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Abstract
Caries prevention with different lasers has been investigated in laboratory studies and clinical pilot trials. Objective of this in vitro
study was to assess whether 9.3-μm microsecond short-pulsed CO2 laser irradiation enhances enamel caries resistance without
melting, with and without additional fluoride application. Seven groups of enamel, totaling 105 human enamel samples, were
irradiated with 2 different carbon dioxide lasers with 2 different energy application systems (original versus spread beam; 9.3 μm
wavelength, pulse repetition rate 43 Hz vs 100 Hz, fluence ranges from 1.4 to 3.9 J/cm2, pulse duration 3 μs to 18 μs). The
laboratory pH-cycling was performed with or without additional fluoride, followed by cross-sectional microhardness testing. To
assess caries inhibition, the mean relative mineral loss delta Z (ΔZ) was determined. To evaluate for melting, scanning electron
microscopy (SEM) examinations were performed. For the non-laser control groups with additional fluoride use, the relative
mineral loss (ΔZ, vol% × μm) ranged between 512 ± 292 and 809 ± 297 (mean ± SD).ΔZ for the laser-irradiated samples with
fluoride use ranged between 186 ± 214 and 374 ± 191, averaging a 58% ± 6% mineral loss reduction (ANOVA, P < 0.01 to
P < 0.0001). For the non-laser-treated controls without additional fluoride, the mineral loss increased (ΔZ 914 ± 422 to 1224 ±
736). In contrast, the ΔZ for the laser-treated groups without additional fluoride ranged between 463 ± 190 and 594 ± 272
(P < 0.01 to P < 0.001) indicative of 50% ± 2% average reduction in mineral loss. Enhanced caries resistance was achieved by
all applied fluences. Using the spread beam resulted in enhanced resistancewithout enamel melting as seen by SEM. CO2 9.3-μm
short-pulsed laser irradiation with both laser beam configurations resulted in highly significant reduction in enamel mineral loss.
Modifying the beam to a more homogenous profile will allow enamel caries resistance even without apparent enamel melting.

Keywords CO2 9.3-μm laser . Microsecond short-pulsed . Galvo element . Improving caries resistance . Enamel melting .

Laboratory study . pH-cycling . Fluoride . Cross-sectional microhardness testing

Introduction

In the early 1970s, laboratory laser research using the conven-
tional 10.6-μm laser wavelength produced greater caries re-
sistance of tooth enamel after using CO2 laser irradiation
[1–10]. Applying substantially lower energies than reported
in most of the early studies, Featherstone and co-workers

described in vitro enhancement of enamel caries resistance
by short-pulsed CO2 laser irradiation under particular irradia-
tion conditions [9–11]. Dental enamel absorbs the CO2 laser
wavelengths 9.3 and 9.6 μm ten times stronger than the con-
ventional 10.6-μm CO2 laser wavelength [12]. Furthermore,
9.3- and 9.6-μm CO2 lasers are capable of emitting short
pulses in the microsecond (μs) range, while conventional
10.6-μmCO2 laser releases millisecond pulses or emit contin-
uous wave light with potential harmful side effects such as
thermal transfer to the dental pulp [13].

In 2003, Rechmann and co-workers [14] showed improved
caries resistance around orthodontic brackets using short-
pulsed CO2 9.6-μm laser irradiation [15]. These favorable
and significant results were revealed by cross-sectional micro-
hardness testing. Consequently, Rechmann et al. performed a
controlled, randomized, single blind clinical pilot trial, irradi-
ating fissures of second molars with the short-pulsed 9.6-μm
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CO2 laser. When compared with a non-irradiated control mo-
lar in the same arch, the irradiation combined with fluoride
varnish application to all teeth biannually significantly
inhibited carious lesions during an observation period of 1 year
[16]. The laser irradiation not only prevented demineralization
but also supported remineralization of the irradiated fissures.
These effects were observed using the ICDAS (International
Caries Detection and Assessment System) and the
SOPROLIFE camera system in daylight and fluorescence
mode [17].

Recently, a CO2 9.3-μm short-pulsed laser became com-
mercially available for the use in dental offices. This laser was
used in laboratory settings to demonstrate that laser energy at
this wavelength renders enamel caries resistant, independent
of additional fluoride application. Enhanced acid resistance
occurred with laser parameters resulting in no or only minimal
melting of the enamel surface, but also after irradiation with
energies, which produced enamel cuts (at fluences above 5 J/
cm2 and pulse durations above 6 μs) [18].

A galvo element, which is an optical scanner located at the
end of the articulated arm in front of the handpiece, has orig-
inally been part of the commercially available laser. The in-
sertion of a galvo element in the optical path of the laser
delivery system allows a wider irradiation area by moving
the laser beam in patterns. For the first time in a prevention
study, it was employed in one of the two lasers used in this
study to accelerate clinically the irradiation process of enhanc-
ing caries resistance. The galvo element is computer con-
trolled and enables scanning of the laser beam in specific
patterns. To further reduce potential melting of the enamel
during such irradiation, a beam spreader, which consists of
an optical element that is not implemented in the commercial-
ly available system, was introduced into the optical path,
allowing for a more homogenous energy distribution.

The objective of this present in vitro study was to evaluate
whether irradiation with a new 9.3-μm microsecond short-
pulsed CO2 laser enhances enamel caries resistance with and
without additional fluoride applications by comparing two
laser light delivery systems: one consists of scanning the laser
beam in a newly developed irradiation pattern and an integrat-
ed beam spreader and another system that does not scan the
laser beam and utilizes the native beam. The overall goal was
to test laser patterns, which would allow for a clinically faster
treatment, while avoiding potentially unfavorable melting of
enamel.

Materials and methods

To assess caries inhibition in tooth enamel samples by the CO2

9.3-μm short-pulsed laser irradiation, a well-established labo-
ratory pH-cycling model was used [9, 18, 19]. Seven groups
of test samples (see the “Test samples” section) were treated

with two different lasers and several different laser
parameters (see the “Laser settings” section). One half of each
sample served as the laser-untreated control. After laser irra-
diation, the samples were prepared for pH-cycling, for some
groups with and for others without additional fluoride appli-
cation (see the “pH-cycling model for the study of caries pro-
gression” section). After the pH-cycling, all samples were
prepared for cross-sectional microhardness testing to deter-
mine the mean relativemineral loss values delta Z (ΔZ) among
groups using previously verified and published techniques [9,
20, 21] (see the “Cross-sectional microhardness measure-
ments” section).

Test samples

Freshly extracted human molars (UCSF IRB exempt approval
for collecting extracted teeth) were stored in 0.1% thymol
solution in deionized water and sterilized with gamma irradi-
ation (Cs 137) for 12 h at a dose above 173 krad. The storage
media was exchanged with fresh deionized water thymol me-
dium after sterilization. Samples stayed in the thymol solution
for up to 4 weeks before irradiation and testing occurred.

Sample preparation occurred as described previously
[20–22] with the tooth roots removed at the cementum-
enamel junction. The dental crowns were cut into buccal and
lingual halves so that the enamel of the buccal surfaces could
be used for the laser irradiation and caries inhibition testing.
After laser irradiation, the enamel surface was shielded with
acid resistant nail varnish with the irradiated area and the
adjacent area of similar size staying uncovered as control,
which produced a window of approximately 4 × 4 mm for
both testing and control areas. Acid resistant varnish was ap-
plied so that only well-defined areas would be exposed to the
de- and remineralization solutions. This maintained consisten-
cy of the de-and remineralization buffer capacity of the solu-
tion for all samples.

The number of samples per group, the applied laser pulse
duration, the fluence, and fluoride use (yes/no) during pH-
cycling are shown in Table 1. A total of 105 samples were
laser irradiated. After the process of pH-cycling, 101 laser-
treated samples remained for evaluation and 101 were avail-
able as control (some samples were lost due to laboratory
mishaps).

Laser settings

The two lasers utilized in this study were microsecond
short-pulsed carbon dioxide lasers (Solea, Convergent
Dental, Inc., Needham, MA; wavelength of 9.3 μm).
Both lasers were used in non-contact mode. Irradiation
beam diameters were verified by using a 1″ FL lens as a
relay to magnify the focused spot × 5.5 to an Ophir-
Spiricon Pyrocam III pyroelectric camera for detection
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(Ophir-Spiricon, LLC, North Logan, UT), and for the
measurement, BeamGage V5.11 software was used in
pulsed mode w/5-ms exposure time, m 90/10 size criteria.
Table 2 provides the laser parameters as an overview.

The beam diameter of laser 1 was set to 0.25 mm, and the
laser focus length was 4 to 10 mm. Irradiation in the distance
of the focus length range allows for a constant spot size of the
beam at tissue level. Two different laser pulse durations (3 μs
and 4 μs) were used that delivered pulse energies of 1.5 mJ/
pulse and 1.9 mJ/pulse, resulting in fluences of 3.0 J/cm2 and
3.9 J/cm2, respectively. The pulse energy was measured with a
BeamTrack-Power/Position/Size Thermal Sensor 50(150)A-
BB-26-PPS (Ophir-Spiricon) before and after five samples

were irradiated. Energy losses between measurements did
not occur.

Laser 2 used a beam spreader integrated into the laser light
transmission path and a galvo mirror scanner at the handpiece
that directed the beam in a newly developed irradiation pat-
tern, covering an irradiation area of 0.63 mm in diameter.
Three different laser pulse durations (11.4 μs, 14.6 μs, and
18 μs) were used, resulting in fluences of 1.4 J/cm, 1.9 J/cm2,
and 2.2 J/cm2. The laser focus length was 15 to 18 mm. The
pulse energy of laser 2 was measured with a Pronto-250-Plus
(Gentec-EO, Lake Oswego, OR) before and after five samples
were irradiated. Again, energy losses between measurements
did not occur.

Table 2 Laser parameters Laser 1
and Laser 2 Laser 1 Laser 2

Wavelength 9.3 μm 9.3 μm

Beam configuration Single native beam Overlapping beam pattern created by galvo
mirror scanner

Beam spreader to reduce
energy peaks

No Yes

Beam diameter of laser beam 250 μm (90/10) 250 μm (90/10)

Beam diameter at irradiation
point

250 μm (90/10) 630 μm (90/10)

Focus length 4–10 mm 15–18 mm

Pulse duration 3, 4 μs 11.4, 14.6, 18 μs

Fluence 3.0/3.9 J/cm2 1.4/1.9/2.2 J/cm2

Pulse repetition rate 43 Hz 100 Hz

Air/water cooling No/no Yes/no

Irradiation time 2 min with ≅ 20 pulses
per spot

25 s

Table 1 Mean delta Z (vol% × μm) for each of the groups—laser and controls, fluence, fluoride use (yes/no), sample size,ΔZ (SD), demineralization
reduction in % for laser-treated enamel, statistically significant difference in mineral loss (with P value)

Pulse duration
(μs)

Fluence
(J/cm2)

Fluoride
(yes/no)

Laser ΔZ (SD)
(vol% × μm)

Laser
n

Control ΔZ
(SD) (vol% ×
μm)

Control
n

ΔZ reduction for laser-
irradiated enamel in %

Statistically significant
difference in mineral loss

3 3.0 Yes 295.39
(228.68)

14 749.54 (350.29) 15 60.6 Yes, P < 0.001

4 3.9 Yes 186.46
(214.45)

14 511.68 (292.13) 14 63.6 Yes, P < 0.01

11.4 1.4 Yes 342.55
(225.84)

15 710.60 (206.45) 14 51.8 Yes, P < 0.0001

14.6 1.9 Yes 374.43
(190.55)

14 780.77 (340.25) 15 52.0 YesP < 0.001

18 2.2 Yes 304.35
(311.57)

14 809.16 (297.38) 14 62.4 Yes, P < 0.001

Average ΔZ All
fluoride groups

301.31
(358.20)

713.82 (302.59)

11.4 1.4 No 463.34
(189.83)

15 913.85 (421.70) 14 49.3 Yes, P < 0.001

14.6 1.9 No 594.28
(271.94)

15 1224.06
(736.00)

15 51.4 Yes P < 0.01

Average ΔZ all no
fluoride groups

528.81
(239.85)

1074.31
(615.06)
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The irradiated sample surface was 4 × 4 mm. The pulse
repetition rate was set to 43 Hz for laser 1 and 100 Hz for
laser 2. To ensure that each spot was irradiated with at least 20
laser pulses that had shown enhancing caries resistance in the
past [15], each sample was irradiated for 2 min with overlap-
ping laser irradiation with laser 1 and 25 s with laser 2,
respectively. Sample surfaces were hand irradiated with both
lasers. Hand irradiation was chosen to achieve a situation
comparable with clinical reality. No air and water spray were
applied with laser 1 while air coolant was used with laser 2.
Although the laser settings for laser 1 did not require any air
cooling to prevent temperature increase in the pulp chamber, a
low air cooling (25 psi) was added during the treatment to
prevent pulpal temperature increase using the laser at 100-
Hz repetition rate.

For both lasers, the temporal laser pulse shape was square
with an initial sharp energy peak. The beam profile was mea-
sured and pictured with an Ophir-Spiricon Pyrocam III, model
LBS-100 pyroelectric camera with BeamGage V6.3.0.13 soft-
ware. The beam profile was basically Gaussian, and Figs. 1
and 2 show the difference in spatial laser energy distributions
between lasers 1 and 2. The beam profile of laser 1 demon-
strated a beam with a centralized sharper (Fig. 1) with much
higher energy peak level (“hot spot”) compared with the more
homogenous energy distribution measured for the beam of
laser 2 (Fig. 2).

pH-cycling model for the study of caries progression

A validated in vitro caries inhibition pH-cycling
remineralization/demineralization protocol [19] which
consisted of alternating periods of demineralization and
remineralization to simulate caries derived from an orthodon-
tic bracket model was applied [14]. The pH-cycling process
was repeated for nine 24-h periods including one intermediate
weekend with samples staying in the remineralizing solution.
Each 24-h period involved demineralization for 6 continuous
hours daily in an acetate/calcium/phosphate buffer at pH 4.4.
The buffer contained calcium and phosphate at 2.0 mmol/l,
0.075 mmol/l acetate with 40 ml per specimen used
individually.

Eighteen continuous hours of remineralization took place
in a calcium phosphate mineralizing solution at pH 7.0. The
mineralizing solution contained 0.8 mmol/l calcium,
2.4 mmol/l phosphate (concentrations similar to saliva), and
cacodylate 20 mmol/l as a buffer. The samples were hanging
in the demineralization and remineralization reagents. To
maintain consistent concentrations, the solutions were re-
placed after the first week.

The samples were rinsed in deionized water between each
demineralization and remineralization cycle. If the samples
were receiving additional fluoride treatment, they were im-
mersed and shaken on an orbital mixer in a toothpaste/

deionized water slurry of 1:3 Crest Cavity Protection
(1100 ppm fluoride; Proctor and Gamble, Cincinnati, OH)
for 60 s, rinsed in deionized water, and placed in the next
solution. The slurry was freshly prepared by vortexing 1 g of
toothpaste with 3 g of double deionized water.

Each tube containing the enamel samples was color coded
with color tapes at the beginning of the study to insure
blinding of the laboratory investigator during the pH-cycling
and microhardness measurements. The laboratory technicians
performing the microhardness testing did not know the iden-
tity of the treatment groups. The color codes were broken
when the final results were calculated.

Cross-sectional microhardness measurements

Cross-sectional microhardness testing by detailed the
“scatter pattern” of indentations was used to determine
the relative mineral loss [14, 23]. The first indent was
placed 15 μm from the resin/lesion interface and
100 μm from the edge o f t he demine ra l i zed /
remineralized lesion. All subsequent indents were placed
in 5 μm increments to a final depth of 50 μm in the
underlying enamel; by implementing a V-shaped pattern,
interaction and interference between the indents were
averted.

Additional indents were placed at 25-μm intervals into the
underlying sound enamel following a straight line perpendic-
ular to the outer surface up to a depth of 300 μm. Figure 3
shows the schematic of indent placement used for the cross-
sectional microhardness testing and a light microscopical pic-
ture of an example of these microhardness indents. Based on
sound underlying enamel (at 100 to 300 μm depth into the
sample) set at 85%, the volume percent mineral for each in-
dent was normalized [14, 23].

The overall relative mineral loss, ΔZ (vol% × μm), for
each sample was calculated as previously described in detail
[23]. In order to give a mean ΔZ and standard deviation for
each of the test groups, the individual ΔZ values for each
lesion in each group were combined.

Only after the measurements were made, the color coding
was broken and data were collected into appropriate spread
sheets for analysis by group. All labeling was cross-checked
after unmasking of the codes at the end of the study.

Statistical methods

Each sample exhibits a relative mineral loss value ΔZ (vol% ×
μm). Means and standard deviations for each group were cal-
culated, and the groups were compared statistically by one-
way ANOVA, with Newman-Keuls multiple comparison test
for significance at P < 0.05 (Prism, GraphPad Software Inc.,
La Jolla, CA).
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Stereomicroscope observations and scanning electron
microscopy

A stereomicroscope (Fisher Scientific Stereomaster,
Fisher Scientific LLC, PA) was used to observe visible
effects during and after irradiation (magnification × 10).
Three additional tooth enamel samples were irradiated

with each of the five different irradiation conditions (as
mentioned in the “Laser settings” section) for scanning
electron microscopy (SEM).

For SEM examination, samples were fixed with formalin,
desiccated in ascending alcohol solutions, mounted, and ex-
amined with SEM (Sigma 500 VP FE-SEM, Carl Zeiss
Microscopy Ltd., UK) at different magnifications.

Fig. 1 Spatial distribution of original laser beam profile (laser 1); the beam profile demonstrates a beam with a centralized sharp, high energy peak level
(“hot spot”)

Fig. 2 Spatial distribution of laser beam with beam spreader integrated in the optical path (laser 2); the beam profile demonstrates a beam with a more
homogenous energy distribution and no “hot spot”
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Results

Figure 4 presents the mean ΔZ (vol% × μm) mineral loss
and standard deviations for the groups of samples with
and without additional fluoride use at different laser
fluences. Table 1 reports a total of 202 samples, depicting
the number of available samples per test group for cross-
sectional microhardness testing (14 to 15 per group;
slightly uneven sample numbers since some samples were
lost during the pH-cycling process).

Relative mineral loss ΔZ

Groups with additional fluoride treatment, relative mineral
loss ΔZ

A mineral loss ΔZ (vol% × μm) ranges between 512 ±
292 and 809 ± 297 (mean ± standard deviation [SD]) was
registered for the control groups with no-laser treatment
but with additional fluoride application. If the enamel
was laser irradiated and again additional fluoride was
applied, the ΔZ values ranged at lower levels between
186 ± 214 and 374 ± 191 (Table 1). In these groups with
additional fluoride use, the laser treatment groups showed
a much smaller ΔZ mineral loss than the no-laser-treated
ones, with on average a 58% ± 6% reduction in mineral
loss. The ANOVA test indicated that the differences be-
tween the laser treated and the control groups, both
groups with additional fluoride treatment, were statisti-
cally significant (between P < 0.01 and P < 0.0001) (for
detailed P values, see Table 1). This was true for all
applied energies.

Irradiation of the enamel with a laser a laser fluence of
1.4 J/cm2 resulted in almost 52% reduction in mineral loss.

Groups without additional fluoride treatment, relative
mineral loss ΔZ

All groups not treated with additional fluoride treatment dem-
onstrated a higher mineral loss than those that had received
additional fluoride. The two laser-treated groups without ad-
ditional fluoride showed a ΔZ of 463 ± 190 and 594 ± 272,
respectively. In contrast, the two no-laser-treated control
groups without additional fluoride treatment showed a much
higher mineral lossΔZ (vol% × μm) of 914 ± 422 and 1224 ±
736 (mean ± SD), respectively (Table 1). Again, the laser-
irradiated samples showed a lesser ΔZ mineral loss than the
controls, with on average a reduction in mineral loss of 50% ±

Fig. 3 Schematic of indent
placement for cross-sectional mi-
crohardness testing and a light
microscopical picture of an ex-
ample of microhardness indents

Fig. 4 Mean relative mineral loss ΔZ (vol% × μm) for the laser-treated
enamel groups and for the control groups for seven different laser ener-
gies after 9 days of pH-cycling with additional fluoride and without ad-
ditional fluoride. All irradiation energies resulted in statistically signifi-
cant reduced mineral loss (P < 0.01 and P < 0.0001); Error bars are stan-
dard deviations (for detailed P values, see Table 1)
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2%. Differences between the laser treated and the control
groups, both with no additional fluoride, were statistically
significant for both applied energies (ANOVA test P < 0.01
and P < 0.001) (for detailed P values, see Table 1).

Stereomicroscope and scanning electron
microscopical observations

With the stereomicroscope observed, effects from the laser
irradiation ranged from no visible change to very slight melt-
ing of the enamel. These visual observations were confirmed
by the SEM investigation.

Figure 5a shows non-irradiated enamel at 100 (1), 500 (2),
and 1000 times (3) magnification with the SEM. Irradiation
with laser 1 at a fluence of 3 J/cm2 (Fig. 5b) revealed no
visible change according to the stereomicroscope. The SEM
showed very minor changes (Fig. 5b), at highest magnifica-
tion (Fig. 5b, 3) and no or very sporadic signs of minor melt-
ing. Figure 5C, after irradiation with 3.9 J/cm2, shows at
highest magnification slight, almost homogenous melting of
the enamel surface is clearly visible (Fig. 5c, 3). No roughness
of the surface was observed.

Irradiation with laser 2 resulted at the lowest energy levels
(1.4 J/cm2) in nomelting at all and in extremely rare melting at
1.9 J/cm2 (Fig. 6a, b) visible only at the highest magnifica-
tions. At the 2.2 J/cm2 irradiation level in distinct areas, very
minor indications of localized melting become visible at mod-
erate and highmagnification (Fig. 6c).Major cracks, visible in
all SEM pictures, are artifacts due to drying of the samples in
the SEM. The observable very thin “crazing lines,” visible in
all laser-irradiated surfaces, are due to the restructuring of the
enamel crystals. They do not negatively influence the caries
resistance of the enamel, proven in clinical trials [16, 24].

Discussion

Human enamel is a calcium deficient, highly substituted car-
bonated apatite [25], which is more soluble in bacteria pro-
duced acids than pure hydroxyapatite. Natural enamel con-
tains 3% to 6% carbonate by weight, which replaces phos-
phate ions in the crystal lattice [26–28].

Lasers have been used to enhance caries resistance of
enamel for many years. Successful in caries prevention with-
out pulpal insult [13] is irradiation with a laser wavelength,
which is strongly absorbed by the enamel. Consequently, the
absorbed energy results in heating up of superficial layers of
enamel. The heat drives out the weak, acid soluble carbonate
phase and forms the purer hydroxyapatite. Microsecond short-
pulsed 9.3 and 9.6 μm CO2 lasers are best suited for this task
[9, 11, 12, 29, 30]. When fluoride is available at this time,
fluorapatite is created, which is even less acid soluble [31].
During the remineralization process in the presence of

fluoride, the growth of a new fluorapatite-like surface on the
partially demineralized crystals is observed. This new
fluorapatite-like surface veneer has a much lower solubility
than the original carbonated apatite mineral [20, 32].

The authors previously demonstrated in laboratory studies
using a pH-cycling model that caries prevention with short-
pulsed 9.3 and 9.6 μm CO2 lasers is effective with and without
adding fluoride to the remineralization phase of the pH-cycling.
Reduction of mineral loss by roughly 50% occurred already
when comparing the effect of laser with no laser application.
Adding fluoride resulted in an additional 50% reduction of
mineral loss compared with not adding fluoride [9, 18].

Similar to previous studies [9, 18], in the present study
fluoride application reduced theΔZ (vol% × μm)mineral loss
from an average of around 1074 ± 615 (mean ± SD) without
fluoride to roughly 714 ± 303 with fluoride, confirming fluo-
ride application is caries preventive on its own. By adding
fluoride twice daily into the remineralization solution,
brushing with an over-the-counter (OTC) 1100-ppm fluoride
toothpaste is simulated. Treatment of the enamel by a 9.3-μm
CO2 short-pulsed laser alone without fluoride addition re-
duced the average mineral loss (ΔZ) to 529 ± 240. This min-
eral loss is below the mineral loss achieved by fluoride pro-
tection alone and represents a statistically significant 26% re-
duction in mineral loss (P = 0.01). Adding fluoride to the laser
treatment reduced the mineral loss to the lowest value ob-
served in this present study. With a ΔZ of 320 ± 220, the
mineral loss for laser plus fluoride is approximately half the
mineral loss for laser treatment alone.

The mineral loss data are comparable with those ob-
served in a clinical in vivo study using a short-pulsed
9.6-μm CO2 laser to irradiate areas next to orthodontic
brackets on teeth scheduled for extraction [15]. The bor-
ders of the brackets served as a “plaque trap” and en-
hanced acid attacks on the enamel. This in situ study
confirmed that a 9-day pH-cycling model simulates natu-
ral acid attack of at least 12 weeks around orthodontic
brackets, for children with brackets who live in areas with
fluoridated water and presumably brush their teeth with
fluoride toothpaste twice a day. The non-laser-treated bi-
cuspids reached after 12 weeks a relative mineral loss ΔZ
of 1067 ± 254, while the laser-treated teeth lost only a ΔZ
of 402 ± 85 for the 4-week leg and 135 ± 98 (mean ± SE)
for the 12-week leg. The mineral loss was comparable
with the loss in this present in vitro study. In the in vivo
study, the demineralization inhibition presented was 46%
and even 87%, respectively [15], surpassing the preven-
tive effect observed in the present laboratory study.

In a previous laboratory study, the 9.3-μm CO2 laser
short-pulsed laser had demonstrated that with energies for
enamel cutting, caries resistance of the remaining enamel
was enhanced and resulted in a 65% reduction in mineral
loss in comparison with an uncut enamel surface [18].
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This could be advantageous with respect to prevention of
recurrent caries around restoration margins [18]. This pri-
or study demonstrated that irradiating of enamel with laser
energies did not cause obvious surface modifications and
only very slight melting.

The present study confirmed these observations. Using
the irradiation energies with the original beam profile and
irradiation pattern at the higher energy of 3.9 J/cm2 led to
a slight but homogenous melting and to sporadic signs of
melting at the lower energy of 3 J/cm2. In both cases,
caries resistance was significantly enhanced. Since melt-
ing effects may slightly change the optical surface prop-
erties, a modified beam pattern to enhance caries resis-
tance without any signs of melting was used. Surface
temperatures of 800 °C and above cause the mineral to
melt and transform it in to less acid soluble mineral when
cooled [33–35]. Nevertheless, it had been demonstrated
that even temperatures of only 400 °C and above are

needed to decompose the carbonate inclusions in the
enamel mineral and consequently transform the carbonat-
ed hydroxyapatite to the much less soluble hydroxyapatite
[35, 36]. In order to avoid any melting but achieve suffi-
cient temperatures for caries resistance enhancement, the
beam profile of the laser was modified. In the original
laser (laser 1), the beam profile was very narrow with
energy “hot spots” in the center, which had sufficient en-
ergy for melting while the remaining shoulders of the
Gaussian beam profile were still sufficient for heating
and enhancing enamel caries resistance. By adding a
beam spreader into the light path of laser 2, the laser
energy was reduced in the center of the Gaussian beam
profile; the “hot spots” vanished, and thus, the energy
distribution was more homogenous. This resulted in no
melting at the lowest applied energy of 1.4 J/cm2 and in
extremely rare melting at 1.9 J/cm2. When using energies
above 2 J/cm2 only in some areas of enamel, which might

Fig. 5 Row a shows non-irradiated enamel at 100 (1), 500 (2), and 1000
times (3) magnification with the SEM. Row b shows enamel surface after
irradiation with 3 J/cm2 revealing very minor changes, with at highest
magnification no or very sporadic signs of minor melting (b, 3) (laser 1).
Row c, after irradiation with 3.9 J/cm2, shows at highest magnification

slight, almost homogenous melting of the enamel surface, clearly visible
at the highest magnification (c, 3). No roughness of the surface was
observed (red arrows point at the area shown at the next higher magnifi-
cation; blue arrows indicate melting)

Lasers Med Sci

Author's personal copy



be more accessible to change or were already modified by
early caries attack, distinct regions with very minor indi-
cations of localized enamel melting became visible. In all
cases, as a result of irradiation with the new laser pattern,
significant ΔZ reductions of 52% and above were ob-
served. The additional use of a galvo element in the irra-
diation handpiece distributes single laser irradiation spots
over a wider surface. This allows for utilizing a higher
laser repetition rate and will consequentially permit for a
reduction of the required application time in the clinics
achieving the same preventive effect.

A limitation of this study is that the effects of the spread
beam were only tested in combination with the galvo element
and not as a single beam. Another limitation may be that all
irradiation was performed as hand irradiation and not by use
of a motor-driven computer-controlled stage. Future clinical
trials that explore the caries preventive capabilities of the
9.3-μm CO2 short-pulsed laser using the new spread beam

configuration and irradiation patterns need to be conducted
to confirm the present results in vivo.

Conclusion

The CO2 9.3-μm short-pulsed laser energy enhances
enamel caries resistant with and without additional fluo-
ride use. The highly significant preventive effect occurs
using laser energies not causing melting of the enamel
surface. Engaging a more homogeneous beam and a galvo
element will allow for fast irradiation to render enamel
more caries resistant. The laser 2 configuration incorpo-
rates a beam spreader with galvo scanners, which reduces
energy spikes in the beam profile, covers more surface
area in a shorter period of time, and prevents pulpal tem-
perature rise by air cooling.

Fig. 6 Row a shows enamel after irradiation using the spread beam and
the irradiation pattern (laser 2) at 100 (1), 500 (2), and 1000 times (3)
magnification with the SEM. Row a shows enamel surface after irradia-
tion with 1.4 J/cm2 revealing no melting at all; row b reveals extremely
rare melting at the 1.9 J/cm2 energy level visible only at the highest

magnifications (a, b); row cwith irradiation at the 2.2 J/cm2 level exhibits
in distinct areas very minor indications of localized melting becoming
visible at moderate and high magnification (c) (red arrows point at the
area shown at the next higher magnification; blue arrows indicate
melting)
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