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Background and Objective: In vitro studies were con-
ducted to evaluate the use of an automated system for high‐
speed scanning of single 9.3 µm CO2 laser pulses in the in-
hibition of caries‐like lesion formation in the enamel of ex-
tracted human molars. The effect of the laser in generating
an acid‐resistant layer and the effect of the layer on in-
hibiting surface mineral loss during pH cycling was explored.
Study Design/Materials and Methods: Laser irradi-
ation was performed with fluences of 0.6, 0.8, and 1.0 J/cm2

for single pulses of 1mm diameter (1/e2), with pulse
durations of 17, 22, and 27 microseconds, respectively. The
laser was scanned at a 750Hz pulse repetition rate in an
automated pattern covering an area of 7mm2 in 0.3 sec. Six
treatment groups were investigated: three groups for each
fluence for laser‐only and three for laser irradiation with
additional fluoride from a toothpaste slurry (sodium fluo-
ride at 1100 ppm). Each group used non‐irradiated areas,
which included untreated controls for the laser‐only groups
and a fluoride‐only treatment for the groups with addi-
tional fluoride. pH cycling was performed on both groups,
followed by microhardness testing to determine the rela-
tive mineral loss (ΔZ) from a caries‐like formation and
surface mineral loss (ΔS).
Results: Laser irradiation with the 9.3 µm CO2 laser gen-
erated an acid‐resistant layer of about 15 µm in depth. For
the laser‐irradiated samples with additional fluoride appli-
cation, the relative mineral loss (ΔZ) was 113± 63 vol%‐µm,
while for those with only fluoride application ΔZ was
572± 172 vol%‐µm. At the highest fluence (1.0 J/cm2) used,
an 80.2% inhibition of caries‐like lesion was measured by
ΔZ. Using only laser irradiation at the highest fluence re-
sulted in an inhibition of caries‐like lesion of 79.5% for the
irradiated samples (ΔZ= 374± 149 vol%‐µm) relative to the
control (ΔZ= 1826± 325 vol%‐µm).Surface microhardness
tests resulted in an inhibition of surface softening, as
measured by the Knoop Hardness Value (KHN) (108± 33
KHN for laser irradiated with additional fluoride, for non‐
irradiated controls with fluoride only 52± 16 KHN). In-
hibition of surface loss was observed for all laser fluences,
but the maximum surface loss for the untreated control
group was only 2.2± 0.49 µm.
Conclusions: The results demonstrate a significant
benefit of the 9.3 µm CO2 laser at fluences of 0.6, 0.8, and

1.0 J/cm2 in caries‐like lesion inhibition as measured by
the relative mineral loss in depth and surface mineral
loss, without significant damage to the enamel. Addi-
tionally, inhibition of surface softening and surface loss
during pH cycling was observed. The surface loss was
small compared with the overall lesion depth and thick-
ness of the generated acid‐resistant layer. Lasers Surg.
Med. © 2020 Wiley Periodicals LLC
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INTRODUCTION

In caries prevention, acid resistance studies on tooth
enamel have focused on the use of fluoride to form fluo-
rapatite [1,2], or on using laser irradiation to induce
structural changes of the surface or remove acid‐soluble
impurities such as carbonate groups [2–5]. The removal of
carbonate groups from enamel, which has been explored
since the 1970s [6–13], is achieved when enamel reaches a
temperature of at least 400°C, at which point carbonate
begins to outgas as CO2. Lasers such as Er:YAG and
Nd:YAG, with enamel absorption coefficients of ~800 and
<1 cm−1, respectively, are absorbed primarily by hydroxyl
groups in water and hydroxyapatite and have been dem-
onstrated to have some success in preventing caries for-
mation [5,6,14,15]. CO2 lasers, particularly those at 9.3
and 9.6 µm wavelengths, are highly absorbed by phos-
phate groups in the enamel, with absorption coefficients
of 5500 and 8000 cm−1, respectively [5,16–21], and there-
fore are capable of rapidly raising the tissue temperature
to a degree at which carbonate is removed. Subsequently,
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irradiation with these CO2 lasers can increase acid re-
sistance with minimal undesired damage [7,8,22,23].
There is sufficient evidence to support the use of short‐

pulsed laser irradiation at 9.3 and 9.6 µm to change the
composition of surface enamel and make it more resistant
to the formation of carious lesions [23]. Rechmann et al.
[8] performed a controlled, randomized, single‐blinded
clinical trial irradiating fissures of second molars with a
short‐pulsed 9.6 µm CO2 laser. The irradiation combined
with fluoride varnish application significantly inhibited
carious lesions in human mouths during an observation
period of one year. More recently, Rechmann et al. [24]
showed in an in vitro study that a scanning beam enables
caries resistance without apparent enamel melting.
The goal of this study was to evaluate the effectiveness

of 9.3 µm CO2 laser irradiation to reduce dental enamel
mineral loss and to inhibit a caries‐like lesion formation
with automated scanning of single‐pulse irradiation at a
high repetition rate over an area of about 7mm2. The
energy delivery method was designed to allow for a clin-
ically relevant application in terms of treatment speed
and safe energy levels not resulting in significant surface
damage or overheating of the pulp. In addition, the effects
of laser irradiation on enamel were investigated through a
characterization of the acid‐resistant layer and measure-
ment of surface mineral loss both with and without the
use of additional fluoride.

MATERIALS AND METHODS

Laser Settings

A 9.3 µm CO2 laser (Solea, Convergent Dental, Inc.,
Needham, MA) was used with the irradiation parameters
described in Table 1. The native beam diameter was
modified to 1mm (measured by 1/e2 method) and colli-
mated at the output of the handpiece. The native beam
was scanned over the irradiated surface at a pulse scan
rate of 750Hz using a pair of computer‐controlled mirrors
in a pattern creating a uniform spacing of 0.2mm between
centers of each adjacent single laser spot. This dis-
tribution of single irradiation spots was developed to de-
crease the overall treatment time and to distribute the
accumulation of heat energy from irradiation over a larger
area to prevent an unacceptable increase in pulp tem-
perature. To assist in cooling, a regulated delivery system
with airflow through the handpiece was used while irra-
diating with the laser [5,25]. Laser fluence was varied by
changing the pulse duration to 17, 22, and 27 micro-
seconds to achieve fluences of 0.6, 0.8, and 1.0 J/cm2, re-
spectively. The distance from the tip of the handpiece
output to the sample surface was maintained at a set
position of 10mm to further ensure uniform delivery of
laser energy and airflow on the surface enamel.

Test Samples for Assessment of Acid‐Resistant
Layer

Five sound human enamel samples mounted in acrylic
resin and polished to 1 µm diamond suspension grit finish
(Therametrics, Inc., Indianapolis, IN) were used for the

investigation of the formation and properties of the acid‐
resistant layer. The samples had been exposed to 0.1%
thymol solution during shipment and were less than
3 months old after extraction.

To investigate the acid‐resistant layer created by laser
irradiation, the mounted samples were serially polished
up to 6 µm diamond suspension grit from the side to ex-
pose a cross‐section of both the laser‐irradiated and non‐
irradiated areas. The original surface that had been laser‐
irradiated was masked with an acid‐resistant tape (3M,
Maplewood, MN). The cross‐section surface was exposed
to five drops of hydrochloric acid (1M HCl) for 1 minute to
erode the underlying non‐irradiated enamel and expose
the acid‐resistant layer, then rinsed thoroughly with dis-
tilled water.

Microscopy Images

The blocks were imaged under a 3D digital reflection
Hirox RH‐2000 microscope (Hirox‐US, Hackensack, NJ)
with and without cross‐polarization illumination to cap-
ture the surface characteristics. 3D image stacks were
obtained at 1000× magnification using the integrated
built‐in stepping motor with 0.8 µm steps in the z‐axis.
The range was manually selected to ensure all pixels were
in focus at the same position in the range. This was done
to ensure that the curvature of the surface could be cor-
rected for, and the images show a two‐dimensional (2D)
projection of the 3D curved surface. To measure the acid‐
resistant layer, the cross‐section of a sample was imaged
at 2000× magnification and a 0.5 µm step size.

Test Samples Preparation

Seventy‐four human molars with no signs of caries or
fluorosis and less than 3 months after extraction were
obtained and stored in thymol solution. The molars were
mounted in 1” acrylic cylinders with the full crown ex-
posed (all sides and occlusal surface) (Therametrics, Inc.).
The molar samples were sonicated for 5minutes in dis-
tilled water. The samples were then air dried and split
into six groups. Samples of group 1–3 underwent pH cy-
cling without additional fluoride and samples of group 4–6
with additional fluoride. The fluoride used was a sodium‐
fluoride‐toothpaste slurry mixed for 1min, applied after
each step in the cycling, using a 1:3 ratio of 1100 ppm F

TABLE 1. Laser Irradiation Parameters

Parameter Value

Beam diameter (mm) 1.0
Beam divergence Collimated
Pulse durations (µs) 17 22 27
Fluence (J/cm2) 0.6 0.8 1.0
Average power (W) 3.5 4.6 5.7
Peak power (W) 290
Pulse repetition rate (Hz) 750
Pattern area (mm2) 7
Distance from the tip of the handpiece to

sample surface (cm)
1.0
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toothpaste (Crest cavity protection; Proctor and Gamble,
Inc., Cincinnati, OH) to distilled water. Samples of groups 1
and 4 were laser‐irradiated at a fluence of 0.6 J/cm2, of groups
2 and 5 at 0.8 J/cm2, and of groups 3 and 6 at 1.0 J/cm2 on
either side of an area with the least curvature of the buccal or
lingual side of the crown as shown in Figure 1. A non‐
irradiated control area was maintained between the laser‐
irradiated areas. An acid‐resistant, quick curing nail polish
was used to mask the boundaries between laser‐irradiated
and non‐irradiated regions along the entire height of the
molar from the mounted base to the occlusal surface. Some
loss of samples occurred due to polishing damage or other
immeasurability of the sample.

pH Cycling

Demineralization solution was made in the form of a
75mM acetate buffer with 2mM calcium and phosphate,
pH balanced to 4.4 using NaOH or HCl where needed.
Remineralization solution was made from 0.1M Tris,
0.8mM calcium, and 2.4mM phosphate, pH balanced to
7.1. A 9‐day pH cycling regimen with the aforementioned
solutions was followed as described by Rechmann et al.
[23,26,27], with steps of 6 hours in demineralization and
18 hours in remineralization. Half the samples were ex-
posed to the fluoride‐toothpaste slurry for 1 minute after
each step in the cycling. After five cycles, the solutions
were replaced with fresh solutions from the same batch.
After cycling, the samples were stored in distilled water
for no more than two weeks until the measurements were
performed.

Cross‐Sectional Microhardness Measurements

To determine the relative mineral loss ΔZ under the
laser‐treated area, a cross‐section perpendicular to the
laser‐irradiated surface area was created by polishing the
blocks from the occlusal surface to the approximate middle
of the treated areas. Up to six samples at a time were pol-
ished using an automated polisher, Metkon Forcipol 1v
(Kemet International, Kent, ME), with a 600‐grit polishing
pad until a flat cross‐section in the laser‐irradiated areas
was reached. Then, the samples were individually hand‐
polished with a 1 µm diamond suspension to remove pol-
ishing marks for the cross‐sectional microhardness testing.

The samples were serially indented using a microhardness
indenter Matsuzawa Seiki DMH‐2, (Matsuzawa, Akita Pref,
Japan) in a straight line under the surface with 25 g loads for
a duration of 10 seconds for each indent with steps of 15 µm
starting at 15 µm from the outer surface until a depth of
200 µm was reached. The length of each indent was meas-
ured as the long diagonal generated from the Knoop tip using
the digital microscope (Hirox RH‐2000) at 2000× magnifica-
tion. The volume percent mineral content was then calcu-
lated at each indentation position using the formula vol% =
4.3 KHN 11.3+ , where KHN is the Knoop Hardness
Values obtained from the length of the indents [27,28]. ΔZ, a
measure of depth mineral loss, was then calculated as the
area under the curve according to Stookey et al. [27].

Surface Microhardness Measurements

After ΔZ was determined, each sample was turned on
its side so that the laser‐irradiated and control areas were
facing up. Samples were then polished on this same side

Fig. 1. (Left) Side‐view depiction of a human molar in an acrylic resin mount with a laser‐
irradiated and non‐irradiated control separated by masked regions over the outer surface of the
exposed tooth and location of the transverse cross‐section from polishing. (Middle) Top‐view
depiction of serial indentations to obtain relative mineral loss after the sample being polished.
The indents were made 15 µm apart under the surface to a depth of 210 µm. (Right) Side‐view of
surface indentations made to obtain the surface mineral loss. h1 and h2 are the surface loss
height and indent height, respectively. These are used to calculate ΔS to represent the overall
surface mineral loss.
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until half of the sample had been removed. Occasional loss
of samples occurred due to unexpected damage to the
surface or mishandling during polishing. Using the same
indenter, samples were indented at a total of 10 different
locations for each region of each sample, on both the laser‐
irradiated and non‐irradiated control surfaces. The sym-
metry and quality of each indent was checked under the
microscope and the lengths of the indents were measured.
The surface loss was measured at the edge of the nail

polish using the built‐in 3D controller with submicron
accuracy on the microscope. The surface height was de-
termined as the change in height from the edge of the
masked surface to the top of the adjacent unmasked en-
amel surface. Measurements were taken along the entire
length of every boundary region every 50 µm, obtaining 10
measurements for each boundary region.
While ΔZ is a measure of the volumetric mineral loss

associated with a caries‐like formation under the surface,
ΔS was calculated to capture the overall demineralization
effect on the surface mineral loss. This measure includes
the surface hardness and surface loss simultaneously. The
surface loss component of ΔS is treated as mineral volume
removed (85% max mineral content on average) multi-
plied by the measured surface loss (h1), as depicted in
Figure 1. The height of each indent (h2) is calculated by
taking the length measurement and the known geometry
of a Knoop tip. The vol% mineral remaining on the surface
structure was calculated in a method identical to that of
ΔZ (above). The two values were combined by the for-
mula ∆S h h1 85% 2 85% vol%= [ × + × ( − )].

Statistical Methods and Sample Size Calculation

A pilot study had been performed to determine the
mean ΔZ for the groups. We calculated that for an α of
0.05 and a power of 80%, a minimum of 10, 10, and 5
samples for the 0.6, 0.8, and 1.0 J/cm2, respectively, was
needed. For this study, group 1 used 14 samples, group
2 used 15 samples, group 3 used 8 samples, group 4 used
14 samples, group 5 used 15 samples, and group 6 used
8 samples, with the expectation of some loss of samples.
The number of samples for groups with similar mean ΔZ
values were similar to those of previous work [23].
Data were analyzed in Minitab 18 (Minitab, Inc. State

College, PA) on a log scale using Welch's analysis of var-
iance (ANOVA) and post‐hoc Games–Howell tests for
comparison of individual groups. These tests were se-
lected to minimize the effects of differences in group
sample size or variance on the statistical results.

Pulpal Temperature

Following the previous work [29,30], type J thermocouples
(5TC‐TT‐J‐36‐36; Omega Engineering, Norwalk, CT) were
placed through a drilled hole through the root into the roof of
the pulp chamber of 7 extracted teeth with thermally con-
ductive paste and tape (3M). X‐ray images of the teeth were
acquired to confirm that the thermocouple tip was mounted
correctly, touching the pulp chamber ceiling. The tooth was
held upright in clay on a heating plate and its baseline
temperature was maintained at 35.0± 2.0°C. The change in

temperature was recorded during 40 seconds of continuous
irradiation over the tooth surfaces, with the same settings as
described above at the highest fluence used in this study
(1 J/cm2). Data were collected using a temperature logger
(HH806U; Omega Engineering). The duration of irradiation
was equivalent to the time sufficient to treat a single tooth, as
a single delivery of the scanned pattern covers 7mm2 in 0.3
seconds. A time delay of 0.8 seconds after each delivery of the
scanned pattern was used to mimic the time needed for a
healthcare worker to move target locations on the tooth in a
clinical setting. The largest tooth surface averages around
284mm2 according to Cohen [31]; thus at total of 12 seconds
of irradiation would cover the whole tooth surface.

RESULTS

Figures 2 and 3 are the regular and cross‐polarized images,
respectively, representative of the three fluence levels for the
non‐irradiated and irradiated samples. Each of the cross‐
polarized images is at identical locations to the corresponding
regular surface images. The regular images reveal minor
superficial changes from laser irradiation, with some small
amount of melting observed at 1 J/cm2 in the “hottest” spots.
The crazing of the surface caused by laser irradiation at the
fluences used in this study is evident but difficult to dis-
tinguish under regular microscopic imaging. However,
crazing from irradiation is obvious in the cross‐polarized
images since it occurs several microns into the structure.
Additionally, individual enamel rods can be seen under the
crazed surface for areas treated with 0.6 and 0.8 J/cm2. These
rods are harder to distinguish under the areas treated with
1 J/cm2.

Acid‐Resistant Layer

Figure 4A is a cross‐section image of enamel exposed to
hydrochloric acid for one minute, as described in the
methods and materials section above. An acid‐resistant
layer in the range of 15 µm depth was created by the laser
irradiation at a fluence of 0.8 J/cm2. This acid‐resistant layer
is exhibited as an undissolved protrusion above the under-
lying enamel that had experienced a rapid dissolution to the
HCl (as expected) and is out of focus in the microscope
image. Figure 4B shows a cross‐section of the enamel for a
non‐irradiated area that dissolved uniformly with no acid‐
resistant layer observed. Figure 4C and D are 3D image
stacks of the enamel samples that reveal the acid‐resistant
layer as an area near the surface not eroded away by the
HCl for the laser‐irradiated sample and a flat, evenly eroded
away area for the non‐irradiated sample.

Pulpal Temperature

Thirty seconds of laser irradiation on the surfaces of the
extracted teeth resulted in an average temperature in-
crease of 2.2°C± 1.1 in the pulp chamber. This increase is
considered as safe for the pulpal tissue [32–34].

Relative Mineral Loss ΔZ

ΔZ values, shown in Table 2 and Figure 5A, provide a
measure of caries‐like lesion formation [7,28] and serve as
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a metric for comparing treatments with different laser
settings. For the range of fluences used, there were no
visually observed superficial structural changes, except
for signs of very minor crazing under the surface, partic-
ularly for the areas irradiated with 1.0 J/cm2.
Welch's ANOVA revealed that significant differences in ΔZ

occurred between the treatment groups (F11,40= 81.0,
P< 0.001). The average reduction in ΔZ from the use of flu-
oride alone (groups 4–6) without laser irradiation was 65%
(P< 0.001). Reductions in ΔZ from laser irradiation alone
were observed, too (see groups 1–3 in Table 2), indicating that

effective remineralization occurs with or without the pres-
ence of additional fluoride. Post‐hoc Games–Howell tests
showed that the combination treatment of laser irradiation
and additional fluoride provided the most significant benefit
in reducing ΔZ for each of the laser fluences used (P< 0.01
for all). Although pH cycling with additional fluoride alone
revealed a significant benefit in caries inhibition, application
of fluoride to the pH cycling after laser irradiation resulted in
the most significant reduction in mineral loss, with as high
as 92% (P= 0.001) reduction in ΔZ compared with the un-
treated control areas.

Fig. 2. Microscope images of non‐irradiated and irradiated samples for three fluences at 1000×
magnification. There was minimal surface damage or structural modifications from laser
irradiation. At the highest fluence used, some early signs of melting were observed in the
“hottest” areas of irradiation.

Fig. 3. Cross‐polarized microscope images of non‐irradiated and irradiated teeth for three
fluences at 1000× magnification. Crazing of the surface from laser irradiation is evident at all
three fluences. Individual enamel rods are also evident in all images.
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Surface Mineral Loss ΔS

Figure 5C and D show the surface loss and microhard-
ness measurements, and Figure 5B shows their combi-
nation, in the form of ΔS. Welch's ANOVA applied to ΔS
values showed that there were significant differences be-
tween groups (F11,36= 29.7, P< 0.001). The general trends
for ΔS were similar to those observed for ΔZ in relation to
laser fluence. ΔS revealed that 9.3 µm laser irradiation
alone inhibited surface mineral loss by as much as ~68%
(P= 0.009). Furthermore, a combination of 1 J/cm2 laser
irradiation coupled with additional fluoride application
from toothpaste showed a reduction in surface mineral
loss of ~73% (P= 0.002) compared with the non‐irradiated
control. The use of fluoride application without laser
irradiation reduced surface mineral loss, but laser

irradiation had a much greater impact on inhibition of
surface mineral loss (Table 3).

Figure 6 shows linear regression fits (on a log scale);
data are averaged according to the treatment group. The
treatment groups include a group for untreated controls, a
group for samples only treated with fluoride, three groups
for samples only irradiated with the laser at each of the
fluences, and three groups for samples treated with fluo-
ride and laser irradiation. Both sets of values for ΔZ and
ΔS followed a log‐normal distribution. The linear fits for
these two sets have similar slopes, 1.1 (R2= 0.95) for ad-
ditional fluoride, and 1.3 (R2= 0.96) for no additional
fluoride. The overall effect of fluoride on caries and acid
resistance can be quantified by the vertical and horizontal
shifts in the curve, revealing that fluoride provides a

Fig. 4. (A) Cross‐section image of dental enamel showing an acid‐resistant layer of 15 µm in
thickness generated by the 9.3 µm CO2 laser at a fluence of 0.8 J/cm2 not eroded away by 1 minute
HCl acid erosion. (B) Cross‐sectional image of a non‐irradiated dental enamel sample showed
uniform dissolution and no resistance to mineral dissolution after 1‐minute exposure to HCl. (C)
A three‐dimensional (3D) image stack of the cross‐sectioned enamel under a laser‐irradiated area
is shown, revealing the acid‐resistant layer. (D) A 3D image stack of a section under the non‐
irradiated area reveals a relatively uniform etching due to the HCl acid solution.

TABLE 2. Relative Mineral Loss Data

Laser No laser

Group
Additional
fluoride

Laser fluence
(J/cm2) ΔZ (std) ΔZ (n) ΔZ (std) ΔZ (n)

Laser reduction,
% ΔZ

P
value (95%)

1 No 0.6 1025 (253)a 13 1610 (247)e 13 36.3 0.001
2 No 0.8 763 (322)ab 15 1809 (498)e 15 57.8 <0.001
3 No 1.0 374 (149)bcd 5 1826 (325)e 7 79.5 0.002
4 Yes 0.6 349 (54.1)cd 12 591 (103)b 12 40.9 <0.001
5 Yes 0.8 216 (145)d 13 665 (176)b 13 67.5 <0.001
6 Yes 1.0 113 (62.9)d 7 572 (172)bc 8 80.2 0.01

Groups that share a lower‐case letter are not significantly different.
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40–50% inhibition in caries formation and surface mineral
loss. Averaged both with and without additional fluoride,
together ΔZ and ΔS were improved by ~36%, 56%, and
75% after laser irradiation of 0.6, 0.8, and 1.0 J/cm2, re-
spectively, compared with areas without laser irradiation.

DISCUSSION

Laser irradiation at 9.3 µm wavelength creates a more
acid‐resistant form of hydroxyapatite happening at temper-
atures at which a significant amount of naturally occurring
carbonate groups in the enamel are removed, consequently

Fig. 5. (A) Volume percent mineral loss due to caries‐like formation (ΔZ) demonstrated a
significant benefit from additional fluoride alone. This benefit was also observed from laser
irradiation without additional fluoride at all three fluence levels used. A combination of the two
yielded the most significant reduction in ΔZ, with up to 6× less than the baseline both with and
without fluoride. (B) ΔS is a metric for combining surface loss (C) and surface microhardness (D)
measurements, calculated in a manner similar to ΔZ. ΔS showed a similar trend as ΔZ with
increasing laser fluence, but revealed less significance in surface mineral loss resistance from use
of additional fluoride compared with lasing.

TABLE 3. Surface Mineral Loss Data

Laser No laser

Group
Additional
fluoride

Laser fluence
(J/cm2) ΔS (std) ΔS (n) ΔS (std) ΔS (n)

Laser reduction,
% ΔS

P
value (95%)

1 No 0.6 257.5 (34.5)abc 10 387.6 (45.2)e 10 33.6 <0.001
2 No 0.8 224.6 (46.4)ab 15 364.7 (83.4)e 15 38.4 <0.001
3 No 1.0 113.4 (38.1)ad 5 355.3 (64.0)ce 5 68.1 0.009
4 Yes 0.6 229.7 (50.1)ab 11 335.1 (53.9)e 11 31.4 0.005
5 Yes 0.8 129.9 (32.1)d 13 327.9 (71.8)ce 13 60.3 <0.001
6 Yes 1.0 77.5 (35.2)d 7 287.7 (61.2)ace 7 73.1 0.002

Groups that share a lower‐case letter are not significantly different.
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generating an acid‐resistant layer [35]. Other organic com-
ponents, which largely exist as a glue‐like network holding
adjacent rods together, are also removed or shrink near the
surface during irradiation. Together, these surface changes
have been described previously as a “crazing” of the surface
[36]. The formation of fluoride‐containing hydroxyapatite
further reduces the solubility of the acid‐resistant layer. The
benefit of laser irradiation under laser conditions described
in this study, with or without the use of additional fluoride, is
significant. The presented results are in general agreement
with findings reported previously for the ΔZ relative mineral
loss in depth [23] due to acid challenges. The study served as
a verification that the computer‐assisted scanning method of
a single laser pulse over enamel surfaces at a high repetition
rate will be effective for a clinical application.
Although this method is a high‐speed scanning of laser

irradiation, the temperature rise in the pulp was lower
than the traditionally accepted 5.5°C temperature in-
crease at which irreversible pulpal damage is thought to
occur [32]. Further studies of this temperature rise in
worst‐case scenarios, such as teeth with eroded or hypo-
mineralized enamel, or teeth that are small and have a
relatively short distance to the pulp, may be necessary to
ensure the safety of this laser energy delivery in a clinical
setting. In such worst‐case scenarios, a higher rise in
temperature could possibly occur with the laser irradi-
ation levels presented here, but more recent work has
argued that a higher temperature rise may be acceptable,
with one study showing that even a rise of up to 11.2°C
may not irreversibly damage the pulp [33].

This study also demonstrated a novel method of meas-
uring the thickness of the laser created acid‐resistant
layer. Further work can be done to better characterize the
acid‐resistant layer, particularly concerning its thickness
as a function of laser fluence and any variations of this
thickness over the treated area. Such a characterization
could be aided by correlating thickness with a reduction in
carbonate groups measured by spectroscopy methods such
as Fourier‐transform infrared spectroscopy [5,16,17].

Surface mineral loss (ΔS) and relative mineral loss (ΔZ)
in depth were both slowed significantly by laser irradi-
ation at all applied fluences, with the amount of inhibition
scaled directly with the fluence. This strongly indicated
that any potential negative effects of the crazing, ap-
pearing as possible “weakened” sites, are insignificant,
probably due to a remineralization effect from dissolved
calcium and phosphates with or without the presence of
fluoride. Indeed, the benefit of laser‐generated acid re-
sistance outweighs the potential risks associated with the
observed minor structural changes to the surface. Addi-
tional studies are needed to investigate the effects of
heating on the crystallographic properties of the enamel
surface in response to this type of irradiation pattern.

With the introduction of fluoride in the remineralization—
demineralization cycling process, the acid‐resistant proper-
ties of the layer were enhanced as measured by the relative
mineral loss ΔZ. This is in large part due to the inherent
resistance of fluorapatite to acid dissolution [27,37]. The
laser‐treated area may encourage uptake of fluoride by the
surface, together with calcium and phosphate, resulting in
the observed beneficial effect pairing laser and fluoride
treatments, as described previously [38,39]. Nonetheless, in
this study, the use of fluoride only provided a less significant
inhibition of surface mineral loss after pH cycling, compared
with the measured inhibition from laser irradiation alone.
An explanation for this could be the relatively small amount
of mineral loss from the surface after pH cycling and the acid
resistance of the acid‐resistant layer, which is much thicker
than any observed surface loss. This suggests that the laser‐
modified enamel may be more acid‐resistant than ordinary
fluorapatite created when added to the pH cycling. Further
studies using energy‐dispersive X‐ray spectroscopy in con-
junction with scanning electron microscopy could be per-
formed to investigate the formation or precipitation of less
soluble compounds such as globules of CaF2 after pH cycling.

The present study also showed a direct log‐linear cor-
relation between the surface mineral loss (ΔS) and the ΔZ
mineral loss in a carious lesion. An explanation may be
that complete remineralization back to the original min-
eral density may not be possible, as the mineral deposi-
tion is random and may introduce insufficiently packed
crystals. For this reason, this observation may be confined
to the method of pH cycling performed in vitro. None-
theless, this surface metrics may serve as a simple
method to estimate the total extent of demineralization
occurring during a pH cycling or acid erosion protocol and
not able to be determined by other existing single metrics
or methods.

Fig. 6. Average of log‐transformed ΔZ and ΔS values according
to treatment groups is plotted with 95% confidence intervals and
linear fits for the two groups (with and without additional
fluoride). The linear regression fits have slopes of 1.1 (R2= 0.95)
for the group with additional fluoride and 1.3 (R2= 0.96) for the
one with no additional fluoride.
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In a clinical application, the resistance to acid may be
further enhanced by the use of high‐concentration fluo-
ride applications, such as prescription fluoride mouth-
washes or varnishes, which would also help to quickly
remineralize any weak sites with fluorapatite. As re-
ported, the laser‐irradiated areas and thus the crystals
are capable of increasing the rate of fluoride uptake, and
the effects have been demonstrated in vivo [8,39]. In this
work, surface mineral loss and caries resistance were
enhanced by around 50–60% using fluoride‐containing
toothpaste and can be increased by a further 40–80%
using a 9.3 µm CO2 laser irradiation.

CONCLUSION

A combination treatment of 9.3 µm CO2 laser irradi-
ation and fluoride provides the strongest possible resist-
ance to acid exposure and caries formation. In this study,
acid resistance increased for all laser fluences tested, with
0.6, 0.8, and 1.0 J/cm2, using a scanning delivery mecha-
nism of laser pulses with a beam diameter of 1mm at a
repetition rate of 750Hz over a 7mm2 area. With a flu-
ence of 1.0 J/cm2 (corresponding to a pulse duration of 27
microseconds), in combination with sodium fluoride de-
rived from a toothpaste, an 80.2% reduction in caries‐like
formation as well as a 73.1% reduction in surface mineral
loss occurred. Any structural changes generated on the
surface by laser irradiation were overcome by the re-
mineralization of hydroxyapatite, particularly when as-
sisted by fluoride. The reduction in caries formation and
surface mineral loss is sixfold higher due to this treat-
ment of a combination of fast CO2 9.3 μm short‐pulsed
laser surface irradiation and additional fluoride applica-
tion compared with just fluoride only and can be applied
quickly and safely in a clinical setting.
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