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ABSTRACT

Objective: The aim of this study was to clarify pulp reaction following cavity preparation with an Er:YAG
laser and subsequent treatment with topically applied chemicals to achieve a high resin bond strength. Back-
ground Data: The application of chemicals has been found to effectively remove or reform the denatured layer
produced by Er:YAG laser irradiation and has been proposed as a new strategy for improving resin bond
strength. However, very little is known about pulp reaction to chemical procedures. Methods: Class 5 dentin
cavities were prepared with an Er:YAG laser in 128 teeth in nine adult dogs. The teeth were then coated with
glutaraldehyde (GA group), or phosphoric acid and sodium hypochlorite (PA group) to reform or remove the
denatured layer. All the cavities were then restored with composite resin. In the control group, no chemical
application was carried out prior to restoration. The animals were sacrificed immediately after, and at 7 and
90 days following treatment. The treated teeth were then extracted for histopathological examination of the
pulp. Results: Pathological evaluation of the pulp indicated a good condition in each group at each of the three
observation time points. No bacterial growth was observed on the cavity walls or bacterial invasion into the
dentinal tubules or pulp chambers in any of the groups at any of the observation periods. Conclusion: Our
findings suggest that the application of chemicals to remove or reform denatured layers is effective in obtain-
ing better composite resin restoration with no pulp damage.
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INTRODUCTION

WHEN DENTIN is irradiated with an Er:YAG laser, a dena-
tured layer is formed on the superficial surface of the

dentin.1–4 This denatured layer, according to recent reports im-
pairs restoration with composite resin by disturbing adhesion
between the dentin and the composite resin.5–11 It differs from
non-irradiated dentin, both chemically and physically.4,9,12–17

These differences can be disadvantageous, as the denatured
layer tends to be brittle and to break easily when subjected to
bond strength tests after the Er:YAG-laser-irradiated dentin is
filled with composite resin.

Many measures to improve resin bond strength have been
proposed. One study found an ultrasonic scaler or spoon exca-
vator effective in mechanically removing the denatured layer
and improving resin bond strength after Er:YAG laser irradia-
tion.18 Chemical applications for the treatment of denatured
layers can also improve resin bond strength. Reformation of a
denatured layer by application of 5% glutaraldehyde,19 and re-

moval by application of 37% phosphoric acid and 10% sodium
hypochloride have both been proven effective.20,21 Indeed,
chemical application immediately after laser irradiation is now
attracting attention as a promising method for improving bond
strength in teeth treated by Er:YAG laser irradiation in cavity
preparation. While both methods have proven effective in im-
proving bond strength, the liberal application of chemicals to
irradiated dentin may make pulp tissue susceptible to damage.

The aim of this in vivo study was to clarify pulp reaction after
a cavity was prepared by Er:YAG laser and treated with topi-
cally applied chemicals to achieve a high resin bond strength.

METHODS

Laser settings

The experiments were conducted using a prototype pulsed-
waved Er:YAG laser set at a wavelength of 2.94 µm (Morita
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Co., Japan). Irradiation was delivered at an output energy of
100 mJ/pulse at a rate of 10 pulses per second (pps) under a
water spray dispensed at a rate of 25 mL/min from a quartz
contact tip with a diameter of 600 µm. A power meter (Laser
Mate, Coherent) was used to calculate the laser energy deliv-
ered at the contact tip.

Experimental procedure

This study was approved by the Institutional Review Board
on Animal Experiments (Tokyo Dental College). Class 5
dentin cavities were prepared in 128 teeth in nine adult dogs
with an Er:YAG laser under general anesthesia. The depth of
each cavity was established by using remaining dentin thick-
ness (RDT) set at or under 40 K� for eliminating variation in
pulp reaction.

Once the cavities were prepared, the teeth were divided into
three groups and subjected to the following procedures:

1. No chemicals were applied (control group).
2. Five percent glutaraldehyde was topically applied to the

cavity for 20 sec; after which, it was rinsed with distilled
water and sufficiently dried (GA group).

3. Thirty-seven percent phosphoric acid was topically applied
to the cavity (K-Echant, Kuraray, Japan) for 30 sec; after
which, it was rinsed with distilled water and sufficiently
dried; next, 10% sodium hypochlorite (AD gel: Kuraray)
was applied for 90 sec and then neutralized using a 3% hy-
drogen peroxide solution (PA group).

Next, all of the cavities were filled with Liner Bond II�
(with self-etching primer for 20 sec) and Clearfil AP-X (Ku-
raray, Tokyo, Japan).

Histological observation of pulp

The animals were sacrificed to allow extraction and obser-
vation of the teeth at three time points immediately after treat-
ment, and at 7 days after treatment to investigate short-term

primary irritation of the pulp and at 90 days to determine long-
term safety to the pulp.

The animals were sacrificed by injection of 5000 units of
heparin perfused with a 10% neutral formalin solution (Lilly’s
solution). The treated teeth were removed from the jaw, fixed
in 10% neutral formalin solution (Lilly’s solution) for 7 days,
and decalcified with a 4% nitric acid alcohol solution for about
2 weeks. After confirming adequate demineralization, the sam-
ples were embedded in paraffin and cut serially along the mid-
dle of the cavity in the buccolingual plane at a microtome
setting of 10 µm. The sliced sections were then stained with
hematoxylin and eosin, as well as gram-positive bacteria stain
(Hacker’s modified technique) to determine bacteria.

The specimens were then histologically evaluated under
conventional light microscopy. The criteria for assessment of
pulp pathology were set by members of Tokyo Dental College
based on standardization of ADA22 or FDI23 (Fig. 1):

1. Pathological scores ranged from 0.0 to 5.0.
2. A score of 5.0 indicated complete destruction of the cranial

pulp.
3. Higher pathological scores were recorded if multiple disor-

ders were present.

The pathological results for the sections stained with hema-
toxylin and eosin were evaluated in association with the degree
and extent of the various lesions which appeared postoperatively.

When pathological changes were found, those localized in
the odontoblast layer or near the cell-rich layer were catego-
rized as S (shallow zone), and those localized beyond the shal-
low zone were categorized as D (deep zone).

Modified Hacker’s staining was used to evaluate bacterial
growth on the cavity walls and bacterial invasion into the
dentinal tubules or pulp chambers.

Statistical analysis

Remaining dentin thickness (RDT) was evaluated using the
Bartlett test and a one-way analysis of variance (ANOVA) with

FIG. 1. Relationships between pathological changes and assessment scores.
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a 95% confidence interval. The pathological score was ana-
lyzed with the Steel-Dwass test with a 95% confidence interval.

RESULTS

Average Remaining Dentin Thickness

Table 1 show the RDTs of the evaluated teeth. No difference
in RDTs was found using the Bartlett test or one-way ANOVA
(p < 0.05).

Histological observation of pulp

The pathological scores are shown in Table 2. Pathological
evaluations are summarized in Tables 3–5.

Control group. The average score of the control group im-
proved from 0.8 points immediately after treatment to 0.1
points at the long-term observation, as scored in proportion to
observation time (Fig. 2A,B). The numerical scores at immedi-
ately after treatment and at short-time observation significantly
differed from the score at long-term observation according to
the Steel-Dwass test (p < 0.05).

Several types of pathological change were observed. Hyper-
emia was detected in 78%, 69%, and 30% of the teeth observed
immediately after treatment, at short-term observation, and at
long-term observation, respectively. Hemorrhaging was de-
tected in 29%, 46%, and 10% of the teeth immediately after
treatment, at short-term observation, and at long-term observa-
tion, respectively. Round cell infiltration was limited to only
8% in the superficial portion of Weil’s layer at the short-term
observation. Changes in the odontoblastic layer were observed
in 58% of the teeth immediately after treatment, in 15% of the
teeth at the short-term observation, and in 20% of the teeth at
the long-term observation.

GA group. The average score of the GA group improved
slightly from 0.7 immediately after treatment, to 0.7 and 0.1 at
the short- and long-term observations, respectively. The find-
ings immediately after treatment and at short-term observation
differed significantly from those at the long-term observation
according to the Steel-Dwass test (p < 0.05; Fig. 3A–C).

Hyperemia was detected in 70%, 60%, and 47% of the teeth
observed immediately after treatment, at short-term observa-
tion, and at long-term observation, respectively. Hemorrhaging
was observed in 20%, 25%, and 18% of the teeth immediately
after treatment, at short-term observation, and at long-term ob-
servation, respectively. Round cell infiltration was observed at
the short-term observation and in only a very small number of
teeth (5%). The teeth with round cell infiltration had a score of
1.5. Changes in the odontoblastic layer were observed in 60%,
50%, and 12% of the teeth immediately after treatment, at
short-term observation, and at long-term observation respec-
tively. Disappearance of dentin or predentin was observed in
6% of the teeth at the long-term observation. Reparative dentin
formation was confirmed in 24% of the teeth.

PA group. The average score in the PA group improved from
0.8 points immediately after treatment to 0.2 points at the long-
term observation, as scored in proportion to observation time.
The findings immediately after treatment and at short-term ob-
servation differed significantly from those at the long-term ob-
servation according to the Steel-Dwass test (p < 0.05) (Fig.
4A–C).

TABLE 1. RELATIONSHIP BETWEEN RDT AND

OBSERVATION PERIOD

Observation period Average of RDT (mm)

CO group Immediately after 0.77 (0.32)
Short-term 0.80 (0.35)
Long-term 0.85 (0.45)

GA group Immediately after 0.69 (0.31)
Short-term 0.81 (0.40)
Long-term 0.78 (0.36)

PA group Immediately after 0.72 (0.35)
Short-term 0.74 (0.38)
Long-term 0.83 (0.42)

No difference of groups was confirmed by analyzing RDTs using
Bartlett test and one-way analysis of variance (p < 0.05).

Mean (SD).

TABLE 2. PATHOLOGICAL CHANGE SCORE IN EACH GROUP

Pathological changes scores

Observation period Average 0.0 0.5 1.0 1.5 2.0 2.5 Significant differences

CO group Immediately after 0.8 6 3 a

Short-term 0.5 2 8 3 a

Long-term 0.2 7 3 b

GA group Immediately after 0.7 6 4 a

Short-term 0.7 1 13 5 1 a

Long-term 0.1 13 4 b

PA group Immediately after 0.8 3 6 a

Short-term 0.6 1 15 3 2 a

Long-term 0.2 12 5 2 b

a,bp < 0.05, significant with the Steel-Dwass test.
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TABLE 3. PATHOLOGICAL CHANGES IN CONTROL GROUP

Pathological changes Immediately after Short-term Long-term

Total of case 9 13 10
Hyperemia 7 (78%) 9 (69%) 3 (30%)
Hemorrhage 2 (29%) 6 (46%) 1 (10%)
Round cell infiltration 0 1 (8%) 0
Changes in odontoblastic layer 4 (58%) 2 (15%) 2 (20%)
Disappearance of predentin 0 0 0
Disappearance of dentin 0 0 0
Reparative dentin formation 0 0 1 (10%)

TABLE 4. PATHOLOGICAL CHANGES IN GA GROUP

Pathological changes Immediately after Short-term Long-term

Total of case 10 20 17
Hyperemia 7 (70%) 12 (60%) 8 (47%)
Hemorrhage 2 (20%) 5 (25%) 3 (18%)
Round cell infiltration 0 1 (5%) 0
Changes in odontoblastic layer 6 (60%) 10 (50%) 2 (12%)
Disappearance of predentin 0 0 1 (6%)
Disappearance of dentin 0 0 1 (6%)
Reparative dentin formation 0 0 4 (24%)

TABLE 5. PATHOLOGICAL CHANGES IN PA GROUP

Pathological changes Immediately after Short-term Long-term

Total of case 9 21 19
Hyperemia 7 (78%) 12 (57%) 6 (32%)
Hemorrhage 1 (11%) 6 (29%) 0
Round cell infiltration 0 3 (14%) 0
Changes in odontoblastic layer 6 (67%) 13 (62%) 3 (16%)
Disappearance of predentin 0 0 0
Disappearance of dentin 0 1 (5%) 0
Reparative dentin formation 0 0 3 (16%)

FIG. 2. (A) Immediately after treatment. RDT was 0.3 mm. Alignment of odontblast layer was slightly disordered. Pathlogical
score was 0.5 points. (B) Short-term after treatment. RDT was 0.6 mm. No change in odontblast layer was observed. Pathological
score was 0.5 points.

A B
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Hyperemia was observed in 78%, 57%, and 32% of the teeth
immediately after the treatment, at short-term observation, and
at long-term observation, respectively. Hemorrhage was ob-
served in 11%, 29%, and 0% of the teeth immediately after
treatment, at short-term observation, and at long-term observa-
tion, respectively. Round cell infiltration was observed at only
the short-term observation and in only a small number of teeth
(14%). The teeth with round cell infiltration had a score of 1.5.
Changes in the odontoblastic layer were observed in 67%,
62%, and 16% of the teeth immediately after treatment, at
short-term observation, and at long-term observation, respec-
tively. Disappearance of dentin was observed at only the short-
term observation and in only a very small number of teeth
(5%). Reparative dentin formation was confirmed in 16% of
the teeth observed at the long-term observation.

Comparison of pathological scores in each group
at each observation time point

No significant differences in scores were found among the con-
trol group, GA group, and PA group at each observation time point
according to the Steel-Dwass test (p < 0.05) (Tables 1 and 2).

Evaluation of bacteria invasion

No bacterial growth was observed on the cavity walls, nor
was bacterial invasion into the dentinal tubules or pulp cham-
bers in any of the groups at any of the observation periods.

DISCUSSION

Denatured layers produced by Er:YAG laser irradiation af-
fect the bond strength between resin and irradiated dentin.5–11

Fixation of denatured layers by application of 5% glutaralde-
hyde,19 or removal by application of 37% phosphoric acid and
10% sodium hypochloride have been proven effective in im-
proving resin bond strength.20,21 There is a greater possibility
of irritation and inflammation of pulp with chemical proce-
dures than with conventional methods of composite restoration,
and very little is yet known about such pulp reaction to such
chemical procedures. Therefore, the present in vivo study was
conducted to investigate pathological changes in pulp in re-
sponse to chemical treatment for the removal or reformation of
denatured layers following Er:YAG laser preparation.

FIG. 3. (A) Immediately after treatment. RDT was 0.6 mm.
Some odontblasts had separated from dentin (*), and some
odontblasts showed vacuolar degeneration under cavity (�).
Pathological score was 1.0 points. (B) Short-term after treat-
ment. RDT was 0.4 mm. Disappearance of some odontblasts
was observed underneath cavity (*). However, no infiltration
of inflammation cell was observed. Pathological score was 0.5
points. (C) Long term after treatment in the GA group. RDT
was 0.3 mm. Odontblasts with squamous appearance (*)
aligned at thick reparative dentin formed underneath pulp
(RD). High cubical odontblasts were also observed under cav-
ity. Pathological score was 0 points.

A

C

B
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Remaining dentin thickness

The strongest factor affecting pulp reaction to external irrita-
tion is the remaining dentin thickness (RDT).24 Variability in
RDT among the cases in this study had to be reduced in order
to ensure reliability of the experimental results. The results
showed no significant differences among the experimental
groups (Table 1). Therefore, we believe that RDT did not influ-
ence the differences found among the pulp reactions in the ex-
perimental groups in this study.

Pulp reaction

In general, pulp tissue irritated by cavity preparation or chem-
icals used for restoration showed reparative tissue reaction in
proportion to length of observation period, where that irritation
did not result in irreversible damage or continuous irritation.

In this research, pathological evaluation of the pulp indicated a
good condition in each group at each of the three observation
time points ie, at immediately after treatment, at one week (short-
term observation), and at 3 months (long-term observation). The
pathological scores assigned to each group using the pathological
evaluation criteria of our laboratory gradually rose with time.

The most common pathological changes overall were hyper-
emia, hemorrhaging, and changes in the odontoblastic layer.

Round cell infiltration was much less common. The frequency
and extent of pathological changes decreased at a steady rate
over time. Decrease in the frequency of hyperemia was signifi-
cant at each observation point in every group. Hemorrhaging,
however, showed a somewhat higher frequency at the short-
term observation than at immediately after treatment. Round
cell infiltration was observed only at the short-term observa-
tion, and only at a very low frequency. These findings suggest
that irritated pulp shows two patterns of healing.

Most of the teeth gradually showed pathological improve-
ment immediately after treatment, which continued to the
short-term observation. There were, however, a very small
number of teeth which worsened pathologically over the same
period. At the long-term observation, however, the pathologi-
cal features of the pulp settled down, with the pulp showing
reparative dentin formation. Thus, the irritation to the pulp
induced by cavity preparation or chemicals in this research
proved to be transient. Moreover, bacterial infiltration was not
observed in any of the groups at any stage in this study. We as-
sume, therefore, that no microorganisms could infiltrate the
cavity floor because of the strong sealing produced by the
Liner Bond II� system. Above all, the application of chemicals
to remove or reform the denatured layer proved to be safe for
the pulp.

A B

C

FIG. 4. (A) Immediately after treatment. RDT was 0.6 mm.
Vascular dilation was observed at shallow zone of pulp. Under-
neath cavity, some odontblasts had separated from dentin sur-
face, and some odontblasts showed vacuolar degeneration (*).
Pathological score was 1.0 point. (B) Short term after treat-
ment. RDT was 0.3 mm. High cube-like odontblasts were ir-
regularly aligned at surface of dentin, underneath cavity. (*)
Slight lymphocyte cell (blood cell) infiltration was observed
between odontblast layers. Pathological score was 1.0 point.
(C) Long term after treatment. RDT was 0.7 mm. No patholog-
ical change in pulp or odontblasts layer was observed. Patho-
logical score was 0 points.
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Furthermore, we found no significant differences in the
pathological scores as evaluated by the Steel-Dwass test among
the control group, GA group, and PA group. Although some re-
searchers have reported that phosphoric acid and sodium
hypochlorite irritated pulp and that 2% glutaraldehyde irritated
tissue,25 we found that the two methods used in the present
study—removing the denatured layer using phosphoric acid
and sodium hypochlorite in the PA group and reforming it
using glutaraldehyde in the GA group—were effective clinical
procedures for obtaining better composite resin restoration.
This suggests that careful application is required in the re-
moval or reformation of denatured layers.

CONCLUSION

In this study, the GA and PA groups both showed low patho-
logical scores. The application of chemicals to remove or re-
form denatured layers offers a useful clinical method for
obtaining better composite resin restoration.
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