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ABSTRACT Various methods have been applied to evaluate the effect of erosion and abrasion.
So, the aim of this study was to check the applicability of stylus profilometry (SP), surface hardness
(SH) and focus-variation 3D microscopy (FVM) to the analysis of human enamel and dentin
subjected to erosion/abrasion. The samples were randomly allocated into four groups (n = 10):
G1l-enamel/erosion, G2-enamel/erosion plus abrasion, G3-dentin/erosion, and G4-dentin/erosion
plus abrasion. The specimens were selected by their surface hardness, and they were subjected to
cycles of demineralization (Coca-Cola"-60 s) and remineralization (artificial saliva-60 min). For
groups G2 and G4, the remineralization procedures were followed by toothbrushing (150 strokes).
The above cycle was repeated 3X/day during 5 days. The samples were assessed using SH, SP, and
FVM. For each substrate, the groups were compared using an unpaired t-test, and Pearson
correlation coefficients were calculated (¢ = 5%). For enamel, both profilometry technique showed
greater surface loss when the erosion and abrasion processes were combined (P <0.05). The corre-
lation analysis did not reveal any relationships among SH, SP, and FVM to G2 and G4. There were
significant correlation coefficients (—0.70 and —0.67) for the comparisons between the FVM and SH
methods in enamel and dentin, respectively, in G1 and G3. Choosing the ideal technique for the
analysis of erosion depends on the type of dental substrate. SP was not sufficiently sensitive to
measure the effects on dentin of erosion or erosion/abrasion. However, SP, FVM and SH were
adequate for the detection of tissue loss and demineralization in enamel. Microsc. Res. Tech.
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INTRODUCTION

Dental erosion has been highlighted by the recent
emphasis in dentistry on considering and understand-
ing the causes of alterations in dental hard tissues and
the effects of acidic soft drinks on these tissues (Serra
et al.,, 2009). The strong interest in this subject is
indicated by the large numbers of in viiro and in situ
studies published on it (Ganss et al., 2000; Hannig
et al., 2008; Lussi et al., 2000; Passos et al., 2010; Ren
et al., 2009a,b; Schlueter et al., 2009a,b).

The precise characterization and measurement of
hard tissue is of prime importance in much dental
research because the detrimental effects of dental
erosion are strongly influenced by interactions with
abrasive forces (Wiegand et al., 2007). This process is
especially important for surfaces characterized by vari-
ous diversified microstructures with a number of irreg-
ular peaks and valleys that cannot be easily defined.

The search for the optimal methodology to analyze
and describe surface topographies, as well as measure
the amount of hard tissue loss, has gained considerable
support in the literature (Attin, 2006; Heurich et al.,
2010). The literature contains many well-known meth-
ods for the characterization and quantification of
dental erosion. Among these techniques, the hardness
tester (Hannig et al., 2008; Lussi et al., 2000; Passos
et al., 2010; Saghiri et al., 2009; Wiegand et al., 2007),
microradiography (Ganss et al., 2005, 2009; Lo et al.,
2010), energy-dispersive X-ray fluorescence (de
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Carvalho Filho et al.,, 2011) and profilometry
(Chuenarrom and Benjakul, 2008; Ganss et al., 2000,
2005, 2009; Hannig et al., 2008; Hjortsjo et al., 2010;
Ren et al., 2009a; Schlueter et al., 2009a,b) have been
highlighted.

The determination of surface hardness has been a
common means of quantifying erosive effects; for
example, the Knoop hardness test measures altera-
tions in the superficial layer based on the geometry of a
diamond indenter (Attin, 2006; Lussi et al., 2000). Due
the limited capacity of hardness measurement after an
aggressive erosive challenge and the destruction of
samples and time consuming by microradiography
(Lo et al., 2010), the most commonly reported method
in dental research is profilometry (Fujii et al., 2011;
Ganss et al., 2009; Heurich et al., 2010). Stylus profil-
ometry is an older, more established technique that
involves traversing the tooth surface using a contact
tip. The vertical motion of the contact tip is trans-
formed into an analog/digital signal that indicates the
depth of substrate loss, ranging from 2 to 250 pm.
However, there is a risk of the diamond tip damaging
the specimen (Field et al., 2010).
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Optical profilometry can overcome many of the draw-
backs of contact profilometry because it does not
involve direct contact with the surface and because its
use in recent years to evaluate dental erosion has
produced consistently satisfactory results (Ganss et al.,
2009).

Another methodology with great potential in dental
studies that involve a quantitative evaluation of
surface topography is focus-variation 3D microscopy
(FVM). This technique combines the small depth of
focus of an optical system with vertical scanning to
provide topographical and color information from the
variation of focus (Ren et al., 2009a). FVM, is a non-
contact method, utilizes optical imaging; it does not
cause any damage to the surface of the specimen (Fujii
et al., 2011). Ren et al. (2009a,b) have reported that
FVM is an adequate tool for evaluating dental erosion.

A comparison of FVM and stylus profilometry was
expected to be instructive because these techniques
have different measurement principles, which can
cause different results, leading to inconsistent conclu-
sions. The objective of this study was therefore to
investigate the profile outcomes of two profilometric
methods and hardness analysis in enamel and dentin
substrates that had undergone erosive or erosive plus
abrasive challenges.

MATERIALS AND METHODS
Experimental Design

This study employed a completely randomized,
single-blind experimental design with 10 experimental
units per treatment. It evaluated human enamel and
root dentin that had been subjected to two types of chal-
lenge: erosive and erosive plus abrasive. The response
variables were wear depth (expressed in micrometers)
and the percentage of surface hardness loss.

Preparation of Dental Samples

Sound third molars were used in this in vitro study
following approval from the Research and Ethics
Committee of the Federal University of Ceara (protocol
#272/2009). The teeth were refrigerated at 4°C in a
0.01% (w/v) thymol solution until use. Slabs (4 mm X 4
mm X 2 mm) of dentin and enamel were obtained from
these teeth using a water-cooled diamond saw and a
cutting machine (IsoMet Low-Speed Saw, Buehler,
Lake Bluff, IL). The slabs were embedded in acrylic
resin cylinders to facilitate handling (Arotec SA Ind. e
Com, Cotia, SP, Brazil) and serially polished with 400-,
600- and 1200-grit Al;O3 grinding papers under water
refrigeration, followed by the application of a 1-um dia-
mond paste on a rotating polishing machine (Arotec SA
Ind. e Com). Subsequently, the slabs were sonicated for
10 min in distilled water, identified by number and
stored under refrigeration.

Each slab was then divided into two halves, with one
half of each specimen serving as the test surface. The
other half was covered with a dark-colored acid-resist-
ant nail varnish (Colorama, CEIL Coml. Exp. Ind., Sao
Paulo, SP, Brazil) and did not undergo any further
treatments. The surface hardness was determined by
performing five indentations for 5 s with a Knoop
diamond (FM 100, Future Tech, Tokyo, Japan). A 50-g
load was used for enamel, and a 25-g load was used for
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dentin. The indentations were performed in the center
of the slab surface for selection and randomized distri-
bution purposes. Twenty dentin and 20 enamel slabs
with hardness values between 43-52 and 315-385
Knoop hardness numbers (KHN), respectively, were
selected. A computer-generated randomization list was
used to randomly assign these specimens into the
following groups (n = 10): Gl-enamel/erosion, G2-
enamel/erosion plus abrasion, G3-dentin/erosion, and
G4-dentin/erosion plus abrasion.

Erosion-Abrasion Cycling Model

Demineralization was performed by immersing each
slab in 5 mL of a carbonated soft drink (Coca-Cola, the
Coca-Cola Co., Maracanau, CE, Brazil) and statically
incubating it for 1 min. Next, the slabs were washed
with deionized water for 10 s and immersed in 70 mL
of artificial saliva (1.45 mM Ca, 5.4 mM POy 0.1 M
Tris buffer, 2.2 g/L porcine gastric mucin, pH 7.0) for
60 min using a magnetic stirrer (100 rpm).

Subsequently, the slabs that had been assigned to
erosive plus abrasive regimens were subjected to 150
cycles of the abrasive challenge in an automatic brush-
ing machine (MSEt, 1500 W, Marcelo Nucci ME, Sao
Carlos, SP, Brazil) under a 200-g load at 4.5 move-
ments per second and 37 = 0.5°C. During the tooth-
brushing, the samples were bathed by a 1:3 w/w slurry
of commercially available fluoride toothpaste (Colgate
Total™ 12 Clean Mint, containing 1450 ppm F as NaF;
Colgate-Palmolive Ltd, Sdo Paulo, SP, Brazil) and
artificial saliva.

The cycling was repeated three times per day for five
days at room temperature. All of the samples were
stored overnight in artificial saliva at 37°C. Following
the treatments, the acid-resistant varnish was removed,
and the surface wear was analyzed using a hardness
measurement method and two profilometric methods.

Analysis of Percentage of Surface
Hardness Loss (%SHL)

The percentage of surface hardness loss was meas-
ured using a Knoop diamond (FM 100, Future Tech,
Tokyo, Japan). Five 5-sec indentations were performed
for enamel (50-g load) and dentin (25-g load) in the cen-
ter of the slab surface, and an average per group was
calculated. Indentations were made 100 um apart on
each specimen, with five on sound surface hardness
(SH) and five following the erosive stage (SH;). These
measurements were used to calculate the percentage of
surface hardness change (%SHL) as %SHL=(SH-SH,)
X 100/SH.

Stylus Profilometry (SP)

The specimens were allowed to dry for 10 min before
analysis in order to reduce the possible interference
caused by the shrinkage of dentin organic content. The
tooth wear of each test surface was determined in rela-
tion to the reference surface (covered by nail varnish)
using the Hommel Tester T 1000 profilometer (HOM-
MELWERKE GmbH, Alte Tuttinger Strebe 20. D-7730.
VS- Schwenningen). At intervals of 100 um, five profile
traces (1.5 mm in length) were recorded on each speci-
men. These profilometric traces were produced by
moving the stylus from the reference surface to the test
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TABLE I. Means and standard deviations (SD) of wear and percentages of superficial hardness loss

Analysis
Wear (um) + SD %SHL *= SD
Substrate Challenges FVM SP SH
Erosion 0.89 (0.42)* 0.36 (0.10) 53.39 (5.58)*
Enamel Erosion + abrasion 2.53(0.74)° 0.78 (0.09)° 24.93 (11.57)°
Erosion 3.85(0.94)4 1.36 (0.32)* —-21.25 (12.31)*
Dentin Erosion + abrasion 4.44 (1.06)* 1.22 (0.30)4 -16.25 (29.13)*

Different lowercase letters denote a significant difference between type of challenges to the enamel, and similar capital letters imply no significant differences
between erosion and erosion plus abrasion challenges on dentin when unpaired ¢ test was used.
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surface. The mean of the values obtained from five
traces was calculated for each sample.

Surface 3D Topography Evaluation

Topographic images of the eroded surfaces of the
teeth were created using 3D focus-variation scanning
microscopy, a kind of optical profilometry, at magnifica-
tions of approximately 200X (Alicona Imaging, Gram-
bach/Graz, Austria). The unfiltered direct profiles of
the measurement surfaces and 3D images of enamel
and dentin were captured, and the average maximum
profile heights (Pz, representing the average depth of
erosion) of the sampled profiles across the measure-
ment length were recorded. The mean of the values
obtained from five traces was calculated for each
sample.

Statistical Analysis

Initially, the assumptions of equality of variances
(Levene’s test) and a normal distribution of errors (the
Shapiro-Wilk test) were verified. For each substrate,
the erosion and erosion plus abrasion groups were com-
pared using an unpaired ¢-test. The linear dependence
between the measurements obtained with the stylus
profilometry, FVM and percentage of hardness loss
methods was determined using Pearson’s correlation
test (the Pearson product-moment correlation
coefficient= r) to determine the degree of similarity
between any two data sets. The statistical analyses
were performed using SAS™ statistical software (SAS

Institute, Cary, NC). The level of significance was set
at 5%.

RESULTS

The mean percentages of the changes in superficial
hardness and the wear data obtained from the 3D
scanning microscopy and the mechanical stylus are
presented in Table 1. For enamel substrate, there were
statistically differences for the erosion plus abrasion
group compared with the erosion-only, according to the
FVM, SP and %SHL analyses (P <0.0001). Otherwise,
there were no significant differences between the den-
tin erosion and erosion plus abrasion groups (P = 0.205
for 3D scanning microscopy, P = 0.301 for stylus profil-
ometry and P = 0.6261 for the percentage of hardness
loss).

In regard to Pearson correlation results, when data
were analyzed considering solely slabs subjected only to
erosion, the enamel samples displayed an inverse corre-
lation between %SHL and FVM (r = —0.70, P = 0.023).
In contrast, enamel samples subjected to erosion plus
abrasion showed no significant correlations using any
method of evaluation. However, when all enamel sub-
strate data were analyzed no mattering that slabs were
subjected to erosion or erosion plus abrasion a positive
correlation between SP and FVM (r = 0.70, P = 0.0005)
(Fig. 1a) and an inverse correlation between %SHL and
FVM (r = -0.74, P = 0.0002) (Fig. 1b) were observed.

The dentin slabs were the most susceptible to acid
dissolution and exhibited a wide range of erosion depths
(1.36-3.85 um) when the SP and FVM techniques were
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Fig. 2. Correlation between surface wear (FVM) and %SHL in
dentin erosion. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

compared. The Pearson correlation analysis of the den-
tin surfaces subjected to erosion only showed that
%SHL was inversely correlated with FVM (r = —0.67,
P = 0.032) (Fig. 2). Differently from enamel, when den-
tin data were analyzed without considering treatment
(erosion/erosion plus abrasion) no significant correlation
was determined between the techniques (FVM vs. SHL,
r = 0.27; SHL vs. SP, r = 0.47 and FVM vs. SP, r =
0.38).

Typical surface images with control and treated
areas are shown in Figures 3 and 4. In general, all of
the test slabs exhibited uniform erosive lesions, which
could be easily distinguished from the untreated areas.

DISCUSSION

This study examined the reproducibility of different
methods for analyzing dental erosion with or without
abrasion on enamel and dentin. A comparative analy-
sis of two profilometric techniques (one optical and one
mechanical) and their correlations with surface hard-
ness was performed.

Focus-variation 3D microscopy has emerged as a
leading non-destructive analytical technique in dental
hard tissue research (Ren et al., 2009a,b). This new
approach presents several advantages: no tissue is lost
due to sectioning and three-dimensional rendering and
quantification are possible. A proposed benefit of FVM
compared with contact stylus is that there is no risk of
scratching the eroded, softened enamel surface of the
specimen; thus, the true wear of the tooth can be meas-
ured (Barbour and Rees, 2004). The selection of the
method of measurement is impacted by several issues.
The goals of the project determine which outcome
measures are required. The study design and the study
model are both associated with the method of measure-
ment. In addition, resources (such as expertise), the
cost and availability of equipment and time are impor-
tant considerations. The specifications of a method are
also essential, and quantitative or qualitative accuracy
should be considered as well (Lo et al., 2010).

According to our results, an erosive challenge fol-
lowed by an abrasive process on enamel promotes a
greater loss of tooth structure than does erosion alone,
which is similar to the findings of other studies (Eisen-
burger and Addy, 2003; Hooper et al., 2003; Rios et al.,
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2006). This tendency presumably reflects the removal,
by the brushing procedure, of a softened surface made
vulnerable to mechanical forces. The results obtained
in analysis on enamel substrate show positive correla-
tions with mechanical profilometry and optical profil-
ometry. In contrast, the enamel slabs subjected to
erosion alone presented higher percentages of hard-
ness change than those subjected to erosion plus abra-
sion, indicating an inverse correlation between 3D
scanning microscopy analysis and the percentage of
surface loss. This result is probably due to the erosion
challenge resulting from a direct loss of the superficial
enamel layer; in addition, the erosion challenge may
have softened the underlying layer, thus resulting in
diminished hardness. This softened layer was removed
by the brushing procedure, resulting in the exposure of
a harder and inner enamel surface (Wiegand et al.,
2007). This process caused the wear to increase when
the eroded enamel was subjected to abrasion, but the
%SHL was lower compared with that of erosion alone.
This hypothesis is supported by previous investigations
that have shown that softened enamel is more suscep-
tible to toothbrushing performed immediately after an
erosive challenge (Hooper et al., 2003; Rios et al.,
2006). The results of the present study also show that
abrasion can potentialize the effects of an erosive chal-
lenge on enamel.

In contrast, the dentin substrate analysis did not
show a significant difference between teeth treated by
erosion and those treated by erosion plus abrasion. The
interpretation of this result may require some under-
standing of the complex structure of dentin. The
erosive demineralization of dentin causes the exposure
of the organic matrix, then the partly demineralized
zone and finally the sound inner dentin (Ganss et al.,
2001, 2004). Therefore, this demineralized dentin acts
as a diffusion barrier; consequently, this layer may
assume a buffering capacity sufficient to retard a fur-
ther demineralization (Ganss et al., 2004). Recently,
Ganss et al. (2009) showed that the demineralized
organic dentin matrix is strikingly resistant to me-
chanical impacts, resisting a force of 2 N, which is simi-
lar the force applied in our study. Therefore, the simi-
larity between the results of the dentin subjected to
erosion alone and that subjected to erosion plus abra-
sion may be explained by the maintenance of the
protective barrier function of the organic portion of the
tissue.

Stylus profilometry is widely used to measure
enamel and dentin surface loss (Ganss et al., 2009;
Turssi et al., 2008). However, a diamond stylus can
scratch the dental surface, as shown in this study.
That tool’s diamond tip has a diameter of 5 um.
According Ren et al. (2009a), a diamond tip of this
diameter may prevent the detection of pits present
in an eroded surface that are smaller in diameter
than the stylus tip. This limitation is likely responsi-
ble for our finding that FVM showed higher wear on
enamel and dentin substrates. Therefore, the FVM
technique was more sensitive in evaluating wear
and showed the true distance between the reference
and treated surfaces.

Although measurements with a microscope is a sim-
ple, rapid and non-destructive method, it may not be
suitable for analyzing enamel with extremely low or
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a: Enamel surface showing both erosive changes (arrow) and the control area (*). b: A 3D topo-

graphical image (200X) of an eroded tooth sample exhibiting surface scratches created by the
profilometry measurements (arrow). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Fig. 4.
face scratches created by the profilometry measurements (arrow). b: A 3D topographical image (200X) of
an image of an eroded dentin sample. The height of this step represents the amount of dentin loss. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

early erosion because the measurement accuracy can
be influenced by focusing the objective lens (Chue-
narrom and Benjakul, 2008; Zheng et al., 2009). There-
fore, profilometry is not the ideal method to measure
the small changes that occur in the initial stages of
erosion (Hara and Zero, 2008; Hjortsjo et al., 2010).
According to ours results, when a less aggressive
process is performed on dentin, a better choice to exam-
ine the substrate alteration is FVM, which provides 3D
measurements that give a more accurate assessment
than others techniques (Rodriguez and Bartlett, 2010).
Some of the differences between the results obtained
using different surface methodologies, especially those
between contact and non-contact methods, may be
explained by noting that the results of optical measure-
ments are influenced not only by purely geometrical
changes in the surface (Heurich et al., 2010) but also
by chemical changes induced by processing that might
influence the local index of refraction of the surface.

a: Dentin surface showing both erosive changes and the control area (*), which exhibited sur-

Caution should be exercised when comparing the
results of studies of surface eroded/abraded dental
hard tissues using varying types of measurement
methods. Collectively, these results suggest that SHL
analysis is a sensitive method for detecting the small
changes that occur in enamel without tissue loss.
When the acid challenge is higher, a profilometric anal-
ysis may be proposed. The results of the present work
indicate that both SP and FVM are sensitive in detect-
ing changes in the mineral density of artificial eroded/
abraded lesions in an enamel substrate. However, in
dentin, the FVM technique was more sensitive in
detecting structural changes following erosive and
abrasive processes.
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