughening and
discoloration [92,93]. As many patients have such restorations, this is an important clinical
consideration. Future studies should evaluate the protective effects of fluoride varnish or other
preventive strategies on restorative materials subjected to bleaching.

11.6 Limitations and Future Directions

The results of Exp. 2 provide insights into the effect of tooth brushing on the
discoloration-inhibitory properties of fluoride varnish. In this experiment, brushing with a Robinson
brush was performed 4 h after bleaching, followed by 20 h of immersion in coffee. In NC-2, a
marked increase in AEq was observed, indicating continued discoloration, even after brushing. In
contrast, the fluoride varnish groups exhibited suppressed increases in AEoo, particularly in EN-2.
This may be attributed to the adhesive and long-lasting properties of varnish. The
adhesion-promoting formulation of EN likely enhances its retention on the enamel surface,

maintaining its efficacy even after surface brushing [77]. In comparison, CW-2 exhibited a greater
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increase in AEo compared to Exp. 1, possibly because of partial removal of the varnish layer during
brushing. Nevertheless, discoloration progression was still lower than in the control group,
suggesting that CW also retained a certain degree of protective effect.

Based on the color difference measurements (AEw), both experiments demonstrated that
discoloration was significantly reduced in the fluoride varnish groups compared to that in the control
group. Thus, the null hypothesis, stating that there would be no significant difference in color
differences among the groups after 24 h, was rejected.

In this study, SEM observations revealed that the enamel surface immediately after bleaching
(Figure 10b) exhibited rough and irregular pit morphology, likely due to the demineralizing effect of
hydrogen peroxide. In contrast, when fluoride varnish was applied immediately after bleaching
(Figure 10c,d), surface irregularities were markedly reduced in both the CW and EN groups. The
pits appeared shallower, and the overall surface showed reduced irregularity compared to the
bleached enamel, suggesting that the varnish promoted remineralization [63].

The SEM observations revealed that varnish remnants remained after EN application even after
brushing. This finding likely reflects the high adhesion of EN owing to its synthetic resin matrix
[76,77], allowing it to retain protective effects on the enamel surface. The compositional differences
between CW and EN may also explain their differing performance. CW contains tricalcium
phosphate, which provides calcium ions and may promote remineralization [73-75]; however, its
retention appeared limited. In contrast, EN contains xylitol and exhibits greater adhesion, which,
along with xylitol’s reported synergy with fluoride [94], may enhance remineralization and prolong
its protective action against discoloration. In this study, SEM analysis was limited to qualitative
observations to illustrate surface morphology differences among the groups. Quantitative image

analysis, such as measuring pore depth or surface defect density, could provide greater objectivity
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and may help to further clarify the effects of bleaching and fluoride varnish application on enamel
surfaces.

It has been reported that tooth bleaching roughens enamel surfaces and increases bacterial adhesion
[95]. Fluoride varnish, a fluoride-releasing agent, promotes enamel remineralization, provides
surface protection [65], and exhibits antimicrobial properties that inhibit bacterial metabolism and
biofilm formation [96,97]. In addition, fluoride application is recommended after bleaching to
reduce hypersensitivity, which is the most common side effect of bleaching [98,99]. Our findings
support the multifaceted benefits of fluoride varnish. In addition to its established remineralizing and
antibacterial properties, it also protects the roughened enamel surface from discoloration by acting as
a physical barrier. Therefore, immediate application after bleaching may offer a simple and effective
strategy to prevent early discoloration and to maintain dental health.

However, the effectiveness of fluoride varnishes on bleached tooth surfaces may vary depending on
the product used. Although all materials in this study were used according to the manufacturer’s
instructions, several limitations should be noted. The specimens were stored in distilled water,
whereas artificial saliva may have provided a more clinically relevant environment by promoting
remineralization. The static model lacked salivary flow or other dynamic oral factors. Moreover, the
observation period was limited to 24 h, which does not reflect the long-term durability of fluoride
varnish effects. In this study, coffee was used as the staining agent; however, different results might
be observed with other discoloration factors, such as exposure to red wine or tobacco, or in the
presence of pH cycling and artificial saliva. Future clinical studies under actual oral conditions will
be important to validate the effectiveness of this approach.

In addition to its potential to prevent early discoloration after bleaching, the application of fluoride
varnish may be integrated into post-bleaching care protocols in clinical settings. Such an approach

could support not only esthetic outcomes by preserving the effects of bleaching but also contribute
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to the prevention of enamel sensitivity, a common side effect of tooth whitening procedures.
Furthermore, fluoride varnish could play a role in comprehensive care strategies for patients with
high risk of enamel erosion or structural defects following bleaching treatments. These possible
applications highlight the value of incorporating fluoride varnish as a standard adjunct in esthetic

dental procedures.

Chapter 12: Conclusion

This study demonstrated that the immediate application of fluoride varnish after bleaching
effectively reduces early discoloration caused by exposure to external pigments. Both Clinpro White
Varnish and Enamelast significantly lowered AEw values compared with the control group,
indicating a clinically meaningful suppression of staining within the first 24 hours after bleaching.
SEM observations further supported these findings by revealing smoother enamel morphology and
reduced surface irregularities in the varnish groups.

The protective effects observed in this study can be attributed to two primary mechanisms: the
formation of a temporary physical barrier on the enamel surface and the promotion of
remineralization through sustained fluoride release. These mechanisms act synergistically to limit
pigment adhesion and penetration during the critical post-bleaching period when enamel is most
vulnerable.

Although the in vitro design and 24-hour observation period limit generalizability, the results
suggest that fluoride varnish represents a simple, practical, and effective adjunct to bleaching
procedures. Incorporating varnish application into post-bleaching protocols may enhance esthetic
outcomes, reduce hypersensitivity, and support long-term enamel health. Future clinical research is
required to validate these findings under dynamic oral conditions and to clarify the long-term impact

of varnish formulations on bleached enamel and restorative materials.
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