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The enamel surfaces of fluorotic teeth were studied by scanning electron stereomicroscopy. Different
whitening treatments were applied to 25 pieces to remove stains caused by fluorosis and their surfaces
were characterized by stereomicroscopy in order to obtain functional and amplitude parameters. The
topographic features resulting for each treatment were determined through these parameters. The results
obtained show that the 3D reconstruction achieved from the SEM stereo pairs is a valuable potential
alternative for the surface characterization of this kind of samples.
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1. Introduction

Scanning electron microscopy (SEM) is a suitable technique
to study materials surface characteristics. Although secondary
electron images furnish apparent three-dimensional micrographs,
information about local heights cannot be inferred straightfor-
wardly from the gray levels in these images (Reimer, 1998).

Different approaches have been proposed in order to quantita-
tively recover the third dimension from SEM images (Tafti et al.,
2015). One of the most investigated and popular methods for sur-
face three-dimensional reconstruction is photogrammetry, also
known as multiple-view approach, which is based in the acqui-
sition of two stereo images (stereo pair) (Mohr and Wray, 1976). A
theoretical description for SEM implementation was first provided
by Piazzesi (1973), and the technique consists in the acquisition
and subsequent processing of a series of images taken at different
tilt angles (Schubert et al., 1996). The topographic reconstruction
using two images is generally more used since only two steps are
required. The stereo pairs can be acquired by tilting the sample, by
tilting the electron beam or by using multiple detectors. The sur-
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face points can be identified relative to a reference point, and by
considering the distances between them and their relative slopes;
geometrical considerations allow to obtain the height distribution
for the scanned region (Bonetto et al., 2006).

Quantitative height determinations at micro and nanometric
scales are required in a variety of applications such as surface
roughness determination (Bouacha et al., 2010), nanomaterials and
nanodevices (Ferry et al., 2008), life sciences (Gittens et al., 2011;
Choi et al., 2012; Kim, 2015), fracture analysis (Ficker et al., 2010),
computer-vision (Harrison et al., 2011), and many others (Richards
et al., 2000). In the particular case of dental whitening treatments
analyzed in this work, it is essential to achieve surface roughness
characteristics similar to those of a healthy tooth. Dental aesthet-
ics is nowadays an important aspect in everyday life; much more
important is the fact that changes in color of dental elements are
the result of alterations in the tooth enamel. The enamel presents
structural, physical and chemical characteristics whose knowledge
is essential to understand their biological behavior, taking into
account its important role in the mastication process (Avery, 1994).

Dental fluorosis can be caused by chronic ingestion of high levels
of fluorine in water during tooth development (Vieira et al., 2004),
or it may also originated in topical treatments with fluorine agents
(Kohn et al., 2001). Despite fluorine being an important element
to control dental caries, an excess of this element during dentin
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Fig. 1. Secondary electron micrographs corresponding to samples representative of groups G1 (untreated fluorotic molar); G2 (fluorotic molar treated with hydrogen peroxide
at 35%.); G3 (fluorotic molar treated with Al, 03 +18% hydrochloric acid (2 min) plus 7 cycles of micro-abrasion (20s per cycle) and then neutralizer for 30s); G4 (fluorotic
molar treated with hydrochloric acid and micro-abrasion with particles of silicon carbide and neutralizer) and G5 (molar with fluorosis etched with 37% phosphoric acid).

All samples selected for this figure bear a TFI score equal to 2.

formation causes a premature mineralization of external enamel
and an hipo-mineralized subsuperficial lesion, that microscopically
resembles a white or brownish caries lesion. Structural changes in
enamel are evident to the naked eye as fine white lines or brown
spots on the surface (Peneva, 2008). The type and degree of fluorosis
depend on genetic vulnerability and on the development degree of
the enamel when the fluorine is ingested (Goldstein and Garber,
1995).

The restoration of natural tooth color can be achieved, in the less
severe cases, by applying non-aggressive whitening techniques. At
present, whitening techniques are based on the use of bleaching
agents such as hydrogen peroxide and carbamide peroxide, and the
use of hydrochloric acid or phosphoric acid as erosive elements to
enable the micro-abrasion process (Akpata, 2001). If the degree of
the stains is mild, whitening is an adequate option; if they are mod-
erate, whitening is applied in first place and then micro-abrasion
is performed; in the case of severe stains, the procedure usually
applied consists on eroding the stain and then coating the surface
with a restorative treatment like veneers.

Micro-abrasion is performed with an abrasive powder of sili-
con carbide, pumice or alumina. The particles sizes typically range
between 10 mm and 100 wm and cause an enamel loss of about
0.2 wm. Since micro-abrasion methods involve a loss of enamel and
a generation of chemical reactions, it is important to use techniques

that allow surface characteristics to be altered as little as possi-
ble. The purpose is to obtain a smooth surface, in order to avoid
the deposition of bacterial plaque and of exogenous pigments. It
is therefore important to assess the resulting surface roughness of
pieces subjected to different treatments.

In this work, the enamel surface of fluorotic dental pieces in vitro
was studied by 3D scanning electron microscopy. The surface of
teeth under different whitening methods was characterized and
compared with untreated pieces. Several functional and amplitude
parameters characterizing the surface roughness were computed
from the height maps obtained for stereo image pairs, allowing
a comparison among the different whitening methods. In order to
validate the methodology implemented, sample roughness param-
eters were checked against the results obtained by conventional
confocal laser microscopy.

2. Materials and methods
2.1. Samples

A total number of 25 various molars (mainly third molars)
were extracted from adult patients (one piece from each patient)
between 30 and 40 years old, for clinical reasons uncorrelated
to the fluorosis disease. All patients had similar medical records,
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Fig. 2. Height maps obtained from the stereo pairs for the representative samples shown in Fig. 1.

without underlying conditions, and were not under medical treat-
ment; they voluntarily participated knowing they were part of a
clinical study. The diagnosis for dental fluorosis was carried out
using the Thylstrup and Fejerskov index (TFI), which correlates the
clinical appearance of fluorosis with pathological changes in the
enamel (Thylstrup and Fejerskov, 1978). This index ranges from
zero for a normal tooth to nine for a tooth with very advanced
fluorosis; in this last case, the dental piece presents a consider-
able loss of enamel and changes in the anatomical appearance of
the surface (Vieira et al., 2004). In the present study, the TFI was
determined by visually examining the dentition, previous to the
subsequent extraction. Teeth were first dried for ten seconds using
compressed air, and a series of photographs were taken, and then
evaluated by two examiners, which determined the corresponding
TFL All the extracted molars had moderate TFI rates, none of them
above 4.

The extracted pieces were subjected to an ultrasonic cleaning
process, and then classified into five groups according to the treat-
ment applied:

G1: 5 untreated fluorotic teeth.

G2: 5 fluorotic teeth after a 20 min whitening treatment with a
35% hydrogen peroxide agent; pieces were then rinsed with plenty
of water.

G3: 5 fluorotic teeth air-abraded with alumina particles; then
passed through micro-abrasion with a paste of silicon carbide
microparticles and 18% hydrochloric acid and rinsed with plenty
of water (up to 10 cycles of 20s, according to necessity); finally,
immersed in a neutralizing solution (305s).

G4: 5 fluorotic teeth rubbed by hand with a paste of 18%
hydrochloric acid and powdered silicon carbide abrasive micropar-
ticles and rinsed with plenty of water (up to 10 cycles of 20s,
according to necessity); finally, immersed in a neutralizing solution
(305).

G5: 5 fluorotic teeth etched with 37% phosphoric acid (10 s) and
rinsed with plenty of water.

Treatments for G2, G3 and G4 are usually repeated until the
visual perception of the whitening effect is satisfactory. It must be
mentioned that the process associated with G5 is not a complete
whitening treatment, but only an aggressive initial etching stage
intended to the removal of stains.

2.2. Scanning electron microscopy

Secondary electron images were acquired with a Zeiss Xigma
FE-SEM (Carl Zeiss Microscopy Ltd., Cambridge). In order to avoid
charge accumulation effects and favor the secondary electron emis-
sion, the tooth pieces studied were sputtered with a thin gold layer.
An energy of 3 keV was found appropriate for the present purposes,
secondary electron images being recorded for 5000 x magnification
by scanning regions of 18 x 23 wm?; lower magnifications allow to
survey larger regions, but the spatial resolution worsens, and strong
uncertainties are introduced since greater tilt angles are needed
(Kang et al., 2012).

The stereo pairs were formed with two tilt angles, 0° and 5°,
which were appropriate to characterize these areas at the magnifi-
cations set. To this aim, special attention was paid to the allocate the
eucentric point, with the aid of the Compucentric Stage® software,
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Fig. 3. 3D surface reconstruction obtained from the stereo pairs for the representative samples shown in Fig. 1.

included in the SEM used. In order to transform the stereoscopic
pairs in height maps and therefore assess the quantitative rough-
ness parameters the program EZEImage was used (Ponz et al.,
2006).

2.3. Estimation of topographic parameters from stereo pairs

The first step to obtain the elevation data is to find the corre-
sponding values of disparity (parallax) between the two images
of a stereo pair. The software EZEImage was chosen to perform
this correspondence since it allows a fast cross correlation and a
two stage dynamic programming: as a first step, a dense disparity
map is obtained, and then this auxiliary image is transformed into
a dense height map, in which each gray level represents a height
value relative to some point in the image (Ponz et al., 2006).

Surface roughness is a texture measure, and is quantified by the
vertical deviations of a real surface (M x N pixels) from its ideal
least squares mean plane. There are various parameters to charac-
terize the three dimensional topography of the surface, which are
classified according to the property described: amplitude, spatial,
hybrid, functional properties, area and volumes. Since it is diffi-
cult to interpret and use many of these parameters at once, it is
preferable to use a few highly relevant magnitudes (Stout et al.,
1993; Dong et al., 1994; Griffiths, 2001). However, the meaning of
these specific parameters varies with different applications (Stout
and Blunt, 2000). In this work, amplitude and functional parame-
ters are taken into account to characterize the topography for each
sample. Amplitude parameters describe variations in height of the
structures, and they are determined from the distribution of surface
heights relative to the fitted mean plane. The amplitude parame-
ters used in this work are the arithmetic mean deviation of the
surface topography (R,), the root mean square deviation of the sur-
face topography (Sq), the mean value of ten points of maximum and

minimum height (S;), the skewness (S, ) and kurtosis (Sy,) of the
height distribution, all of them determined from the distribution of
surface heights 7(i,j) relative to the fitted mean plane.

On the other hand, functional parameters characterize the rela-
tionship between area and volume. The Abbott-Firestone curve or
bearing area curve is the cumulative probability density function of
the surface height profile and can be calculated by different meth-
ods (Stewart, 1990); this curve divides the surface into three zones:
peak zone, core and valley area (Abbott and Firestone, 1933). The
functional parameters studied in this work are the surface bearing
index (Sp;), the core fluid retention index (S¢;) and the valley fluid
retention index (S,;) (Dong et al., 1994).

3. Results and discussion

Fig. 1 shows secondary electron micrographs acquired at 0° tilt
angle and at 5000x magnification, corresponding to samples rep-
resentative of the five groups studied. The height maps obtained
with the software EZEImage (Ponz et al., 2006) after processing
the corresponding stereo pairs are also shown in Figs. 2 and 3 as
3D surface plots. These height maps were therefore used to assess
the set of amplitude and functional topographic parameters men-
tioned above. As can be seen, the treatments considered produce
a variety of topographic differences, which should be reflected in
the characteristic surface parameters. It is important to stress that
the magnification chosen for acquiring the SEM images must be
kept fix for all samples, in order to take into account topographic
features to a similar extent.

The height distribution histograms corresponding to each group
are displayed in Fig. 4, along with the resulting bearing area curves.
It is clear that the different height distributions allow to identify
each group through a visual inspection of these graphs.
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Fig. 4. Height distribution histograms and the resulting bearing area curves for the representative samples shown in Fig. 1.
Table 1
Parameters characterizing the surface roughness of the tooth groups studied.
G1 G2 G3 G4 G5
Sq (pnm) 0.67 + 0.04 0.310 £ 0.009 1.77 £ 0.09 0.56 + 0.09 1.6 £ 03
R, (pom) 0.56 + 0.06 0.260 £ 0.007 1.5+ 0.1 0.5 + 0.1 1.3+03
S; (pm) 20+0.2 22+02 4.7 +£0.2 2.04 + 0.04 55+0.6
Sku 24 + 18 8+1 444 8+1 7+5
Ssk 24 +£0.7 -0.7+03 -0.2+02 0.6 £ 0.3 -1.6 £ 0.6
Shi 0.62 +£ 0.7 0.66 + 0.01 0.61 + 0.03 0.66 + 0.01 0.80 + 0.07
Sei 1.5+ 0.1 1.39 + 0.02 1.57+0.07 1.44 + 0.02 1.01 + 0.07
Svi 0.08 + 0.02 0.103 £ 0.004 0.07 £+ 0.01 0.12 £ 0.01 0.17 £ 0.01

The results corresponding to the parameters studied for each
group of samples are shown in Table 1. In order to provide a quan-
titative estimate for each parameter, two different regions were
considered in each tooth studied; the values displayed in Table 1
arise from the mean values of the parameters for all the sample
regions belonging to each of the groups described above, and the
uncertainties were estimated as one standard deviation.

It can be seen that the parameters R, and Sq bear similar trends,
which is to be expected since they are both measures of the height
dispersion around the fitting plane. Particularly, the lowest val-
ues for these parameters correspond to the G2 group (treatment
with hydrogen peroxide). Zavala-Alonso et al. (2010) measured
the roughness with AFM for third molars with different degrees of
fluorosis. The average values for R; and S; obtained by them are
respectively (0.093 +0.020) wm and (1.07 £0.04) wm for control

teeth (0 TFI); (0.19£0.05) wm and (2.36+0.97) um for fluorotic
teeth with TFI between 1 and 3; (0.25+0.07) wmand (2.5 +1.7) pum
for pieces with TFI between 4 and 5, and (0.53+0.01) wm and
(6.1£3.4) um for teeth with TFI between 6 and 9. In this work,
Ry and S; are (0.56+0.06) wm and (2.0+0.2) wm for fluorotic
untreated teeth. According to Zavala-Alonso et al. (2010), this R,
value corresponds to a fluorotic tooth with a high TFI. Instead, our
average S, value would correspond to a tooth with moderate fluoro-
sis, always according to their results; nevertheless, this parameter
is very sensitive to pronounced changes in height, which may be
related to tooth topographical features, and thus the uncertainties
associated to it are quite large (up to 50% in Zavala-Alonso et al.,
2010).

The parameter Sg describes the asymmetry of the height distri-
bution. If Sy is zero, heights are symmetrically distributed; if S <0,
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the surface may mainly bear holes, and if S >0, the surface may
mainly bear peaks. The high value of Sy, for the fluorotic teeth is
related to the peaks observed for this group, with scarce voids. The
negative value (and large in absolute value) of this parameter for
G5 implies a significant presence of voids. Not much more informa-
tion can be drawn from this parameter, since Sg and Sy, bear the
largest uncertainties (up to 100%). In particular, the Sy, values for
all samples are unrelated to the whitening treatments, and present
wide variations within a single group of samples. For these reasons,
this parameter is not suitable for this application.

The values obtained for the parameter Sy; and S,; are practi-
cally indistinguishable for all treatments and the untreated tooth,
excepting for the G5 group, which must not be considered a com-
plete whitening treatment. By comparing G3 and G4 (which differ
in the treatment because of the air abrasion with alumina parti-
cles), it can be seen that the alumina particles add certain roughness
to the surface that can not be reestablished through a subsequent
treatment. This is reflected in the resulting R, and Sq parameters;
however, rubbing with alumina particles appears to slightly influ-
ence the Sy, and Sy, parameters. It is important to stress that this
behavior occurs even when the Sq parameters are quite different;
the G2 group bears the lowest value, and the resulting Sy, and Sy
are not so high despite the normalization to Sq in their definition
(Dong et al., 1994). In addition, a clear difference is evidenced from
the functional parameters for G3 and G4, which implies different
retention properties, as a consequence of the combination of air
abrasion and micro-abrasion.

The prominent presence of voids in the G5 group (see height
image and SEM photo) is mainly reflected in all functional param-
eters, indicating quite different retention properties resulting for
this treatment. The basic principle of acid erosion is to transform
the low energy surface into a high energy surface, and to dissolve
and demineralize the hydroxyapatite inorganic matrix, creating
micropores and microgrooves to improve mechanical retention
properties (Torres Gallegos et al., 2012). The use of micro-abrasion
to remove the outer fluorotic enamel layers prior to the application
of phosphoric acid can improve the enamel surface, providing bet-
ter retention for subsequent adhesive bonding applications—which
is out of the goals pursued in the treatments considered here.

In order to check the validity of the approach faced, a con-
focal Olympus LEXT OLS4000 3D Laser Measuring Microscope
was used for the determination of roughness parameters corre-
sponding to the G5 group. Some of the parameters obtained with
the software attached to this instrument are: Sq=(1.3+0.2) wm,
Ry=(1.0£0.2) um, S;=(12+£2) pm, S, =(4+1), S =(-1.1£0.3),
Sei=(1.240.2),and S,; =(0.21 £ 0.03).It can be seen that, despite the
different spatial resolutions involved, a good agreement is found in
most cases, excepting for the parameter S;; it must however be
mentioned that this parameter is strongly dependent on isolated
variations in the surface height map, since it takes into account
only the most extreme height values.

4. Conclusions

3D scanning electron microscopy proved to be an extremely
useful tool to quantify the roughness on the surfaces of the teeth
studied. The method used in this survey has advantages such as
its low cost, non-destructiveness and rapid implementation; on
the other hand optical and laser profiling techniques attain poorer
spatial resolution, but sample preparation is much easier. The
proposed method was validated by comparing the quantitative
roughness parameters obtained with those produced by confocal
laser microscopy, a well-established approach for roughness char-
acterization.

The parameters indicative of roughness that vary the most
among the different treatments are the values of Sq and Ra,. These
parameters give an indication of the range of variation in height
of the sample surface and were lower in the G2 group treated
with hydrogen peroxide, suggesting this method is a convenient
whitening alternative, provided that a complete removal of stains
is achieved; these results also suggest that hydrogen peroxide may
be used as a starting strategy, leaving micro-abrasion for a local
strong stain treatment.

The treatment applied to the G5 group (phosphoric acid etch-
ing) leaves a rather rough enamel surface, mainly evidenced by the
distinctive functional parameters and the corresponding retention
properties, which may favor the deposition of bacterial plaque and
of exogenous pigments. However, the process associated with G5
is not a complete whitening treatment, but only an aggressive ini-
tial etching stage intended to the removal of stains, or a first stage
suitable for a subsequent adhesive treatment.
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