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Objectives: The purpose of present study was to evaluate the internal adaptation of
composite restorations using different adhesive systems. Materials and Methods:
Typical class I cavities were prepared in 32 human third molars. The teeth were divided
into the following four groups: 3-step etch-and-rinse, 2-step etch-and-rinse, 2-step
self-etch and 1-step self-etch system were used. After the dentin adhesives were
applied, composite resins were filled and light-cured in two layers. Then, silver nitrate
solution was infiltrated, and all of the samples were scanned by micro-CT before and
after thermo-mechanical load cycling. For each image, the length to which silver
nitrate infiltrated, as a percentage of the whole pulpal floor length, was calculated
(%SP). To evaluate the internal adaptation using conventional method, the samples
were cut into 3 pieces by two sectioning at an interval of 1 mm in the middle of the
cavity and they were dyed with Rhodamine-B. The cross sections of the specimens
were examined by stereomicroscope. The lengths of the parts where actual leakage
was shown were measured and calculated as a percentage of real leakage (%RP). The
values for %SP and %RP were compared. Results: After thermo-mechanical loading, all
specimens showed significantly increased %SP compared to before thermo-mechanical
loading and 1-step self-etch system had the highest %SP (p < 0.05). There was a
tendency for %SP and %RP to show similar microleakage percentage depending on its
sectioning. Conclusions: After thermo-mechanical load cycling, there were differences
in internal adaptation among the groups using different adhesive systems. (Restor Dent
Endod 2014;39(1):24-31)
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Introduction

While composite resins are aesthetically pleasing, and they adhere to tooth material,
the resin polymerization process can cause gaps at tooth-resin interfaces. Microleakage
can occur either on the outer surface of the tooth or inside it. Poor internal adaptation
can result in hypersensitivity to cold or pain on mastication.™ For these reasons,
several methods have been attempted for evaluating internal adaptation at the
interface of the inside of the tooth.

To evaluate the internal adaptation caused by polymer shrinkage, dye and tracer
penetration methods have been used.’ These methods require soaking the specimens
in various kinds of solutions, sectioning through the restorations, and assessing the
leakage that has been occurred by light microscope. Tracers, such as methylene blue,
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rhodamine, erythrosine, and silver nitrate, can be used
for infiltration. These methods are very simple; however,
the specimens must be cut to be examined. Dyed samples
can only be examined on the plane through which they
were sectioned, and they cannot be evaluated again.
The resin-dentin interface can also be examined by SEM
after sectioning specimens. However, this method is very
technique-sensitive, and it has limitations in quantitative
assessment.*® In addition, it is impossible for traditional
methods, which require sectioning and dye infiltration,
to compare internal adaptation before and after thermo-
mechanical loading. Another method for assessing internal
adaptation is to measure the flow of fluid from the pulp
to a sealed dentin surface.®” Microleakage can also be
detected by submerging the restored tooth in water and
subjecting the tooth to air pressure. If bubbles appear,
there could be gaps that have permitted the passage
of gas. The specimens can be examined longitudinally
because of this method’s non-destructive nature. However,
a problem is that the nominal values are too low, so the
actual leakage path is sometimes unclear.® Leakage can
occur through the dental substrate itself, which can lead
to a false increase of interfacial leakage values.

Micro-CT has recently been introduced to evaluate the
internal adaptation of restorations.”™® X-rays from micro-
CT pass through the specimen along a single plane for the
entire interface. This two-dimensional information can
be processed into 3D reconstruction. For the evaluation
of internal adaptation in composite resin filling, several
studies with micro-CT have been performed."™ However,
dentin adhesives were not applied in these studies, and
the cavities were prepared in simple, round shapes, which
has little correlation with practical situations. Recently,
Kwon and Park proposed a method, in which a silver nitrate
solution was penetrated from the pulp space through
the dentinal tubules and the amount of silver nitrate
penetration in micro-gap areas was assessed by micro-CT,
and they reported that it may provide a new measure for
evaluating the internal adaptation non-destructively.” In
addition, specimens could be evaluated repeatedly with
micro-CT. They compared Sandwich technique, using resin-
modified glass ionomer cement (RMGIC) as a base material,
with direct resin filling in the cavity. The infiltrated
quantity of silver nitrate on micro-CT imaging was analyzed
to evaluate the internal adaptation. Internal adaptation
was poorer when the cavity was based with glass ionomer
cement, but the change in internal adaptation between
before and after mechanical loading was greater when the
cavity was restored with composite without an RMGIC base.
Silver ions from silver nitrate, which can penetrate the
interface between a restoration and the tooth, precipitate
as small inclusions, which can be easily detected by the
X-rays from micro-CT.? Silver nitrate has a low molecular
weight, and it has the ability to penetrate into gaps.”

Evaluation of internal adaptation using micro-CT

Today’s adhesive techniques usually follow either an
‘etch-and-rinse’ or a “self-etch” approach. Etch-and-rinse
systems have definite effects on enamel etching, but they
have shown technique sensitivity in dentin bonding." Self-
etch systems can reduce the excessive etching on dentin,
but their etching effect on enamel is insufficient." So-
called 1-step self-etch adhesives are composed of intricate
mixes of hydrophilic and hydrophobic components. It
has been reported that the immediate bond strength of
1-step self-etch adhesives is inferior to that of multi-
step adhesives, and any kind of aging process renders
their long-term bonding effectiveness ever poorer.”**
In addition, nanoleakage was increased at the interface
because of 2-Hydroxyethyl methacrylate (HEMA), which
was one of the components. 1-step self-etch adhesives
showed greater water sorption from host dentin than 2- or
3-step adhesives."

The purpose of present study was to evaluate the internal
adaptation of composite restorations that used different
adhesive systems. For this purpose, a newly introduced
method of analysis was applied, using silver nitrate and
micro-CT. Another purpose of this study was to compare the
results of micro-CT to those of conventional method that
needed sectioning the specimens. Former researches did
not use dentin adhesive for resin bonding, however, this
study was performed including resin bonding with different
kinds of adhesives. This study can be applicable for clinical
choice of dentin adhesives.

The null hypotheses were that there would be no
difference in internal adaptation among the groups in
which different adhesive systems were used and that there
would be no difference in internal adaptation between the
new non-destructive and conventional evaluation methods.

Materials and Methods

This study was approved by the IRB committee for use of
human extracted teeth for analysis of internal adaptation
of adhesive restorations using micro-CT (2-2012-0060).

Specimen preparation

Thirty-two intact human molars, extracted within one
month, were used. Class I cavities were prepared, with
dimensions of 1/2 the length of bucco-lingual (B-L) and
1/2 the length of the mesio-distal (M-D) cuspal distance.
The cavity depth was 4 mm. The cavities were prepared
with diamond burs and with the help of digital radiography
and metal gauge, until the thickness of the remaining
dentin was 1 mm at the top of the pulp roof. The pulpal
floor base length can be defined as the length from the left
vertical wall endpoint to the right vertical wall endpoint.

The 32 specimens were randomly divided into four groups.
For each group, different kinds of dentin adhesives were
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applied as follows:.
1. 3-step etch-and-rinse system group (group 1)

Scotchbond multipurpose system (3M ESPE, St Paul, MN,
USA) was used. The enamel and exposed dentin of the
cavities were etched with 37% phosphoric acid (3M ESPE,
USA) for 15 seconds, washed with water, and air-dried.
Scotchbond primer and Scotchbond adhesive were applied
according to the manufacturer’s recommendations, and
then the specimens were light cured for 20 seconds using
an LED-type light curing unit (Bluephase, Ivoclar Vivadent,
Schaan, Liechtenstein).

2. 2-step etch-and-rinse system group (group 2)

Single Bond 2 system (3M ESPE,USA) was used. The
interior parts of the cavities were etched with 37%
phosphoric acid (3M ESPE, USA) for 15 seconds. The
cavities were washed with water and blot dried. Taking care
not to dry the cavity completely, Single Bond 2 adhesive
was applied with agitation for 15 seconds and was air-
dried, according to the manufacturer’'s recommendations.
Then, light-curing was performed for 20 seconds using
the same LED-type light-curing unit with that used in the
Group 1.

3. 2-step self-etch system group (group 3)

AdheSE (Ivoclar Vivadent, Liechtenstein) was used for
priming and bonding. The interior parts of the cavities
were treated, from the enamel to the dentin, with AdheSE
primer for 20 seconds. The cavities were dried with strong
air blasts. AdheSE bond was applied from the dentin to the
enamel, according to the manufacturer's recommendations.
After the bonding application, it was dried with weak air.
Light-curing was performed for 10 seconds using the same
light-curing unit with that used in the Group 1.

4. 1-step self-etch system group (group 4)

Xeno V (Dentsply Caulk, Milford, DE, USA) was used for
priming and bonding. The interior parts of the cavities
were treated with Xeno V adhesive and were agitated for
20 seconds. The cavities were dried with blown air for more
than 5 seconds, until there was no movement of the liquid.
Light-curing was performed for 10 seconds using the same
light-curing unit with that used in the Group 1.

After light curing of each adhesive, the cavities were
incrementally filled with composite resin (Tetric N-Ceram,
Ivoclar Vivadent, Liechtenstein), 2 mm at a time. With
each increment, the composite was light cured for 20
seconds using the same light-curing unit with that used for
the adhesives.
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Silver nitrate solution application and micro-CT

Using high-speed diamond burs, the roots were
resected at 1 mm below the CEJ. The pulp chambers of
the specimens were soaked with 17% ethylenediamine
tetraacetic acid (EDTA) for 5 minutes. Then, they were
washed with saline. The teeth were immersed in 25% silver
nitrate solution and were placed under pressure of 3.75 kPa
for 3 days, according to Kwon and Park.* High-resolution
micro-CT (Model 1076, Skyscan, Aartselaar, Belgium) was
used to obtain images under the conditions of 100 kV of
acceleration voltage, 100 pA of beam current, a 0.5 mm
Al filter, 18 pum of resolution and 360° rotation in 0.5°
steps. To see the specimen overall, two-dimensional 550-
560 sagittal and coronal images of each specimen were
obtained from the mesial to distal surfaces of the tooth.
From sagittal images, the image at the center of the resin
filling was chosen. Then 50 mesial images from the center
at the interval of 40 pm and 50 distal images from the
center at the same interval were selected. Coronal images
were not used for the evaluation directly. During this
procedure, each tooth specimen was mounted in a special
template, which had been created only for that specimen.
This template minimized the changes in the position of
the specimen during repeated processes. The 2D images
were analyzed using the CTAn (Skyscan, Belgium) computer
program.

Application of thermo-mechanical loading using a
chewing simulator and micro-CT

A (S-4.8 chewing simulator (SD Mechatronik, Feldkirchen-
Westerham, Germany) was used. Under thermodynamic
conditions (5 - 55°C), a mechanical load of 5 kgf (49 N)
was applied 600,000 times with continuous water flow.
The cone-shaped opposing plunger, which was made of
nickel chromium, was initially positioned at the center of
the restorations. Vertical force, approximately 2 mm above
the restoration, and horizontal movement, of roughly
1 mm, were applied laterally. After thermo-mechanical
loading, the samples were placed again in the silver nitrate
solution, and micro-CT images were obtained using the
same methods described above.

Analysis of internal adaptation

The special templates that were used for micro-CT before
thermo-mechanical loading were re-used to hold the
specimens. These templates minimized changes in the
positions of the specimens during repeated processes.

Among the 2D images of each specimen of before thermo-
cycling, 100 sagittal images were selected in the center
of the cavity at the same interval. For the same specimen,
a selection of 2D images after mechanical loading which
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were corresponding with those berfore thermo-cycling was
obtained at equal intervals for each group. Silver nitrate
penetration into the microgap between the tooth and
restorative materials was considered to be valid when the
density was more than 141 indices, which was based on the
observation that the areas that were clearly penetrated by
the silver nitrate solution had densities > 141 on the index,
when the sagittal and coronal images were compared for
the same phase (Figure 1). For each specimen, the width
of the margin of the pulpal floor showing a microgap or
intact margin was calculated on each image. All of the data
were collected and totaled. The silver nitrate penetration
into the microgap between the tooth and restoration, as
a percentage of the entire length of the pulpal floor, was
calculated for each specimen (%SP, Figure 1b):

%SP (silver nitrate penetration%) = (the length that was
penetrated by silver nitrate / the pulpal floor base length)
x 100.

In this manner, 100 measurements were collected for
each specimen, and the mean %SP values were calculated.

Stereomicroscope examination after tooth sectioning
(Conventional method)

To evaluate the internal adaptation using conventional
method, the tooth specimens, which had been used

Evaluation of internal adaptation using micro-CT

for thermo-mechanical loading and micro-CT analysis,
were embedded in acrylic clear resin. Using a low-speed
diamond disc (500 rpm), two M-D directional sections
were obtained at an interval of 1 mm at the center of
the cavity. Then, the specimens were infiltrated with 1%
rhodamine-B for 24 hours. Next, they were examined with a
regular stereomicroscope (Leica S8APO, Leica Microsystems,
Wetzlar, Germany) at x120 magnification to measure the
infiltrated length of the rhodamine-B.’ The sum was then
divided by the total length of the cavity base to calculate
the percentage, which was called %RP:

%RP (rhodamine-B penetration) = (the length infiltrated
by rhodamine-B) / (pulpal floor base length) x 100.

Statistical analysis

One-way ANOVA was used to compare the %SP among the
groups before and after loading. A paired t-test was used
to compare the %SP before and after thermo-mechanical
loading. Duncan’s analysis was used for post hoc analysis.
All statistical inferences made were within a 95%
confidence interval. Values for %RP were compared with
one-way ANOVA at the 95% significance level. Duncan’s
analysis was used for post hoc analysis. Values for %SP and
%RP after mechanical loading were compared with a paired
t-test.

(b)

Whole pulpal
base length

P

Figure 1. Coronal (a) and sagittal (b) sections of micro-CT image. (a) In coronal section, ‘v" marks indicate silver nitrate
penetrated into microgap between tooth and restoration. “*" mark indicates silver nitrate which infiltrated into dentinal
tubules; (b) The percentage of the silver nitrate penetration length into the microgap between the tooth and restoration
with regard to the entire length of the pulpal floor (white dotted line) was calculated for each micro CT image (% SP).

R, Resin; D, Dentin; P, Pulp.
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Results
Silver nitrate infiltration

Figures 2a and 2b show the micro CT images of silver
nitrate penetration before and after thermo-mechanical
loading. Silver nitrate penetrated from the pulp chamber
space through the dentinal tubules to the spaces between
the composite and the cavity floor. Generally, penetration
occurred more frequently in the cavity corners. When %SP
values were compared, there were significant differences
between before and after loading in all of the groups (p
< 0.05). Before loading, there were no differences in %SP
among the groups. After loading, %SP was higher in group
4 than group 2 (Table 1). On CT images, it was at the axio-
pulpal line angles that more discernible infiltration of silver
nitrate appeared. Also, thick layers of adhesive were observed
along the axio-pulpal line angles (Figures 2a and 2b).

Restorative Dentistry & Endodontics RD E

The results of stereoscopic examination after sectioning
and dyeing

The values for %RP were greater than the after-loading
%SP values in all of the groups (p < 0.05). However, there
were no significant differences in %RP among the groups
(Table 1).

Discussion

Hydrolysis, thermal changes, and occlusal loading stress
can cause the bonding between resin and tooth cavities
to deteriorate.”’ To examine the changes at the interface
between resins and tooth cavities, three kinds of artificial
aging technique can be used; 1) aging by water storage;
2) aging by thermo-cycling; and 3) aging by thermo-
mechanical load cycling.”® Whereas storage in water or
thermo-cycling might have little effect on artificial aging,

Figure 2. Sagittal section of micro-CT image. (a) before thermo-mechanical loading; (b) after thermo-mechanical loading.
‘v' marks indicate that silver nitrate penetrated into microgap between tooth and restoration. R, Resin; D, Dentin; P, Pulp.

Table 1. Mean percentage of silver nitrate penetration length to the whole pulpal floor (%SP)

Thermo- Before- loading After- loading After- loading

mechanical (%SP) (%SP) (%RP)
loading Average SD Average SD Average SD
Group 1 17.6° 6.6 24.1° 5.6 35° 4.9 t
Group 2 16.6° 2.6 22.7° 3.1 34° 3.3 e
Group 3 19.1° 3.5 24.4% 4.0 34° 3.7 tx
Group 4 18.5° 3.0 29.4° 3.0 38° 3.4 ez

Values marked by same letters show no statistically significant difference at p = 0.05 level.

t

means there is statistically significant difference between before- loading (%SP) and after- loading (%SP) at p = 0.05 level.

* means that there is statistically significant difference between %SP and %RP after loading at p = 0.05 level.

SD, Standard deviation.
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thermo-mechanical load cycling can effectively cause
artificial aging.”®*** For these reasons, both thermal and
mechanical stimulation were applied in the present study.

Internal adaptation can differ depending on the shapes of
tooth cavities. C-factors, as well as tooth size and shape,
can affect the results of the microleakage. In previous
reports, the effects of the polymerization shrinkage were
evaluated in standardized cylindrical cavities.""" In
this study, the cavities were prepared just as in clinical
situations for composite resin filling. The cavities were
typical class I cavities, the dimension of which was 1/2 of
the intercuspal distance. They were 3.5 - 4.8 mm in depth,
depending on the tooth. In this experiment, the C-factor
was about 6.

Before thermo-mechanical loading, no statistical
differences were found in %SP among the groups. The
null hypothesis was accepted. However, after 600,000
thermo-mechanical loadings, %SP increased significantly
in all of the groups. For the results after loading, the null
hypothesis was rejected. This result was consistent with
those of previous studies.***” After thermo-mechanical
loading, %SP in group 2 was statistically less than that in
group 4. In group 2, Single Bond 2 which has ethanol as
a solvent is very sensitive to the wetness of the dentin.
Despite its technical sensitivity, the etch-and-rinse
technique provides stable and promising results, compared
with 1-step self-etching system.® It has been documented
that 1-step self-etch adhesives have several shortcomings,
such as increased nanoleakage, limited bond durability,
enhanced water sorption, and phase separation.'?**
Any kinds of ‘aging” result in lowering long-term bonding
effectiveness.’®®" Other studies have reported increased
interfacial nanoleakage.’”** 1-step self-etch adhesives that
are rich in HEMA show increased water resorption from
the dentin;® in contrast, self-etch primers without HEMA
demonstrate phase separation in their composition.** Xeno
V is a HEMA-free 1-step self-etch adhesive. The effects of
phase separation might have been a reason for the higher
%SP in groups using Xeno V than in other groups after
thermo-mechanical loading.

In group 1, there was greater diversity in %SP, which
resulted in a high standard deviation in the statistical
analysis. One of the reasons for this outcome might have
been the difference in the effects of etching on dentin.
Etching on dentin can leave dissolved calcium phosphate
that is not rinsed away. This embedded calcium phosphate
is very unstable. Moreover, excessive etching cannot
keep hydroxyapatite crystals around the collagen fibrils.*
Exposed dentinal collagen is very vulnerable to internal
hydrolytic degradation.” Another possible reason might
have been the technical difficulties with proper bonding
using etch-and-rinse systems.’*° Differences in wetness
on the dentin surface can result in greater deviations in
bonding. Because Scotchbond Multipurpose is a water-

Evaluation of internal adaptation using micro-CT

based dentin primer, water can remain even after drying,
which can cause a decrease in its ability to bond to
dentin.”

The value of %SP in group 3 did not show any difference
from the values in groups 1, 2, and 4. Self-etch dentin
primers can demonstrate weakness in enamel etching.
Peripheral enamel seals are important to long-term
durability.*®** When mechanical load is applied, the
enamel sealing of self-etching systems can be broken
easily, and cyclic strains can be applied onto hybrid layers
and adhesive layers, which can result in the acceleration
of weakening of layers. With AdheSE, the functional
monomers of self-etching adhesives, such as phenyl-P and
HEMA phosphate, will initially bond to the calcium of in
hydroxyapatite, but they can also readily de-bond.”

With %RP, the actual measurements by stereoscope
were obtained by 2 sections from each tooth, and the
gap measured for a selective area could not represent the
entire sample. Other studies have reported that there were
no differences in microleakage among dental adhesives
if the specimens were dyed and sectioned. With tooth
sectioning, damage to specimens can affect the resin-
dentin interface, which might constitute a limitation of
traditional destructive techniques. In many cases in which
silver nitrate had previously penetrated the gap, it was
very difficult to detect the rhodamine penetration because
the intense black shade of the silver nitrate could prevent
the detection of the red rhodamine shade. To validate the
results obtained from the micro-CT (%SP), all specimens
were sectioned and evaluated by stereomicroscope (%RP).
%RP showed significantly higher microleakage that those of
micro-CT (%SP). Though a statistical correlation between
%SP and %RP could not be found, there was a tendency
for %SP and %RP to show similar microleakage percentage
depending on its sectioning.

Conclusions

After thermo-mechanical loading, all of the specimens
showed significantly increased %SP compared to before
thermo-mechanical loading. After thermo-mechanical
loading, the 1-step self-etch system showed a higher
%SP than the 2-step etch-and-rinse system. The recently
introduced methods for internal adaptation measurement,
using micro-CT and silver nitrate adaptation can be used
for evaluation of internal adaptation.
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