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Abstract
Objectives: The purpose of this study was to evaluate the effect of CO2 laser irradiation at different energy
densities followed by fluoride application at various concentrations on the demineralization/remineralization of root
surfaces.
Materials and methods: The roots of 30 extracted human premolars were cleaned, and all surfaces except for a
window (2×3 mm) on the proximal surface were coated with an acid-resistant varnish. The root specimens were
divided into two groups according to laser energy densities (17 and 25 J/cm2). Each group was further divided into
three subgroups according to fluoride concentration (0.05,0.2 and 2.0% NaF). After each treatment was performed
on the uncoated surface windows, the specimens were subjected to a pH-cycling test in which the roots were
subjected to a cycle of demineralization (pH 4.7 for 18 hours) and remineralization (pH 7.0 for 6 hours) for 2 days.
From each window, 4 sections (100 μm thick) were obtained. The lesion depth (LD) within the sections was
measured with polarized light microscopy. The data were statistically analyzed with two-way ANOVA and Tukey’s
post hoc test.
Results: The results of a two-way ANOVA showed that both laser energy and fluoride concentration had
significant effects on the LD (p<0.01). For all fluoride concentrations, the application of a laser at 17 J/cm2 resulted
in significant acid resistance compared to 25 J/cm2.
Conclusion: Both laser energy and fluoride concentration had significant effects on the demineralization/
remineralization of root surfaces after CO2 laser irradiation followed by fluoride application.
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Introduction
Elderly populations have been increasing globally, and the
development of periodontal treatments and dental home-care
techniques have allowed more elderly people to keep their natural teeth
[1]. In the elderly, the root surfaces of teeth tend to be exposed to the
oral environment due to gingival recession, and the root surfaces
consequently become susceptible to dental caries because the critical
pH for decalcification of the root surface is higher than that for the
enamel surface [2]. An epidemiological study revealed that root surface
caries occur at a high frequency in the Japanese population [3].
The use of CO2 laser irradiation to prevent dental caries on root
surfaces has been reported [4-9], and several studies have
demonstrated that argon lasers enhance the demineralization
resistance of root surfaces [10,11]. Additional studies have shown that
the application of fluoride to the root surface increases resistance to
demineralization [12-18]. However, the effect of the energy density
used in laser irradiation, as well as the concentration and period of
fluoride application, on root demineralization has not been sufficiently
addressed by previous studies. Therefore, we investigated the effects of
the energy density of a CO2 laser and fluoride concentration on the
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depth of root surface lesions occurring after pH cycling [19]. The
results show that the effect of fluoride application on the acid
resistance of root surfaces is dependent upon the fluoride
concentration, and the energy density used for CO2 laser irradiation
also affected the effectiveness of this treatment at improving the acid
resistance of root surfaces.
Several studies have reported that a combined treatment including
fluoride application and laser irradiation of the root surface enhances
resistance to demineralization [20-22]. Based on our previous study,
we hypothesize that the concentration of F ions in the fluoride solution
used and the intensity of the laser used for irradiation may influence
the decalcification resistance of the root surface when applied in a
combination treatment. However, these important factors have not
been sufficiently investigated. The purpose of this study was to evaluate
the effect of CO2 laser irradiation at different energy densities followed
by fluoride application at various concentrations on the
demineralization/remineralization of root surfaces. The null
hypothesis was that the energy density and fluoride concentration in a
combination treatment involving CO2 laser irradiation and fluoride
application would not influence the demineralization/remineralization
of root surfaces.
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Materials and Methods
Specimen preparation
This study was approved by the Ethics Committee of The Nippon
Dental University School of Life Dentistry at Niigata (#ECNG-H-40).
This study was performed using 30 extracted human premolars with
previously unexposed, caries-free root surfaces. The teeth were cleaned
and stored in 0.01% thymol solution at 4°C until use. The crown was
removed approximately 2 mm below the cement-enamel junction, and
the pulp and root apex were also removed. The root surface was lightly
planed immediately before the experiment was performed. The root
specimens were divided into two groups according to laser energy
densities (17 and 25 J/cm2). Then, each group was further divided into
three subgroups according to fluoride concentrations (0.05, 0.2 and
2.0% NaF). Thus, six experimental groups were established as shown in
Table 1.
Group

1

Condition of laser irradiation

Fluoride
application

Power

Duratio
n

Interval

Energy

0.5W

5msec

10msec

17J/cm2

Demineralization/remineralization test
2.0%NaF

2

0.2%NaF

3

0.05%NaF

4

0.5W

10msec

Figure 1: CO2 laser irradiation of a specimen fixed on a computercontrolled X-Y stage.

10msec

25J/cm2

2.0%NaF

5

0.2%NaF

6

0.05%NaF

Specimens were subjected to a 2-day pH-cycling process in which
five roots from each group were immersed in a demineralizing solution
(pH 4.7, containing 0.05 M acetic acid, 2.2 mM calcium, and 2.2 mM
phosphate ions) for 18 hours, then immersed in a remineralizing
solution (pH 7.0, containing 0.15 M potassium chloride, 1.5 mM
calcium, and 0.9 mM phosphate ions) for 6 hours. The solutions were
maintained at 37°C and stirred at 120 rpm. The roots were irrigated
with deionized water for 5 minutes during transfers between the
solutions and at the completion of the cycling process.

Table 1: Experimental groups.

Lesion depth evaluation

All root surfaces except for a rectangular window (2 mm x 3 mm)
on the mesial or distal proximal surface were coated with an acidresistant varnish (Protect varnish, Kuraray Noritake Dental, Tokyo,
Japan). The exposed area was irradiated using a CO2 laser (Opelaser
03SIISP, Yoshida, Tokyo, Japan). The irradiation conditions of the CO2
laser were: 10.6 μm wavelength, 0.5 W output power, continuous
mode, repeated pulse (5 ms irradiation and a 10 ms pause for groups
1,2 and 3, and 10 ms irradiation and a 10 ms pause for groups 4, 5 and
6) and a defocused beam (1 mm spot size). A computer-controlled X-Y
stage (Shot-602, Sigma-koki, Tokyo, Japan) was used to ensure uniform
exposure (Figure 1). The root was fixed to the stage, which traversed at
1 mm/s through the laser beam. After each CO2 laser irradiation
session, a 2.0% NaF solution was applied to the windows of specimens
in groups 1 and 4 for 5 min. Specimens from groups 2 and 5 were
immersed into a 0.2% NaF solution for 50 min, and specimens from
groups 3 and 6 were immersed into a 0.05% NaF solution for 200 min.
Immersions in NaF solution were performed using a room
temperature (23°C) bath stirred at 120 rpm.

The samples were sectioned perpendicular to the root surfaces and
through the center of each window using a hard-tissue microtome
(Isomet, Buehler, Lake Bluff, IL, USA). Four sections with a thickness
of approximately 200 μm were obtained from each window. Each
section was ground to a thickness of approximately 100 μm using a
whetstone (#2000).
The sections were examined at 200× magnification using a polarized
light microscope (PLM, Eclipse LV100POL, Nikon, Tokyo, Japan).
Digital photomicrographs were obtained using a CCD camera (DS-L2,
Nikon, Tokyo, Japan). The lesion depth in each section was determined
by measuring the width between the original root surface and the
deepest position of the lesion using the camera’s control software.

Statistical analysis
Data were statistically analyzed with two-way ANOVA and Tukey’s
multiple comparison tests for post hoc analysis at a significance level of
0.05. All analyses were performed using a statistical analysis add-in
software package for Microsoft Excel (BellCurve for Excel, Social
Survey Research Information Co. Ltd, Tokyo, Japan).

Results
The mean values and standard deviations (SD) of lesion depths are
presented in Figure 2. A two-way ANOVA showed that both the laser
energy density and the fluoride concentration had significant effects on
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the lesion depth (p<0.01), and there was a significant interaction
between these two factors (p<0.01). A simple main effect analysis and
post hoc Tukey’s HSD tests showed that root surfaces treated with laser
irradiation at an energy density of 17 J/cm2 had greater acid resistance
than those irradiated at an energy density of 25 J/cm2 for all three
tested fluoride concentrations (p<0.01). Among the specimens
irradiated at an energy density of 17 J/cm2, greater acid resistance was
observed with the low-concentration fluoride solution (0.05% NaF
applied for 200 minutes) than with medium- and high-concentration
solutions (0.2% NaF applied for 50 minutes and 2.0% NaF applied for 5
minutes, respectively; both p<0.01). Acid resistance did not differ
between fluoride concentration subgroups for specimens irradiated
with an energy density of 25 J/cm2 (p>0.05).

Figure 2: Mean values and standard deviations (SDs) of lesion
depth. The same letters indicate statistically significant difference
between the groups.
Representative PLM images of demineralized lesions for each group
are presented in Figure 3. The layer of cementum adjacent to the lesion
on the root surface was intact because it had been coated with acidresistant varnish. Stripes parallel to the bottom of the specimen were
observed in some lesions; these indicate remineralization during the
pH cycling procedure. The widths of lesions in groups 1,2 and 3 were
narrower than those in groups 4,5 and 6.

Figure 3: Representative PLM images of demineralized lesions from
each group. The layer of cementum adjacent to the lesion on the
root surface was intact because it had been coated with acidresistant varnish. The widths of lesions in groups 1, 2 and 3 were
narrower than those in groups 4,5 and 6.
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Discussion
The parameters used for laser irradiation are important factors for
evaluating the efficacy of laser irradiation at strengthening the acid
resistance of the root surface. In this study, the laser output used was
set to employ a continuous series of pulses from a 0.5 W laser beam
defocused to a spot 1 mm in diameter. The irradiation cycle consisted
of a 10 ms pause and a 5 ms (groups 1,2 and 3) or 10 ms irradiation
time (groups 4,5 and 6). The laser beam exposure was ensured to be
uniform using a computer-controlled X-Y stage with the specimen
fixed to the stage and moved at 1 mm/s throughout laser irradiation.
Therefore, the laser energy density in groups 1,2 and 3 was 17 J/cm2
(0.25 J/cm2 per pulse) and that of groups 4,5 and 6 was 25 J/cm2 (0.5
J/cm2 per pulse). These parameters were decided upon to modify the
root surface through the heat of laser irradiation, as determined by a
previous study in which the effect of CO2 laser irradiation on enamel
demineralization was investigated [4-6,8].
Previous studies have shown that laser irradiation followed by
fluoride application significantly decreases dentin demineralization
compared to a single application of fluoride or a single session of laser
irradiation [20-25]. The present study showed that pre-irradiation by a
lower energy density (17 J/cm2) laser followed by fluoride application
(mean lesion depth: group 1, 45.8 μm; group 2, 43.5 μm; group 3, 32.1
μm) yielded better root surface acid resistance than a higher energy
density (25 J/cm2) laser followed by fluoride application (mean lesion
depth: group 4, 70.8 μm; group 5, 64.4 μm; group 6, 66.3 μm). Our
previous study, in which a laser with an identical energy density to that
used in the present study was employed, demonstrated that the mean
lesion depths of specimens irradiated by a CO2 laser at 17 J/cm2 and 25
J/cm2 and subjected to the application of 0.05% NaF and 0.2% NaF
were 41.0 ± 3.4 μm, 42.3 ± 2.9 μm, 37.9 ± 4.2 μm and 32.6 ± 3.4 μm,
respectively [19]. From these data, the combination laser and fluoride
treatment investigated in the present study did not significantly
decrease the root surface lesion depth compared to a single fluoride or
laser treatment as studied our previous work. Therefore, the efficacy of
laser irradiation followed by fluoride application for root surfaces may
be affected by the energy density of the laser irradiation applied. The
laser intensities used in the present study were higher than those in
previous studies [20-22]. Several studies have indicated that higher
energy densities cause significant thermal damage to irradiated dentin
[19,21,23-25]. Therefore, we hypothesize that the synergistic effect of
laser irradiation and fluoride application may not be exhibited when
laser irradiation with a high energy density is used.
Apatite crystal readily absorbs CO2 and Er:YAG laser beams. At a
high CO2 laser intensity, the cementum or dentin is carbonized. The
present study showed that a thin polarizing layer of 20-30 μm exists at
the intact root surfaces in most specimens, as determined by PLM
images, and this layer could be cementum. This layer was not observed
in all specimens, which may indicate cementum loss during the root
planing process. A stripe parallel to the bottom of the specimen was
observed in lesions on all specimens, which may indicate
remineralization occurring in the cementum during the pH cycling
procedure. As determined by visual observation, substance loss
through carbonization occurring on the root surface was not found on
specimen surfaces in this study. Although the intensity used in the
present study was not sufficiently high to carbonize the tooth surface,
the structure of the apatite crystals on the root surface could be altered
by laser irradiation. The mechanism of prevention of dentin
demineralization by laser treatment is uncertain. Some studies have
reported that re-crystallization, melting and fusion occur on enamel
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and dentin surfaces after CO2 laser irradiation [4-9]. These superficial
layers on laser irradiated enamel and dentin are thought to be effective
at inhibiting the demineralization of tooth substrates. However, higher
intensity laser irradiation would cause significant heat damage to
irradiated dentin and induce greater mineral loss during pH cycling.
Therefore, laser irradiation at a higher energy density (25 J/cm2) could
be too strong to produce a superficial acid-resistance layer and may
cause greater mineral loss during an acid challenge. Future studies are
needed to confirm the synergistic effect of laser irradiation and
fluoride application when using a CO2 laser at a low energy density.

laser irradiation followed by fluoride application showed significant
effects on the demineralization/remineralization of root surfaces. The
application of fluoride onto laser-irradiated root surfaces yielded better
acid resistance when a low concentration of fluoride was applied for an
extended time period compared to the use of a high concentration of
fluoride applied for a brief period.

The application of fluoride to root surfaces irradiated at a lower
energy density yielded better acid resistance when the lowest
concentration of fluoride (0.05% NaF) was applied for an extended
time period compared to when the highest concentration of fluoride
(2.0% NaF) was applied for a brief period. However, groups irradiated
with a higher energy density showed no significant effects with respect
to fluoride concentrations. Therefore, the null hypothesis, in which
energy density and fluoride concentration in a combination treatment
of CO2 laser irradiation and fluoride application does not affect the
demineralization/remineralization of root surfaces, was rejected when
a lower energy density laser was used. This result suggests that the
formation of fluoroapatite on root surfaces irradiated by a lower
energy density laser requires a long period of contact between F ions
and hydroxyapatite on the superficial cementum or dentin. The
synergistic effect of fluoride application and laser irradiation may be
related to the efficacy of laser treatment at increasing fluoride uptake to
tooth substrates [26,27]. This mechanism could be explained by the
formation of micro-spaces on the root surface due to laser irradiation
and the enhancement of fluoride uptake into these micro-spaces. This
process may require a long period of time, during which F ions
penetrate into the micro-spaces formed after laser irradiation at an
appropriate intensity. Therefore, the long period of contact between the
fluoride solution and the laser-irradiated root surface could be effective
at decreasing root surface demineralization even at low fluoride
concentrations.

2.

Several studies have investigated the effect of laser irradiation of
fluoride-treated tooth surfaces on tooth surface demineralization
[28-30]. These studies show that fluoride treatment followed by laser
irradiation is effective at decreasing the demineralization of the tooth
surface. Based on these previous studies, treatments integrating laser
irradiation and fluoride application may be effective at decreasing both
enamel and dentin demineralization, regardless of the order of
treatment. However, the effect of the order of fluoride application and
laser irradiation on the demineralization/remineralization of root
surfaces has not been studied. The mechanisms of action by which
these treatments increase acid resistance could be different. When
fluoride treatment is followed by laser irradiation, the increased acid
resistance of tooth surfaces may result from the promotion of F ion
penetration into tooth surfaces due to the heat-based effects of laser
irradiation. Therefore, a high intensity laser may be more suitable for
cases in which fluoride treatment is followed by laser irradiation than a
low intensity laser. Future studies are needed to clarify the relationship
between the laser energy density and the fluoride concentration when
laser and fluoride treatments are pre-applied to improve the acid
resistance of root surfaces.

Conclusion
Within the limitations of this study, both the laser energy and the
fluoride concentration used in a combination treatment involving CO2
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