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Abstract

Objective: The aim of this study was to assess by atomic force microscopy (AFM) the effect of Er,Cr:YSGG laser
application on the surface microtopography of radicular dentin. Background: Lasers have been used for various
purposes in dentistry, where they are clinically effective when used in an appropriate manner. The Er,Cr:YSGG
laser can be used for caries prevention when settings are below the ablation threshold. Materials and Methods:
Four specimens of bovine dentin were irradiated using an Er,Cr:YSGG laser (l¼ 2.78 mm), at a repetition rate of
20 Hz, with a 750-mm-diameter sapphire tip and energy density of 2.8 J/cm2 (12.5 mJ/pulse). After irradiation,
surface topography was analyzed by AFM using a Si probe in tapping mode. Quantitative and qualitative
information concerning the arithmetic average roughness (Ra) and power spectral density analyses were ob-
tained from central, intermediate, and peripheral areas of laser pulses and compared with data from nonirra-
diated samples. Results: Dentin Ra for different areas were as follows: central, 261.26 (�21.65) nm; intermediate,
83.48 (�6.34) nm; peripheral, 45.8 (�13.47) nm; and nonirradiated, 35.18 (�2.9) nm. The central region of laser
pulses presented higher ablation of intertubular dentin, with about 340–760 nm height, while intermediate,
peripheral, and nonirradiated regions presented no difference in height of peritubular and interperitubular
dentin. Conclusion: According to these results, we can assume that even when used at a low-energy density
parameter, Er,Cr:YSGG laser can significantly alter the microtopography of radicular dentin, which is an im-
portant characteristic to be considered when laser is used for clinical applications.

Introduction

In many countries people are retaining more of their
natural teeth into later life.1,2 In addition to this, the results

of some studies3–7 have revealed that dental caries may be a
problem among the elderly—especially regarding root
caries—with prevalence ranging between 35% and 75%, de-
pending on the study population and methods.6,8–10 The el-
derly more frequently experience functional disorders,
diseases, and medical treatments that result in hyposalivation,
in addition to being more likely to have a carbohydrate-rich
diet, poor oral hygiene, and low socio-economic status.11–13

Decreased salivary flow leads to a reduced pH and an in-
crease in the number of acidogenic microorganisms in saliva
and dental plaque.14,15

Considering the higher prevalence and incidence of coro-
nal and root caries in the elderly,7,16–20 it is important to

develop preventive methods capable of promoting chemical
changes on these surfaces to increase their resistance to caries
attack. For this, we can apply erbium lasers for caries pre-
vention. The lasers are not used to achieve ablation or
melting, but to change the chemical composition of the
dental structure to achieve surfaces more resistant to de-
mineralization, and consequently reduce the susceptibility to
incipient21 and secondary22 caries.

Considering that changes in dental tissue composition
are obtained at temperature increases from 1008C up to
12008C,23,24 and that the ablation process should be avoided
to minimize biofilm accumulation, it is important to verify
the effects caused by laser irradiation on root dentin. The
effects depend upon the energy density applied on the sur-
face as well as the laser’s focal distance, beam spot size,
repetition rate, and pulse duration.25 Previous studies report
dentin ablation after Er,Cr:YSGG laser irradiation at 0.25 W26
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and 0.5 W,27 with water cooling. However, it is still neces-
sary to verify the ultramorphological effects of this laser
wavelength on dentin tissue as a first step to evaluating
potential clinical application for caries prevention.

For this purpose, the tapping mode atomic force micros-
copy (AFM) is a well-recognized technique to characterize
biological tissues and has been used as a very precise and
useful tool for dentin surface characterization and quantifi-
cation,28–35 as well as investigations of dentin ultra-
morphology36 and mechanical properties.37 However, AFM
imaging of laser-irradiated dental tissues is still scarce.38–41

For a better understanding of laser-irradiated surface to-
pography, the roughness parameter (Ra) can be obtained,
which is the most used parameter to characterize a surface
morphology. However, in accordance with Gavrila et al.,42

this statistical description, though simple and reliable, makes
no distinction between peaks and valleys and does not ac-
count for the lateral distribution of surface features. In this
way, the power spectral density (PSD) function is a more
complete image processing tool, useful for analyzing surface
topography and identifying morphological changes on the
tooth’s surface.43

The PSD displays a graphic of the Fourier transformation
of the squared height profile h as a function of the wave-
length. Thus, all surface features can be independently ac-
counted for. For example, if one has a perfectly regular
grating repeating in the x direction, the PSD will yield a plot
with one peak of high amplitude at the wavelength of the
grating pitch. A PSD characterization provides, in this case, a
powerful method to identify the morphological wavelengths
created on the laser-irradiated surface.

Considering the foregoing discussion, the aim of this
study was to investigate the surface microtopography of root
dentin after Er,Cr:YSGG laser irradiation at a low energy
density parameter using AFM.

Materials and Methods

Sample preparation

Bovine lower central incisors were extracted immediately
after sacrifice in a slaughterhouse of animals assumed to be
2–2.5 y old. Fractured or poorly mineralized teeth were not
included. The teeth were stored in Hank’s balanced salt so-
lution at 48C during all experimental procedures. Eight bo-
vine teeth were used in this study. Four samples were laser-
irradiated (irradiated group), while the remaining four
samples were kept as controls (nonirradiated group). From
each experimental group, three of the samples were used for
AFM study and the last one was used to represent all sam-
ples with scanning electron microscopy (SEM). The teeth
were cut 1 mm below the cementin–enamel junction and then
3 mm below this point using a low-speed cutting machine
(Isomet, Buehler Instruments) under copious water cooling,
in order to obtain one disc of radicular dentin from each
tooth. In order to facilitate the positioning and polishing of
the samples, the lingual side of each sample was flattened,
and the labial side was used for experimentation. For that,
the labial sides of the radicular dentin were sequentially
polished by using 600, 1200, and 4000 grades of silicon car-
bide (SiC) papers (Buehler Instruments) for 5 min each under
wet conditions. Final polishing was performed on each
specimen sequentially with 2.0, 1.0, and 0.5 mm (Buehler In-

struments) diamond water-based paste, each for about
10 min under wet conditions. Samples were rinsed copiously
under deionized water after each polishing step. Ultrasonic
treatments in deionized water between polishing steps were
done to remove debris for 30 sec; longer treatments may alter
the plastic-elastic response of the dental surface.44

Laser irradiation

Laser irradiation was performed using an Er,Cr:YSGG
hydrokinetic laser device (Millennium, Biolase Inc.), which
emits a wavelength of 2.78 mm with a pulse width of 140 msec
and a repetition rate of 20 Hz. Power output was measured
with a power meter (Coherent FieldMaster GSþDetector
LM45). Mean power was set at 0.25 W, yielding an energy
density of 2.8 J/cm2 and energy of 12.5 mJ/pulse. The energy
was delivered through a fiber-optic system with a sapphire
terminal of 750 mm in diameter and 6 mm long (S75 tip).
During irradiations, samples were immobilized in X-Y-Z
optical supports and treated with air and water spray. The
laser handpiece was coupled to a computer-managed motion
control system (Newport) adjusted to a speed of 4 mm/sec in
order to avoid unlased areas or overlapping of focused areas.
The laser tip was kept at a standardized distance of 1 mm
from surface, and laser irradiation was done by scanning the
entire dentin surface area.

Instrumentation

AFM analysis. Tapping mode AFM images of samples
were obtained in three samples of each experimental group
at room temperature, in air, by a Nanoscope IIIa (Veeco -
Digital Instruments), equipped with a J piezoelectric scanner
that can cover an area of 100 by 100mm with a range of 7mm
in the z direction with etched silicon probes of nominal tip
end radius *15 nm, cantilevers of nominal resonant fre-
quency o of *250 kHz and nominal spring constant k of
*40 N/m (Veeco Nanofabrication Center).

The images that illustrate this work were obtained with a
scan size from 5 mm up to 100mm and were recorded with 1 Hz
scan rate and resolution of 512 points per line. A standard
second-order flattening process of the images was performed
in order to correct the scanner nonlinearity. For analysis, a J
scanner was used that can cover an area of 100 by 100 mm;
considering this image size, it was impossible to cover all
pulse areas at once. Therefore, 10 pulses of each sample were
randomly selected and, from each pulse, three distinct areas of
20 by 20mm were identified for analysis,44 as described below.
As was observed in the SEM images (Fig. 1), the ablation area
of each laser pulse was about 200mm. In this way, for better
topographical analysis, each laser pulse was divided in the
microscope into three different areas, as shown in Fig. 2: the
‘‘central’’ area of laser pulse, corresponding to an area with
diameter of 50mm located in the center of ablation zone; the
‘‘intermediate’’ area of laser pulse, corresponding to an area
with a diameter of 200mm around the central area of ablation;
and the ‘‘peripheral’’ area, corresponding to an area with di-
ameter of 600 mm around the intermediate area. The ‘‘nonir-
radiated’’ areas were obtained by analyzing the samples of
nonirradiated group.

The quantitative and qualitative information concerning
roughness (Ra), cross-section, and power spectral density
were obtained from the respective laser pulse areas.
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Roughness analysis. The arithmetic average roughness
(Ra) was obtained from the AFM investigations by analyz-
ing, for each sample, ten 20 by 20 mm areas44 of each pulse
region (central, peripheral, intermediate, and nonirradiated
areas) with resolution from 512 by 512 pixels. The arithmetic
average roughness Ra was calculated according to the ana-
lyzed pulse region, with the roughness analysis software of
Nanoscope IIIa version 5.13 R3 (Digital Instruments). The
conventional statistical roughness parameter Ra was deter-
mined using the following equation:

Ra¼ 1

N

XN

j¼ 1

��Zj

��

where N is the number of pixels in the image (512 by 512)
and Zj is the height associated with each pixel ( j).

Power spectral density. For further surface topography
characterization, a spectral analysis of the AFM data was
made using a fast Fourier transformation. From the PSD
curve of the surface, characteristic and valuable topographic
parameters were gathered along with quantitative informa-
tion, not only on the deviation of the roughness profile
height, but also on its lateral distribution (the spatial extent
of the height variations in the roughness profile).

The PSD function reveals periodic surface features that
might otherwise appear ‘‘random’’ and provides a graphic
representation of how such features are distributed. The
frequency distribution (PSD (f)) for a digitized image, with
pixel size d0 is given as:

PSD( f )¼ 2d0

N
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for f ¼ m� 1

Nd0

where f is the spatial frequency (the inverse of the morpho-
logical wavelength).

SEM analysis

One sample of each experimental group was randomly
chosen for visualization on a scanning electron microscope
(SEM JSM-6480LV; Jeol). In preparation, each sample was
put into a dissector to dry for 24 h and then sputtered with a
conductive gold layer and observed in high vacuum mode.

Statistical analysis

Final mean values data of roughness (Ra), considering the
region analyzed (central, intermediate, peripheral, or nonir-
radiated), were statistically analyzed by one-way analysis of
variance (ANOVA) and then by Tukey’s test (Minitab 14,
Minitab Inc.) for pairwise comparisons among groups
(a¼ 0.05). To check if there was homogeneity of variance and
normality in the experimental errors, the Levene’s test and
the Shapiro–Wilk test were performed before ANOVA.

Results

Roughness of dentin surface

A significant effect of laser pulses on dentin roughness
was observed, which was dependent on each pulse region
( p< 0.001). The Tukey’s test revealed a significant increase
( p< 0.01) in Ra in the center when comparing with all the
other regions (intermediate, peripheral, and nonirradiated),
and a significant difference ( p< 0.01) in Ra between the in-
termediate and the other regions (central, peripheral, and
nonirradiated areas). Nevertheless, the Tukey’s test revealed
a nonsignificant difference in Ra between the peripheral and
the nonirradiated regions. The mean Ra in nanometers and
the standard deviation of the experimental areas are pre-
sented in Fig. 3. The AFM images obtained on these regions
are exhibited in Figures 4–7.

Observation of nonirradiated dentin surface

A nonirradiated dentin surface image, provided by AFM
microscopy, is shown in Fig. 4. A three-dimensional visual-
ization (3D view) is shown in Fig. 4A, and a top view of the
same region is presented in Fig. 4B. The morphology of a

FIG. 1. Scanning electron micrograph of a series of six
single pulses on dentin surface. Original magnification at 70�
(bar¼ 200 mm).

FIG. 2. The central area of the laser pulse, corresponding to
an area with diameter of 50 mm located in the center of ab-
lation zone; the intermediate area of the laser pulse, corre-
sponding to an area with diameter of 200mm around the
central area of ablation; and the peripheral area, corre-
sponding to an area with a diameter of 600mm around the
intermediate area.
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single dentinal tubule is shown in Fig. 4C. The presence of
opened dentinal tubules, without a smear layer, can be seen.
Also, it is easy to distinguish the presence of intertubular and
peritubular dentin (arrows), with no exposure of collagen
fibrils. The nonirradiated region surface is flattened and
presents no nodules.

Observation of irradiated dentin surface

Using a beam with a diameter of 750 mm and pulse energy
of 12.5 mJ, some changes in the irradiated dentin surface can
be identified. An irradiated dentin surface is shown in Fig. 5,
which represents the central region of the laser pulse.
Dentinal tubules are shown in Fig. 5A with a 3D view. Figure
5B illustrates the top view of the irradiated dentin surface.
The morphology of a single dentinal tubule is shown in Fig.
5C. Opened dentinal tubules are also evident, without a
smear layer or exposure of collagen fibrils. However, it can
be noted that the peritubular dentin protrudes in a range
between the 340–760 nm height of the intertubular region
level and the peritubular region level. Also, the central region
of laser pulses presented nodules between 30 and 45 nm high
and 0.8 and 2.2 mm wide, and these nodules can be found in
the peritubular and in the intertubular dentin.

Figure 6 represents the intermediate region of the laser
pulse on an irradiated dentin surface. Dentinal tubules are
shown in a 3D view in Fig. 6A. The Fig. 6B illustrates a top
view of the irradiated dentin surface. The morphology of a
single dentinal tubule is shown in Fig. 6C. It can be seen that
the peritubular dentin is protruded in comparison with the
intertubular dentin; however, this protrusion is smaller when
compared to the peritubular dentin of the central region of
the laser pulse (Fig. 5). The intermediate region presented
nodules between 30 and 45 nm high and 0.8 and 2.2 mm wide
that are located in both peritubular and intertubular dentin.

Figure 7 represents the peripheral region of a laser pulse.
Dentinal tubules are shown in a 3D view in Fig. 7A. Figure
7B illustrates the top view of the irradiated dentin surface.
The morphology of a single dentinal tubule is shown in Fig.
7C. It is possible to observe a flatten surface, without pro-
trusion of peritubular dentin. However, the presence of
nodules 10–30 nm high and 0.8–2.2 mm wide in peritubular
and intertubular dentin can also be observed, and some of
them are occluding the entrance of some tubules.

PSD of dentin surface

The PSD analysis of dentin demonstrated that irradiated
areas had a high contribution of all morphological wave-
lengths in comparison with nonirradiated regions (Fig. 8).

Figure 8 shows that the irradiated regions exhibit the
formation of morphological wavelengths of 250–170 nm in
the peripheral region, 250–100 nm in the central region, and
250–50 nm in the intermediate region.

Discussion

Infrared lasers are widely studied for use in preventing
tooth demineralization because laser irradiation can change
enamel and dentin composition and alter their solubili-
ty.24,45–47 Erbium lasers can be used for this purpose since the
irradiation does not promote morphological and thermal
injuries on dental hard tissues. Therefore, it is suggested that
the energy densities of erbium lasers should be adjusted
below the ablation threshold.47–49 In order to choose a laser

FIG. 3. Mean surface roughness (Ra) in nanometers ac-
cording to the region of the laser pulse. Bars represent the
standard deviation interval. Same letters represent nonsig-
nificant difference.

FIG. 4. (A) Atomic force micros-
copy (AFM) three-dimensional (3D)
image of the nonirradiated dentin
surface (scan size 20 mm�20 mm).
(B) Top view of the same image
presented in A. (C) AFM 3D image
of a single dentin tubule (scan size
10 mm�10 mm).
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parameter for clinical application, it is necessary to evaluate
the structural changes promoted by irradiation on a selected
tissue, which has not yet been done for the Er,Cr:YSGG laser
on dentin.

In this study, samples were irradiated with the lowest
energy density obtainable with commercial Er,Cr:YSGG laser
equipment. On visual inspection, this density promoted no
morphological changes. However, AFM revealed evidence of
ablated, consequently rough surfaces even with this low
energy density that could be correlated with each laser pulse
incidence (Fig. 2). The ablation sites found in the present
study demonstrate the strong interaction of Er,Cr:YSGG laser
with dentin. Dentin is a vital tissue, rich in collagen- and
fluid-filled dentinal tubules that are directly connected to the
pulp tissues. Dentin contains a large volume fraction of in-
organic and organic material and water, respectively, by

volume, in the peritubular regions (25.7%, 0.6%, and 2.3%)
and intertubular regions (22.3%, 27.4%, and 5.7%).50 Er,-
Cr:YSGG laser effectively interacts with this vital substrate,
causing hard tissue ablation due to thermo-mechanical in-
teraction of the laser wavelength (2.78 mm) with the OH�

radical absorption peaks presented in water (3.00 mm) and
hydroxyapatite (2.9 mm).25 Thus, even the low energy density
used was sufficient to ablate dentin, which was demon-
strated here by morphological, roughness, and PSD analysis.
In the present study, irradiated regions presented a signifi-
cant increase in Ra parameters when compared with unlased
areas (Fig. 3), also showing evidence of the ablation mecha-
nism.

These characteristics changed significantly by region
within the same laser pulse; which, in the present study,
were generically called the central (Fig. 5), intermediate

FIG. 5. (A) AFM 3D image of the
central region of laser pulse on irra-
diated dentin surface (scan size
20 mm�20 mm). (B) Top view of the
same image presented in A. (C) AFM
3D-image of a single dentin tubule
extracted from image presented in A
(scan size 10 mm x 10 mm).

FIG. 6. (A) AFM 3D image of the
intermediate region of laser pulse
on irradiated dentin surface (scan
size 20 mm�20 mm). (B) Top view of
the same image presented in A. (C)
AFM 3D image of a single dentin
tubule extracted from image pre-
sented in A (scan size 5mm�5 mm).
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(Fig. 6), and peripheral regions (Fig. 7). It was shown that
central regions had significantly higher Ra when compared
with the other regions, and that Ra values decreased from the
center to the periphery of laser pulses. This phenomenon can
be explained by the Gaussian aspect of the Er,Cr:YSGG laser
beam, which has the characteristic of concentrating the en-
ergy in the central region of the laser beam with the energy
decreasing gradually as it gets close to the periphery.51 As a
consequence, the effects of laser irradiation on tissue de-
crease from the center to the periphery of the laser pulse.

The variation of the energy density within the same pulse
causes different interaction effects on the irradiated tissue.
This was confirmed in the present study by the AFM tech-
nique showing that the pulse center, which has significantly
higher energy density delivered into it than the intermediate
region, presented more major topographic alterations than
the intermediate region, which has higher energy than the
peripheral region and, in turn, presented more topographic
alterations than the peripheral region.

Nevertheless, the Tukey test revealed a nonsignificant
difference in the roughness (Ra) between the periphery and
the nonirradiated regions (Fig. 3), confirming the mechanism
described above. Thus, we can infer that a difference in the
energy density delivered upon the dentinal tissue may pro-
mote different topographical patterns in dentin, depending
on the regions of laser pulse. This result would add a better
understanding of tissue–laser interaction and would be ad-
vantageous for obtaining clear conclusions regarding clinical
application, for example, for choosing parameters for pre-
ventive or adhesive purposes in dentistry.

Within each region of a laser pulse, it is possible to observe
important characteristics. In the central region of laser pulses
(Fig. 5), in addition to the absence of smear layer and the
presence of widely opened dentinal tubules, the peritubular
dentin is highly protruded from the surrounding inter-
tubular dentin when compared to the other regions of the
laser pulses, showing a strong interaction of the laser beam
with the intertubular region. This higher interaction is due to
the increased water and organic contents of intertubular
dentin when compared with the peritubular dentin.50 In this

way, the ablation mechanism is higher in this region of the
tissue.

In the intermediate region of laser pulses (Fig. 6), absence
of smear layer was also observed and the aspect of peri-
tubular dentin protrusion was less apparent, showing that
less laser energy interacted in this region, probably due to
the Gaussian profile of the laser beam. Nevertheless, in the
peripheral region of laser pulses (Fig. 7), the peritubular
dentin protrusion was not observed, indicating even less
interaction of laser irradiation with this tissue. This finding is
also a consequence of the Gaussian profile of the laser beam.

The most significant parameter characterizing the mor-
phology of surfaces is Ra, which represents the arithmetic
average roughness. However, this statistical description,
though simple and reliable, makes no distinction between
peaks and valleys and does not account for the lateral dis-
tribution of surface features.42 In this way, a more complete
description of the surface topography is provided by the
PSD, which performs a decomposition of the surface profile
into its spatial wavelengths and allows the comparison of
roughness measurements over different spatial frequency

FIG. 7. (A) AFM 3D image of the
peripheral region of laser pulse on
irradiated dentin surface (scan size
20 mm�20 mm). (B) Top view of the
same image presented in A. (C)
AFM 3D image of a single dentin
tubule extracted from image pre-
sented in A (scan size 10 mm�
10 mm).

FIG. 8. Power spectrum analysis of the regions studied.

266 BOTTA ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/pho.2010.2812&iName=master.img-006.jpg&w=336&h=216
http://www.liebertonline.com/action/showImage?doi=10.1089/pho.2010.2812&iName=master.img-007.jpg&w=238&h=164


ranges. The PSD displays a graphic of the Fourier transfor-
mation of the squared height profile, h, as a function of the
wavelength. Thus, all surface features can be accounted for
independently. For example, if one has a perfectly regular
grating repeating in the x direction, the PSD will yield a plot
with one peak of high amplitude at the wavelength of the
grating pitch. If Ra processing was applied to this surface,
only a number would be generated. This means that a sur-
face can be fully understood using PSD results, but not using
Ra. A PSD characterization provides in this case, a powerful
method to identify the morphological wavelengths created
on the laser-irradiated dentin surfaces. Although the
roughness, Ra, is a suitable tool for the comparison of dif-
ferent surface morphologies, it only gives information along
the vertical direction and, hence, cannot fully characterize the
surface texture. On the other hand, the PSD quantitatively
analyzes the contribution of each morphological wavelength
allowing identification of size features that contribute the
most to an image.52 This fact emphasizes that PSD is capable
of distinguishing different pulse laser areas in the same pulse
in dentin tissue.

The power spectral density graph in Fig. 8 shows the more
intense contribution of each morphological wavelength in
different positions in irradiated regions (central, intermedi-
ate, and peripheral regions) than in nonirradiated ones. In
the irradiated regions, the presence of some morphological
wavelengths that were absent in the nonirradiated regions
was noted, starting at 50 mm up to 230 mm. These different
morphological wavelength contributions may be the result of
nodule formation due to laser irradiation, as can be seen in
the AFM images (Figs. 5–7). These nodules can be a mor-
phological result of change in the size of hydroxyapatite
crystals53 or the formation of new crystallographic phases
after irradiation, which corroborates the study of Bachmann
et al.,54 who mentioned the formation of new crystalline
phases on enamel irradiated with Er,Cr:YSGG at the same
energy density than that used in the present study. In fact,
considering the new crystalline phases that could be formed
after laser irradiation, the tricalcium phosphate in the alpha
phase (a-TCP) [a-Ca3(PO4)2] has a size of approximately
100 nm, while the tricalcium phosphate in the beta phase
(b-TCP) [b-Ca3(PO4)2] has size of approximately 230 nm,55

which corresponds to the size of nodules found on AFM
images of the present study. It is important to note that the
formation of tricalcium phosphate and tetracalcium phos-
phate on laser-irradiated dentin reported in the literature56,57

is speculated to be a result of temperature increment, which
can occur with Er,Cr:YSGG laser irradiation on dentin even
at the low energy density used in the present study. How-
ever, further studies are necessary to determine the temper-
ature changes on dentin after Er,Cr:YSGG laser irradiation in
order to verify this hypothesis. Also, it is necessary to eval-
uate the feasibility of using this parameter for a future clin-
ical application, even considering the temperature
increments and the safety for pulpal tissue, or even evalu-
ating the impact of promoting crystalline changes for pre-
venting dentin demineralization.

Conclusions

In summary, Er,Cr:YSGG laser irradiation of dentin pro-
motes a significant increase in dentin roughness, even at a

low-energy density parameter, which is related to laser pulse
region and its interaction with dentin tissue. Also, the AFM
technique was able to provide qualitative and quantitative
information on the extent of the topographical changes
caused by laser irradiation on dentin, giving important in-
formation on different regions of the same laser pulse.
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17. Scheinin, A., Pienihäkkinen, K., Tiekso, J., Holmberg, S.,
Fukuda, M., and Suzuki, A. (1994). Multifactorial modeling
for root caries prediction: 3-year follow-up results. Com-
munity Dent. Oral Epidemiol. 22, 126–129.

18. Powell, L.V., Leroux, B.G., Persson, R.E., and Kiyak, H.A.
(1998). Factors associated with caries incidence in an elderly
population. Community Dent. Oral. Epidemiol. 26, 170–176.

19. Reiker, J., van der Velden, U., Barendregt, D.S., and Loos,
B.G. (1999). A cross-sectional study into the prevalence of
root caries in periodontal maintenance patients. J. Clin.
Periodontol. 26, 26–32.

20. Simons, D., Brailsford, S., Kidd, E.A.M., and Beighton, D.
(2001). Relationship between oral hygiene practices and oral
status in dentate elderly people living in residential homes.
Community Dent. Oral Epidemiol. 29, 464–470.

21. Fowler, B.O., and Kuroda, S. (1986). Changes in heated and
in laser irradiated human tooth enamel and their probable
effects on solubility. Calcif. Tissue Int. 38, 197–208.

22. Apel, C., Graber, H.G., and Gutknecht, N. (2000). Calcium
solubility of dental enamel following Er,Cr:YSGG laser ir-
radiation. Proc. SPIE 3910, 318–321.

23. Fried, D., Featherstone, J.D.B., Visuri, S.R., Seka, W.D., and
Walsh, J.T., Jr. (1996). Caries inhibition potential of Er:YAG
and Er:YSGG laser radiation. Proc. SPIE 2672, 73–77.

24. Featherstone, J.D.B., Fried, D., and Bitten, E. (1997). Me-
chanism of laser-induced solubility reduction of dental en-
amel. Proc. SPIE 2973, 112–116.

25. Fried, D., Ashouri, N., Breunig, T., and Shori, R. (2002).
Mechanism of water augmentation during IR laser ablation
of dental enamel. Lasers Surg. Med. 31, 186–193.

26. Franzen, R., Esteves-Oliveira, M., Meister, J., et al. (2009).
Decontamination of deep dentin by means of erbium,
chromium:yttrium-scandium-gallium-garnet laser irradia-
tion. Lasers Med. Sci. 24, 75–80.

27. Ting, C.C., Fukuda, M., Watanabe, T., Aoki, T., Sanaoka, A.,
and Noguchi, T. (2007). Effects of Er,Cr:YSGG laser irradi-
ation on the root surface: morphologic analysis and effi-
ciency of calculus removal. J. Periodontol. 78, 2156–2164.

28. Rosales, J.I., Marshall, G.W., Marshall, S.J., et al. (1999).
Acid-etching and hydration influence on dentin roughness
and wettability. J. Dent. Res. 78, 1554–1559.

29. Coli, P., Alaeddin, S., Wennerberg, A., and Karlsson, S.
(1999). In vitro dentin pretreatment: surface roughness and
adhesive shear bond strength. Eur. J. Oral Sci. 107, 400–413.

30. Silikas, N., Watts, D.C., England, K.E.R., and Jandt, K.D.
(1999). Surface fine structure of treated dentine investigated
with tapping mode atomic force microscopy (TMAFM). J.
Dent. 27, 137–144.

31. Oliveira, S.S, Pugach, M.K., Hilton, J.F., et al. (2003). The
influence of the dentin smear layer on adhesion: a self-
etching primer vs. a total-etch system. Dent. Mater. 19, 758–
767.

32. Ho, S.P., Goodis, H., Balooch, M., Nonomura, G., Marshall,
S.J., and Marshall, G. (2004). The effect of sample prepara-

tion technique on determination of structure and nano-
mechanical properties of human cementum hard tissue.
Biomaterials 25, 4847–4857.

33. Mahmoud, S.H., Abdel Kader Sobh, M., Zaher, A.R., Ghazy,
M.H., and Abdel Aziz, K.M. (2008). Bonding of resin com-
posite to tooth structure of uremic patients receiving he-
modialysis: shear bond strength and acid-etch patterns. J.
Adhes. Dent. 10, 335–338.

34. Fawzy, A.S., Amer, M.A., and El-Askary, F.S. (2008). So-
dium hypochlorite as dentin pretreatment for etch-and-rinse
single-bottle and two-step self-etching adhesives: atomic
force microscope and tensile bond strength evaluation. J.
Adhes. Dent. 10, 135–144.

35. Batista, L.H., Júnior, J.G, Silva, M.F., and Tonholo, J. (2007).
Atomic force microscopy of removal of dentin smear layers.
Microsc. Microanal. 13, 245–250.

36. Balooch, G., Marshall G.W., Marshall S.J., Warren O.L., Asif,
S.A.S. and Balooch M. (2004). Evaluation of a new modulus
mapping technique to investigate microstructural features of
human teeth. J. Biomech. 37, 1223–1232.

37. Kinney, J.H., Marshall, S.J., and Marshall, G.W. (2003). The
mechanical properties of human dentin: a critical review and
re-evaluation of the dental literature. Crit. Rev. Oral Biol.
Med. 14, 13–29.

38. Watari, F. (2001). Compositional and morphological imaging
of CO2 laser irradiated human teeth by low vacuum SEM,
confocal laser scanning microscopy and atomic force mi-
croscopy. J. Mater. Sci. Mater. Med. 12, 189–194.

39. Swift, E.J., Jr., Edwards, G.S., Perdigão, J., et al. (2001). Free-
electron laser etching of dental enamel. J. Dent. 29, 347–353.
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